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We assess the importance of factors that determine the intensity of UV radiation at the Earth’s surface.
Among these, atmospheric ozone, which absorbs UV radiation, is of considerable importance, but other
constituents of the atmosphere, as well as certain consequences of climate change, can also be major
influences. Further, we assess the variations of UV radiation observed in the past and present, and provide
projections for the future. Of particular interest are methods to measure or estimate UV radiation at the
Earth's surface. These are needed for scientific understanding and, when they are sufficiently sensitive,
they can serve as monitors of the effectiveness of the Montreal Protocol and its amendments. Also
assessed are several aspects of UV radiation related to biological effects and health. The implications for
ozone and UV radiation from two types of geoengineering methods that have been proposed to combat
climate change are also discussed. In addition to ozone effects, the UV changes in the last two decades,
derived from measurements, have been influenced by changes in aerosols, clouds, surface reflectivity,
and, possibly, by solar activity. The positive trends of UV radiation observed after the mid-1990s over
northern mid-latitudes are mainly due to decreases in clouds and aerosols. Despite some indications
from measurements at a few stations, no statistically significant decreases in UV-B radiation attributable to
the beginning of the ozone recovery have yet been detected. Projections for erythemal irradiance (UVeyy)
suggest the following changes by the end of the 215 century (2090-2100) relative to the present time
(2010-2020): (1) Ozone recovery (due to decreasing ozone-depleting substances and increasing green-
house gases) would cause decreases in UV, which will be highest (up to 40%) over Antarctica.
Decreases would be small (less than 10%) outside the southern Polar Regions. A possible decline of solar
activity during the 21°' century might affect UV-B radiation at the surface indirectly through changes
induced in stratospheric ozone. (2) The projected changes in cloud cover would lead to relatively small
effects (less than 3%), except at northern high latitudes where increases in cloud cover could lead to
decreases in UV, by up to 7%. (3) Reductions in reflectivity due to the melting of sea-ice in the Arctic
would lead to decreases of UV, by up to 10%, while at the margins of the Antarctic the decreases would
be smaller (2—-3%). The melting of the sea-ice would expose the ocean surface formerly covered by ice to
UV-B radiation up to 10 times stronger than before. (4) The expected improvement of air-quality and
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increases in UV, except over China where even larger increases are projected. The projected aerosol
effect for the southern hemisphere is generally very small. Aerosols are possibly the most important factor

Www.rsc.org/pps for future UV levels over heavily populated areas, but their projected effects are the most uncertain.
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which addresses the negative and positive effects of solar UV
radiation on humans, terrestrial and aquatic ecosystems,
materials, and air quality (see companion papers), we assess
the short- and long-term changes in ambient UV radiation at
the Earth’s surface resulting from changes in atmospheric
ozone and climate. The effects of ozone on climate and
climate on ozone are also discussed. Absorption by ozone is
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the dominant factor controlling the levels of surface UV-B
(280-315 nm) radiation for cloud-free and low-aerosol con-
ditions. With the continuing success of the amended and
adjusted Montreal Protocol in reducing the concentrations of
ozone depleting substances (ODSs), the focus is now on the
detection of possible decreases in UV-B radiation in response
to the first signs of recovery of the ozone layer. Changes in the
climate caused by the increasing concentrations of greenhouse
gases may also affect the UV radiation at the Earth’s surface
indirectly, as detailed below.

Current status of atmospheric ozone

Since the last assessment of ozone depletion® efforts to quan-
tify the geographic and temporal variability of ozone have con-
tinued through ground- and satellite-based measurements.
This extension of the observation of ozone by four years has
increased the statistical confidence in the estimated long-term
changes in total ozone column (TOC). There are indications
that the global ozone layer is beginning to recover from
the depletion caused by ODSs. However, the variability of
the atmosphere, the uncertainty of measurements, and the
influence of climate change prevent unequivocal attribution
of the observed increases in ozone since 2000 to decreases
in ODSs.>?
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Ozone at mid-latitudes and the tropics

The present (2008-2012) mean values of ozone relative to the
1964-1980 mean values are smaller by ~3.5% in the Northern
Hemisphere mid-latitudes (35° N-60° N) and by ~6% in the
southern hemisphere mid-latitudes (35° S-60° S). In the
tropics (20° S-20° N), no significant changes have occurred in
total ozone over this period. The observed average changes in
total ozone over time, relative to the 1998-2008 mean values,
in different latitude bands are shown in Fig. 1.

Following the decline in total ozone between the 1960s and
1990s, the levels of total ozone outside the polar regions have
stopped decreasing since the late 1990s, consistent with the
slow decline of ODSs over the same period.” Several datasets
indicate that total ozone has increased by ~1% since 2000 in
the latitude band 60° S-60° N in response to stratospheric
ozone recovery. However, there is disagreement about the mag-
nitude and statistical significance of this increase.” Presum-
ably any increase in ozone would have resulted in a
corresponding decrease in the surface UV-B radiation at the
Earth’s surface, by analogy with the increases in UV-B radi-
ation observed for the ozone decline.’

The amounts of total ozone are subject to large year-to-year
variability caused by variations in atmospheric circulation.
Examples include the unusually high values in 2010 and low
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Fig. 1 Total column ozone annual mean deviations relative to the 1998-2008 mean for different latitude bands as derived from different ground-

and space-based datasets. Adapted from WMO 2015.2
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values in 2011 in the northern hemisphere mid and high lati-
tudes. Because of these large variations, the relatively small
increases in total ozone expected after the recent decline of
ODSs are still not statistically significant.®” Without the
removal of these circulation effects, the attribution of ozone
recovery to decreases in ODSs would not be detectable even in
Antarctica before the period of 2017-2021.%° The separation of
recent changes of ozone into the contributions by ODSs, green-
house gases (GHG), and natural low-frequency variability
remains challenging. For example, after removing the vari-
ations caused by the solar variability from satellite data for
total ozone, the residuals averaged over the band 60° S-60° N
show a decline of about 5% between 1980 and 2000, followed
by a partial recovery after about 2000."® However, significant
sporadic reductions in total ozone have been observed in geo-
graphically localised areas at high latitudes in South America™*
and in northern high- and mid-latitudes,'? showing that the
ozone depletion problem is not yet fully solved.

Analysis of the variability of extreme values in the longest
time series of total ozone (Arosa, Switzerland, starting in the
1920s) has revealed an increasing frequency of both low-ozone
and high-ozone events, which dominate trends in the 1970s
and 1980s. After the removal of the extreme events from the
original time series, the overall downward trend in the period
1970-1990 is reduced from 2.4% per decade to 0.9% per
decade.'®'* However, since the extremes are relative to the
long-term climatology, the values that were removed also
include small values that have been caused by the increase in
ODSs during that period. A similar study for Sonnblick,
Austria, over a shorter period (1994-2011), revealed a decline
in the frequency of low-ozone events and an increase in high-
ozone events."’

In the northern hemisphere, the increase in tropospheric
ozone from precursors (CO, NO,, and hydrocarbons) since pre-
industrial times nearly equals the decrease in stratospheric
ozone from increases in ODSs. In the southern hemisphere,
the decrease in stratospheric ozone dominates the total ozone
column. Currently, the impact of increasing N,O, a source gas
that leads to the formation of reactive nitrogen in the strato-
sphere, on ozone almost cancels the globally averaged
increases from climate change effects'® (see discussion below).

Our present understanding is that the present levels of
global total ozone are still less than the mean levels in the
period 1960-1980. Over most latitudes, total ozone values have
stabilized after the mid-1990s, but the year-to-year variability
has increased relative to the period before the mid-1990s, pre-
cluding the unequivocal detection of possible increases
expected from the observed decline of ODSs concentrations.

Ozone at high latitudes. Over the high latitudes (63°-90°) of
both hemispheres, ozone depletion continues to occur during
winter and spring. Compared to the average values before
1980, the 2010-2013 mean total ozone is lower by ~27% in the
southern hemisphere in October and by ~10% in the northern
hemisphere in March.?

The Antarctic ozone hole has continued to appear each
spring. The evolution of total ozone in Antarctica over the last
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decade has been significantly affected by variations in strato-
spheric temperature and circulation, which have masked the
effect of the decreases in ODSs since the early 2000s. With an
accurate account of circulation-induced changes, a small
(3-8%) increase in total ozone over Antarctica during the last
decade is now apparent.'”*° Even without accounting for these
circulation effects, reductions in the severity of ozone depletion
in Antarctica since the 1990s are now becoming clear.’
However, uncertainties in methods and measurements preclude
a definite conclusion that the recent increases of ozone in
Antarctica are due to declining concentrations of ODSs alone.”

Any reversal of total ozone trends is not yet apparent in the
Arctic spring, where the largest ever ozone loss was observed
in 2011.>>*' The concentration of ozone in the Arctic strato-
sphere during the spring of 2011 was the lowest since satellite
records began in 1979. The minimum daily average column
ozone (297 Dobson Units (DU)) was observed in March 2011.%*
This value is 18 DU below the previous record-low observed in
March 2000, and 100 DU (25%) below the average for
1979-1988. At some locations and times, the amounts of total
ozone observed between February and April 2011 were more
than 50% below the climatological mean.>® The fraction of the
Arctic vortex area with total ozone below 275 DU is typically
near zero for March, but reached nearly 45% in March 2011."?
In that year, the minimum total ozone in spring was continu-
ously below 250 DU for about 27 days, and values between 220
and 230 DU were observed for about one week in late March,'?
leading to increases in UV-B radiation, as discussed later.

This large chemically-mediated loss of ozone in the Arctic
was the result of an unusually prolonged cold period in the
lower stratosphere and an anomalously strong Arctic vortex,
which weakened the transport of ozone from middle lati-
tudes®® and facilitated the formation of polar stratospheric
clouds (PSCs). These clouds provide surfaces for the hetero-
geneous reactions that activate stratospheric chlorine, which
in turn destroys ozone in catalytic cycles. Temperatures below
the threshold for the formation of PSCs of about —77° C
occurred between December 2010 and early April 2011. Over
80% of the ozone present in January from about 18 to 20 km
altitude had been chemically destroyed by late March, which is
roughly twice that in the previous record-setting winters of
1996 and 2005."> The anomalies for 2011 due to chemistry and
transport stand out as extreme events, greater than 2c (stan-
dard deviation), while the total anomaly was nearly 36.>* The
amount of ozone loss and the chemistry of the Arctic strato-
sphere in the spring of 2011 was remarkably similar to that
commonly observed in Antarctica, justifying the conclusion
that there was an Arctic ozone hole in 2011.>

There are indications that this Arctic ozone depletion event
contributed to the smaller total ozone values recorded at mid-
latitude locations. Measurements at 34 European stations
revealed that the total ozone over Western Europe from late
March to late April 2011 was 15%-25% less than the mean
value for this period over the last decade.>®

There is no indication that the extreme meteorological con-
ditions that led to the loss of ozone in the Arctic in 2011 were
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driven by climate change.”" Severe ozone depletion, such as
occurred in 2011, or even worse, could possibly happen over
the next decades under similar conditions of long-lasting cold
stratospheric temperatures.”” The effect of these large
reductions of ozone on surface UV-B radiation is discussed
later.

Effects of depletion and recovery of ozone on climate

Changes in stratospheric ozone influence the climate both
directly through radiative effects and indirectly by affecting
stratospheric and tropospheric circulation.” Ozone depletion
was the dominant driver of the globally averaged cooling that
occurred in the lower stratosphere during the last part of the
20th century,®® but no statistically significant temperature
change has occurred there since the mid-1990s.>*° Episodic
warming over this period has occurred due to aerosols after
major volcanic eruptions.*® Cooling of the stratosphere due to
ozone depletion over Antarctica is, in turn, the dominant
driver of circulation changes in the southern hemisphere tro-
posphere during summer (see also ref. 31 and 32). According
to model simulations, these changes have led to changes in
surface wind patterns, pole-ward shifting of the midlatitude
maximum of precipitation®® and increases of moisture in
the subtropics.>*® Opposite effects for the southern hemi-
sphere circulation and climate would be expected for the
future from the projected recovery of stratospheric ozone.
However, increases in GHGs would compensate partly for these
ozone recovery-induced effects on climate.**™** For a more
detailed discussion on the effects of ozone depletion and recov-
ery on climate see the WMO Scientific Assessment of Ozone
Depletion: 2014.”

Indirect effects of climate change on surface UV radiation

Climate change may have indirectly influenced the levels of UV
radiation in the past by altering the amounts of ozone, UV-
absorbing tropospheric gases, aerosols, and clouds in the
atmosphere. These influences will likely continue into the
future.>*> Future changes in the reflectivity of the Earth’s
surface, either due to the melting of sea-ice and ice-caps at
high latitudes®® or due to reduced snow-cover, may also be
important. Cooling of the stratosphere resulting from
increased concentrations of CO, and other GHGs will lead to
greater concentrations of ozone in the future because the
destruction rates of ozone in the cooler middle and upper strato-
sphere, outside the Polar Regions, will decrease. However, at
high latitudes, where temperatures in the lower stratosphere
may drop below the threshold for the formation of PSCs, het-
erogeneous chemistry on the surfaces of these clouds in the
presence of chlorine can potentially lead to a rapid loss of
ozone. An example of these processes is the annually recurring
springtime Antarctic ozone-hole. For the Arctic, chemistry-
climate models (CCM) suggest that while in the near future
there is a chance of low springtime ozone in individual years,
there is no indication of a formation of regular Arctic ozone
holes.”” Although a much wider area may be susceptible to
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heterogeneous processes later this century, the projected
smaller concentrations of chlorine by that time are expected to
moderate the potential for loss of ozone.

Increasing concentrations of GHGs will increase the
strength of the primary large-scale transport and overturning
of the upper atmosphere (the Brewer-Dobson circulation),
leading to decreases of ozone in the tropics and increases
outside the tropics. Emissions of CH, and N,O would also
affect the evolution of global stratospheric ozone, particularly
in the second half of the 21st century, when concentrations of
ODSs are expected to be small.” The increases of ozone outside
the tropics caused by rising concentrations of GHGs will be
partly offset by additional chemical destruction arising from
anthropogenic emissions of N,0.*®

Clouds respond to climate-forcing mechanisms in multiple
ways, and the feedback of clouds can be positive or negative.
Climate change is projected to reduce the amount of clouds in
the future over most of the tropics and mid-latitudes, with
mostly reductions in the amount of low clouds.*> Changes in
clouds in the marine boundary layer are most uncertain. Over
higher latitudes (>50°), increases in the fraction of cloud cover
and optical depth are projected. This would increase the
amount of solar UV radiation scattered back to space and,
therefore, reduce the UV radiation reaching Earth’s surface.
Furthermore, clouds play a critical role in the climate system,
since they can increase the planetary albedo, thereby counter-
acting global warming, but they can also contribute to
warming of the troposphere through absorption of infrared
radiation emitted from the surface.

Reductions in the fraction of ice and snow cover, as well as
changes in their characteristics (e.g, thickness of ice, depth of
snow) may influence the exposure of ecosystems to solar UV
radiation. This is mainly through: (a) less UV radiation reach-
ing the Earth’s surface due to reduced surface reflectivity (see
“Surface reflectivity”, below) leading to less exposure; and/or
(b) greater exposure to UV radiation for systems formerly
under the ice or snow if that protective cover diminishes. The
complete removal of ice would lead to a much greater exposure
to UV-B radiation, because the transmittance of UV-B radiation
through the existing snow-covered ice is much smaller than
1%." Recent observations in the Arctic suggest that the
summer melt season starts earlier, the winter freeze occurs
later, the area of the ice has decreased, and more ice is failing
to last through the summer.’*>* Under such conditions, it has
been estimated that over the course of one melt season nearly
40% more solar radiation would enter the ocean system.>* In
recent years the extent of the northern ocean’s ice cover has
declined, with large interannual variability;>> while in Antarc-
tica the sea-ice has been expanding since the 1980s.’

The combined direct or indirect effects of these climate
change-related factors are likely to influence the levels of solar
UV radiation in the future and modulate the effects of the pro-
jected recovery of ozone. This interaction, which depends on
latitude and on the emissions of GHGs, increases the complex-
ity of assessing the future levels of solar UV radiation at the
Earth’s surface. Projections for these factors by climate models
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can be used to estimate the UV radiation in the future;
however, with large uncertainty, as discussed later.

Other factors affecting UV radiation

As UV radiation propagates through the atmosphere, in
addition to being affected by ozone, it is modified through
absorption and scattering by atmospheric constituents, includ-
ing aerosols and clouds, and by reflections on the Earth’s
surface. The effects of the most important factors are dis-
cussed in the following sections based on established knowl-
edge and on new findings. The effects are discussed in order
to assess the relative importance of these factors on the UV
irradiance that reaches the surface in the context of ozone and
climate changes. In addition to UV-B irradiance, the erythe-
mally weighted irradiance (UV,,,) and the UV Index (UVI), both
defined below in “Biological effects of UV radiation”, are dis-
cussed in the following as these quantities appear frequently
in the cited literature.

Aerosols

Aerosols (particles suspended in the atmosphere) interact
with solar photons and thus can have a significant effect on
the atmospheric transmission of solar radiation (see also
Madronich et al.”®). These particles may be natural (e.g., wind-
generated dust and sea salt), anthropogenic (e.g., sulfate,
soot, and organic particles), or a mixture of both. The par-
ticles scatter and absorb sunlight, with relative probabilities
that are complex functions of their size, shape, and chemical
composition. They have important effects on air quality and
climate, and a considerable body of knowledge has been deve-
loped on their sources, properties, and sinks.’’”® Obser-
vational methods include the evaluation of trends in
visibility,>®"®* in situ determination of size-resolved chemical
and thermodynamic properties,®®® and remote global-scale
detection from ground-based networks and satellite plat-
forms. The AERONET network provides total (scattering +
absorption) aerosol optical depth, 7, at a wavelength of
340 nm as well as several visible wavelengths; but absorption
optical depths, 7,55, are only available at wavelengths of
440 nm and longer.®®’° Satellite-based instruments measur-
ing aerosols include the MISR, MODIS and CALIOP.”"”*
Global climatologies of aerosols have been developed based
largely on satellite observations.”*”>

Many observations have documented reductions in ground-
level UV irradiance in the presence of aerosols.>”®7®
Reductions range from a few percent or less in non-polluted
locations, such as New Zealand,”®®*° to over 50% in polluted
cities, such as Mexico City,®" and can be more than 90% for
biomass burning aerosols, such as in Russia in 2010.%*> The
reductions are typically greater at UV than at visible wave-
lengths, implying that the aerosol optical depth (AOD) is larger
at these wavelengths as well. Quantitative effects depend on
aerosol type, and enhancements compared with clear-skies
may even occur in some conditions, such as in bright scatter-
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ing hazes.®® Extrapolation from visible wavelengths is often
based on a simple power model for AOD:

T oc A7

where a, the Angstrom exponent, parameterizes the strength of
the wavelength dependence and has typical values between 0.5
and 2.0 at visible wavelengths.®® Extrapolation to UV wave-
lengths is often a reasonable approximation for scattering but
less so for absorption, which is more dependent on chemical
composition. Some aerosols (e.g., sea salt, sulfate, and nitrate)
have negligible absorption at visible as well as at UV-A
(315-400 nm) and UV-B wavelengths. For dust and soot, the
absorption spectrum is sufficiently broad that UV properties
can be estimated by extrapolation from visible wavelengths.
However, for organic aerosols the state of knowledge is extre-
mely poor, as these particles, depending on their origin and
environmental conditions (e.g., humidity), have highly variable
chemical composition. So called “brown carbon,” which is
mostly composed of combustion-derived organic aerosols, is
now recognized as a significant contributor to climate radiative
forcing due to its absorption of solar radiation at visible wave-
lengths,®® and is likely to have even larger effects on UV
spectra. Measurements on organic particles derived from the
burning of biomass show Angstrom exponents for absorption
as high as 6-7 when extrapolated into the UV range,**® and
UV mass absorption coefficients in the range 1-10 m> g™/,
with the latter value approaching that of black carbon.

The total AOD includes both scattering and absorption, but
it is predominately the absorption that is most important in
reducing the intensity of UV irradiance at the Earth’s surface.
For example, decreases in AOD account for 4.2% of the UV-A
irradiance increase at Thessaloniki during 1998-2006, while
the additional 2% increase can only be explained if the absorp-
tion efficiency of aerosols has also decreased over that
period.®” The relative importance of scattering is defined by
the single scattering albedo (SSA),

@ = Tsca _ ‘rs&’

Tsca 1 Tabs T
so that the scattering component is w, x = while the absorption
component is (1 — w,) x 7. Based on radiative transfer model
calculations (TUV, http://acd.ucar.edu/TUV) with typical input
parameters (TOC: 300 DU, solar zenith angle (SZA): 20°,
surface reflectivity: 0.05), Fig. 2 illustrates how clear-sky
surface erythemal irradiance (UV.y) depends on the total
AOD and on SSA, for different target orientations. With non-
absorbing aerosols (w, = 1), reductions are small and enhance-
ments can even occur for vertically oriented cylindrical sur-
faces. In contrast, strongly absorbing aerosols (w, = 0.6) cause
significant reductions in radiation regardless of the target
geometry.

Direct measurements of @, at UV wavelengths are difficult
because the absorption by aerosols co-occurs with scattering,
and with absorption by gases, especially ozone, but also NO,,
or SO, at UV-B wavelengths. Fig. 3 presents a summary of such
studies. Values below 400 nm cluster near w, ~ 0.8-0.9, which
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is below the typical visible values of about 0.9 or larger. The
different results are almost certainly due to different aerosol
types present, and more recent studies noted the strong
absorption of UV radiation in biomass-burning aerosols.**%>%%

A likely explanation for this enhanced absorption of UV
radiation is the presence of organic material in the particles. A
major new insight of the past decade is that organic aerosols
(OA) are more abundant than previously thought, often exceed-
ing the concentrations of sulfate aerosols.®>'°>'°" They have
both natural and anthropogenic sources, the largest being the
photo-oxidation of hydrocarbons emitted by vegetation, but
other major sources include the combustion of biomass, and
the production and use of fossil fuels. Many UV-absorbing
organic chromophores have been identified in collected
aerosol and rain samples, including conjugated carbonyls and
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2 103,104

nitrates,'®> nitroaromatics, and organic peroxides.'®
Laboratory-generated OA, such as from smog chamber simu-
lations of the oxidation of biogenic hydrocarbons, are found to
absorb below 400 nm but not necessarily at visible wave-
lengths.'®® The atmospheric aging of OA also appears to
increase UV absorption,'®” although photo-bleaching has also
been reported.'®® Therefore, OA have the potential to induce
large variations in surface UV radiation, but quantification is
still very uncertain and caution should be used when estimat-
ing changes in UV radiation in regions where large concen-
trations of these organic particles are found.

Trends in aerosols over the past few decades have been
derived from the analysis of surface radiation network data
and satellite-based observations. Decreases in aerosols have
occurred over the US and much of Europe'®”''° and the
associated brightening has been detected at visible and UV
wavelengths.""' "' However, increases in aerosols have
occurred in South and East Asia.”*'* In some cases, the mass
concentrations of aerosols have decreased but the AOD has
still increased due to a shift in the size distribution of the
aerosol particles.'” Historical (1850-2000) reconstructions of
anthropogenic and biomass burning aerosols have been
derived summarising the known historical changes.'"®

The future trends of aerosols are of great interest to climate
studies, and scenarios spanning a large range of uncertainties
have been developed."'”''® Global emissions of sulfate may
already have peaked two decades ago and may now be decreas-
ing, while those of fossil fuel black and organic carbon are
expected to peak in the next few decades. The evaluation of the
effects on UV radiation is relatively straightforward for sulfate
and black carbon, but is highly uncertain for organics,
especially if these absorb UV radiation as discussed above.

In many cases, it is difficult to separate anthropogenic
from natural influences, for example, changes in dust or sea
salt from winds affected by climate change, or changes in bio-
genic aerosols following deforestation or other major changes
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in land use. This adds uncertainty to the future projec-
tions because of the challenges in modeling the complex
interactions.

Clouds

Clouds play an important role in modifying the solar UV radi-
ation that is received at the Earth’s surface, generally leading
to attenuation, but in some conditions to enhancement. A
recent example of the latter is from measurements in Spain,
which have shown that clouds can enhance UV, by up to
22%.""° Reductions of irradiance depend on cloud cover,
depth and type (water/ice), and can be moderated by surface
reflectivity, particularly when the latter is high (e.g., snow, ice),
leading to increased irradiance at the surface through multiple
scattering of radiation (see the discussion in the next section).
The effects of clouds are more pronounced in the visible than
in UV wavelengths. Even under skies covered completely with
clouds, the UVI can still be high: maximum UVI values close to
10 and average values of about 3 were measured at an urban
location in Brazil (19.9° S; 858 m altitude) under overcast con-
ditions, predominantly of cumulus clouds.’*® Typical noon
UVI values at this location under cloud-free skies are about
8.3. Cirrus clouds are formed of relatively large ice crystals,
which efficiently scatter the solar radiation towards the
ground, with only small losses compared with the clear-sky
case. According to model calculations based on the global esti-
mates of the optical depth of cirrus clouds averaged over the
period of 1984-2007, surface UV-B radiation has been attenu-
ated on average by up to ~2% compared to clear skies."*

In the Arctic region, clouds could be affected by the loss of
sea-ice. Based on the satellite data for the period of 2000-2010,
a 1% decrease in sea-ice cover leads to a 0.36-0.47% increase
in cloud cover, suggesting that a further decline in sea-ice
cover would result in an even cloudier Arctic."** Due to the
complexity of the processes involved, it is difficult to simulate
the impact on UV radiation from the combined reduction in
sea-ice and increase in clouds.

The spatial and temporal inhomogeneity of clouds makes it
difficult to accurately assess and quantify their effects on radi-
ation. Thus, empirical parameterizations are often used to
describe their effect, such as the cloud modification factor
(CMF), which is defined as the ratio between the measured
surface irradiance to the corresponding clear-sky value. It
describes the average effect of clouds, implicitly taking into
account the optical thickness of clouds (COT). A clear exponen-
tial dependence between the CMF derived from UV measure-
ments and the COT from a Cimel sun-photometer was found;
for COT between 10 and 50 the CMF ranged from 0.7 to
0.25.'%

Since our last assessment
mation on how clouds affect the solar UV radiation received at
the Earth’s surface. Experimental evidence is constrained by
the uncertainty in the measurements and by the complexity of
the cloud characteristics. Climate change is projected to alter
the amount of clouds over particular areas and, as the ozone
layer recovers, clouds will have an important role in controlling
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the future levels of solar UV radiation that would be available
for the ecosystems.

Surface reflectivity

The reflectivity of Earth’s surface, usually referred to as
“surface albedo”, is defined as the ratio of the reflected to the
incident amount of radiation. The radiation reflected upwards
from the surface undergoes subsequent scattering by air mole-
cules and particles, resulting in enhancement of the irradiance
at the surface. These effects are greater when the surface is
covered by a highly reflecting material, such as snow or ice.
Most materials have low UV reflectivity, with only snow and ice
having UV reflectivity greater than 0.5, whereas many surfaces
have relatively high reflectivity in the visible. Consequently, the
effects of ice and snow are more readily apparent for radiation
in the UV than in the visible region. The sea-surface also
reflects radiation impinging on the water, but less effectively
compared to snow and ice. The roughness of surfaces also
affects their reflectivity. The fraction of reflected radiation gen-
erally increases with the angle of incidence of the photons;
hence it depends on season and latitude. In the Arctic and Ant-
arctica, this effect becomes more important due to the larger
SZAs and the prevalence of diffuse radiation in these regions.
Spectral measurements of UV irradiance at Ny Alesund, Sval-
bard, (79° N) revealed an enhancement in clear-sky irradiance
at 320 nm of about 15% between two sites affected differently
by the reflectivity of the snow-covered surface and the partially
ice-covered ocean. The effect was doubled under overcast con-
ditions."* The deposition of black carbon aerosols on snow or
ice may substantially reduce the reflectivity, resulting in
weaker solar irradiance at the surface. For example, during the
snow-melt period the reflectivity at Sodankyld, Finland,
decreased from 0.65 to 0.45 at 330 nm and from 0.72 to 0.53 at
450 nm, partly due to the deposition of black and organic
carbon.'?®

In mountainous regions, the reflection of radiation may
occur both on the surface (usually covered by snow) and from
the top of clouds located below the altitude of the site, while
multiple reflections may occur between snow-covered surfaces
and the base of the clouds. These complex processes can
result in considerable enhancement of the incident irradiance.
At Sonnblick, Austria, clouds below the observatory increased
the average reflectivity by 0.28 + 0.15, leading to an increase in
the irradiance of between 2% and 14% in most (~75%) of the
investigated cases. Compared to snow-free conditions, an
enhancement of 22% in irradiance at 305 nm arose from a
mean reflectivity of 0.68 under clear-sky conditions. The analy-
sis of total sky images revealed that an enhancement could
also be observed when the solar disk was obstructed by clouds
or under overcast skies."”

In the context of climate change, reductions in the surface
reflectivity due to melting snow or ice would result in a
reduction of irradiance over land, but to an enhancement of
the irradiance received at and under the sea-surface in regions
where sea-ice disappears. This situation may occur, for
example, in the Arctic during the summer period in the

Photochem. Photobiol. Sci.


http://dx.doi.org/10.1039/c4pp90032d

Published on 07 November 2014. Downloaded on 16/11/2014 07:33:36.

Perspective

2030s.® Model simulations for several scenarios suggest that
the snow depth in April on Arctic sea-ice will decrease over the
21° century. This is due mainly to the loss of sea-ice area in
autumn and, to a lesser extent, in winter,'?® which results in a
smaller snow accumulation. When the snow depth becomes
shallower, the reflectivity is reduced and, in turn, the UV radi-
ation at the surface is also reduced, while more radiation is
transmitted through the ice below the snow.

The sea-ice cover of the Chukchi and Beaufort Seas in the
Arctic is currently undergoing a fundamental shift from multi-
year ice to first-year ice, which is generally thinner and more
spatially heterogeneous with a more complex pattern of reflec-
tion and transmission of solar radiation.’*'** When the
annual Arctic sea-ice starts melting, it becomes less reflective
than old ice, leading to a reduction in UV irradiance at the
surface. In Antarctica, the sea ice is generally expanding rather
than shrinking. This expansion is not uniform, but varies
regionally. Glaciers in western Antarctica have become
thinner™® and the loss of ice sheets is projected for the future
in this region.'*"??

Reductions in surface reflectivity are expected to play an
important role for the levels of UV radiation in the future over
areas that, in the past, were covered by ice or snow, such as the
high and polar latitudes and the high mountains. Implications
can be expected for ecosystems in these areas, either from the
reduced (mainly terrestrial systems) or from the enhanced
(mainly aquatic systems) exposure to UV radiation. Compared
to other regions, except for smaller, high-reflecting areas (e.g.,
salt lakes affected by dust deposition), the changes in reflectiv-
ity are likely to be small and thus unlikely to have a significant
effect on UV.

Solar activity

Solar activity, particularly the 11-year solar cycle, influences
UV-B radiation that penetrates to the surface of the Earth,
mainly through changes induced in stratospheric ozone,
rather than directly due to increased solar emission. In the
upper stratosphere, solar activity affects the photochemical
production of ozone by UV-C (200-280 nm), while in the lower
stratosphere it affects ozone predominantly by changing the
atmospheric circulation.'*® This latter effect is the most impor-
tant for UV radiation at the Earth’s surface because it occurs in
the layer where ozone is abundant.

Recent observations from the SIM and SOLSTICE instru-
ments onboard the SORCE satellite revealed an ‘exceptionally’
low minimum in the solar activity, with larger reductions in
the emitted UV-C radiation during the declining phase of the
11-year solar cycle (2004-2008) than at the same phase of pre-
vious solar cycles."”®* These reductions were about 8 times
larger than expected by semi-empirical models.*>**® The
inconsistencies of these observations with the perception of
variations in solar irradiance from earlier measurements and
models have been assessed recently,'*” along with the relevant
implications for the variability of stratospheric and total
ozone. The inclusion of these new observations of solar varia-
bility in photochemical models and in CCMs revealed
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decreases of ozone in the upper stratosphere and mesosphere
(related to photochemical processes). This would allow the
penetration of more UV-B radiation to lower altitudes in the
stratosphere and below. However, it has been suggested that
the penetration of UV-C in the lower stratosphere will enhance
the ozone production there (self-healing effect) and, in turn,
reduce UV-B radiation penetration to the Earth’s surface.'*®'3®
The net effect on UV-B has not yet been quantified.

Recent studies™** suggest that solar activity may evolve
into a declining phase in the course of the 21° century result-
ing in weaker emission of solar UV radiation. CCM simulations
for the future showed that such strong reductions in UV-C radi-
ation would lead to a significant decrease in the production of
stratospheric ozone from the photolysis of oxygen. This would
slow down the recovery of stratospheric ozone by more than 10
years or even cancel it,"** leading to greater levels of UV-B radi-
ation at the ground for as long as the concentrations of strato-
spheric ozone remain small. These effects are most pronounced
in the region between about 40° S and 40° N, where UV-B radi-
ation is already high, and would be likely reinforced by the pro-
jected strengthening of the Brewer-Dobson circulation.

The detection of the effects of solar activity on the surface
UV radiation measurements is difficult, as they are masked by
stronger natural variations due to other factors. An average
decrease of about 1.8 + 1.0% in the ground-level irradiance
from solar maximum to solar minimum for the UV-A and 2.4 +
1.9% for the 400-600 nm spectral band was reported by corre-
lating 17 years of spectral solar irradiance measurements at
the South Pole with the 10.7 cm solar radio flux (indicative of
the 11-year solar activity).'*> As the effects appear to be too
large to originate directly from differences in the radiation
emitted by the Sun, it was suggested that these decreases are
partly due to a small variation in atmospheric attenuation with
the solar cycle, with the greatest attenuation occurring at the
solar minimum. However, there is no experimental proof for
this suggestion.

Although the direct influence of solar activity on the UV
radiation at the surface is small, the indirect effects, through
changes in the production of ozone, could be more important.
If a substantial solar minimum occurs in the future, it may
influence global climate and the ozone layer, and could lead to
increases in UV-B radiation at the surface.

UV radiation changes and trends
derived from measurements

Measurements of UV radiation

Ground-based. With a few exceptions,"*®'*” the coordinated

measurements of UV radiation from the ground started in the
late 1980s after the discovery of the ozone hole.'*® It is there-
fore not possible to directly assess the changes in UV radiation
for the entire period between the 1960s (i.e. the time before
concentrations of ODSs in the atmosphere became important)
and the present. Several ground-based networks now provide
data records in excess of 20 years with instruments deployed
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in the U.S.,">"® Canada, South America,
Europe,'®°>1%8 New Zealand,®>"*° Australia,'®® the Arctic,®*
and Antarctica.'®® Relatively few measurements have been per-
formed historically in Africa, the Middle East, and Asia, but
several programs have recently been established in Nepal,'®®
Thailand,'®*'®®> and China.'®® By the mid-1990s, the technol-
ogy of UV radiation measurements with spectroradiometers
had already reached a level of accuracy that would allow the
detection of changes in UV of a few percent at stations with
appropriate quality control protocols.'®” A European project
has been completed that aimed to provide traceable solar UV
irradiance measurements with an uncertainty of less than 2%
(http://projects.pmodwrc.ch/env03/). However, the methods
developed in this project have not yet been implemented in
operational UV monitoring.

Recently, array spectrometers have been adapted for spec-
tral irradiance measurements in the UV. These instruments
have been used to quantify the effects of solar UV-B radiation
in terrestrial ecosystems (see Bornman et al*'). However,
being single monochromators, they are susceptible to stray
light problems in the UV-B.'*®'% Efforts have been made to
determine the uncertainty of this type of instrument.'’®'”*
Because of their large uncertainties compared to scanning
spectroradiometers, these instruments are not yet widely used
in UV monitoring programs.

Spectroradiometric measurements of UV irradiance on a
flat, horizontal surface are the most common and are generally
considered the most accurate method to quantify UV radiation.
However, this geometry is not the most appropriate to gauge
the exposure levels of humans and most animals because the
anatomical distribution of UV exposure is highly hetero-
geneous, poorly correlated to surface irradiance, and, in the
case of humans, influenced by factors such as posture, orien-
tation to the sun (see Fig. 2), skin complexion, clothing, and
other sun-related protective behavior.'”* In principle, the most
accurate method to quantify human exposure is to measure
the incident solar spectral radiance distribution (which may
originate from the Sun, the sky, or radiation scattered upward
from the ground) and integrate this distribution over all
exposed parts of the human body.'”® The development of a
system capable of measuring sky radiance at different zenith
and azimuth angles within seconds rather than minutes
enables new possibilities to study the spectral influence of fast
changing cloud conditions without the disadvantages of scan-
ning instruments."”* This method is still under development
and has not yet been reported for exposure studies. In an
alternative approach,'”> measured global-horizontal, direct-
normal, diffuse-horizontal and upwelling irradiance were com-
bined with a three-dimensional numerical model of the
human body to calculate exposure. An important conclusion
of this study, as well as of Seckmeyer et al.,'”* was that the con-
tribution of diffuse UV radiation to total sun exposure is larger
than commonly expected, explaining almost 80% of the cumu-
lative annual exposure dose.

Satellite based. The estimation of UV irradiance at the
ground has been repeatedly undertaken from various satellite-
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borne sensors.'”>™"””7 As these products are mainly derived by
models fed with measured or estimated radiation-related para-
meters, they are associated with relatively large uncertainties,
which vary according to location, season, atmospheric situ-
ation and the characteristics of the satellite instrument.
Known sources of errors that affect the accuracy of the derived
surface UV irradiance include: absorption and scattering by
tropospheric aerosols, inhomogeneities of clouds, assump-
tions or estimations of the surface reflectivity, variability of
altitude within the sub-satellite pixel, various modeling para-
meterizations, and the inability of current satellites to dis-
tinguish between clouds and surfaces covered with snow and/
or ice. It is important to note that ground-based observations
are point measurements while satellite observations are repre-
sentative for a pixel of several square kilometers. This differ-
ence must be taken into account when comparing satellite-
and ground-based measurements; particularly when the
ground-based instrument is located in a non-homogenous
area (e.g., mountains).

In the previous assessment =* it was noted that, although
satellites have the advantage of near global coverage, satellite-
borne instruments cannot adequately probe the boundary
layer (approximately the lowest 1-2 km) of the atmosphere.
Therefore, they tend to overestimate UV radiation when
absorbing aerosols are present,'’® particularly under clear
skies. In a recent study in Santiago, Chile, a city with heavy air
pollution and complex surrounding topography, this effect was
quantified, reporting an average overestimation of UVI by
about 46% from the Total Ozone Mapping Spectrometer
(TOMS) for the period 1995-2007, and by about 47% from the
Ozone Monitoring Instrument (OMI) for the period
2005-2007."% These results were qualitatively confirmed by
two other studies."””'”® Similar results were found for four
locations in Thailand,"®* with average biases between 40% and
60%. Smaller biases were reported for locations with smaller
aerosol concentrations. In France, UVI derived from OMI and
the Global Ozone Monitoring Experiment, (GOME-2) was
found to be larger by about 6% during 2008-2009,"”° while in
Southern Spain, for the period of 2004-2008, the average bias
was about 12%, rising to 19% for days with large aerosol
optical depth (>0.25 at 440 nm)."®® The UVI derived from
TOMS has been also compared with ground-based data at 27
stations of the USDA network, showing results consistent with
the above studies, with an average positive bias in the satellite
estimates of the order of 15% over all sites. Under clear skies,
the biases can be either negative (up to 3.4%) or positive (up
to ~24%), depending on the amounts of tropospheric aerosols
and UV-absorbing air pollutants.'®’

A comparison of the satellite retrieval of UV irradiance from
OMI with UV spectra measured at six Austrian sites with alti-
tudes ranging between ~600 and ~3100 m concluded that the
satellite estimates were significantly smaller (average ratio
0.89, range 0.6-1.35) for most stations due to erroneous correc-
tion for the effects of clouds.'® In contrast, under cloud-free
conditions, the satellite data were closer to the ground-based
measurements, but they cannot distinguish between mountain
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and valley sites due to the large variability in altitude within a
short horizontal distance, smaller than the size of a pixel. The
main deficiencies in the satellite retrieval algorithm arose
from the incorrect determination of the effective surface alti-
tude and albedo due to the complex topography.

Such deficiencies have been taken into consideration in the
Semi-Analytical Cloud Retrieval Algorithm (SACURA), in which
the background spectral albedo is properly specified and cloud
parameters are derived from the infrared sensors of the satel-
lite."®* Comparisons of estimates based on satellite data and
radiative transfer modelling with observations at two locations
in Belgium revealed a good agreement, with correlation coeffi-
cients of 0.88 and 0.91 for UV-B and UV-A irradiance,
respectively.

Variations of UV radiation in time and space

UV radiation at the Earth’s surface varies with the season, time
of day, latitude, and altitude. It is also affected by the absorp-
tion and scattering processes from atmospheric constituents,
as discussed above.

Latitudinal variations in annual doses of UV-B and UV-A
have been assessed with high-resolution measurements from
ground-based spectroradiometers that comply with the quality
standards of the Network for the Detection of Atmospheric
Composition Change (NDACC)'®* (Fig. 4). For all sites, the
annual averages were derived from at least 10 years over
periods where trends in irradiance were small. As expected,
doses of UV-B and UV-A are generally largest close to the
equator and smallest at high latitudes. Doses at high-altitude
sites (South Pole, Mauna Loa, Boulder and Summit) are larger
than for sites located at similar latitudes but at sea level.” This
is most obvious when comparing data from Barrow (71.3° N;
8 m altitude) and Summit (72.6° N; 3202 m altitude), where
the annual doses of UV-B and UV-A at the latter site are about
58% and 83% larger due to higher elevation and different
surface reflectivity, respectively. Surface reflectivity in the order
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of 0.98 also contributes to the relatively large doses at the
South Pole and Summit, while attenuation of UV radiation by
aerosols is responsible for the relatively low dose at Tokyo.
Latitudinal gradients are stronger in the UV-B than the UV-A
region, partly because photons travel a longer path through
the atmosphere for the lower solar elevations prevailing at
higher latitudes, allowing a greater absorption of UV-B radi-
ation by ozone. Another factor contributing to the differences
in gradients of UV-B and UV-A is the relatively small ozone
column in the tropics. As a consequence, the ratio of the
annual dose of UV-B/UV-A is roughly 0.03 close to the equator,
0.02 at mid-latitude sites and less than 0.02 at high latitudes
(Fig. 4, lower panel). It is interesting to note that the UV-B/
UV-A ratios are not very different in polluted locations, such as
Tokyo, compared with clean-air sites, suggesting that the
optical depth of aerosols in the UV-B is not very different from
that in the UV-A region, and/or that the wavelength depen-
dence of the single scattering albedo throughout the UV
region is small (see Fig. 3).

It has long been known that mid-latitude UV levels in the
summer are larger in the southern than in the northern hemi-
sphere.'® Factors contributing to this disparity include the
smaller Sun-Earth distance during the southern-hemisphere
summer, plus smaller ozone columns and less attenuation by
aerosols in southern latitudes. However, for annual doses, the
hemispherical differences are relatively small (Fig. 4, upper
panel).

Satellite observations indicate that the greatest UV levels at
the surface of the Earth occur in the Altiplano region of Peru,
Bolivia, Chile, and Argentina, where the UVI in summer may
exceed 20."®° The large UV levels in this region can be attribu-
ted to small SZA, overhead Sun, small total ozone, high
elevation (hence less aerosol and unrestricted horizon), and
minimum Earth-Sun separation in the austral summer. These
findings have recently been confirmed by ground-based spec-
troradiometric measurements at the Chajnantor Plateau (23° S,
67° W; 5100 m altitude) of the Atacama Desert in Northern
Chile."® The measured UVI peaked at a value of 20 under
broken cloud conditions and was 18 for clear skies. Very high
UVl values were reported for locations in Tibet in
2008-2010."® The measured monthly mean UVI in July was
14.5 in Tingri (28.7° N; 4335 m altitude) and 12.9 in Lhasa
(29.7° N; 3683 m altitude), with a peak value of 20.6 in Tingri.
Extremely high UV levels (UVI of up to 19 for clear sky and up
to 22 under broken cloud conditions) were also measured at
sea-level in the tropical Pacific (3.6° S, 85° W), when total
ozone was 234 DU.'® These values are more than double
those that are common at northern mid-latitudes in
summer."”® More recently, UVI values higher than 40 have
been reported at Licancabur, Bolivia (5916 m altitude).'**
However, these data are inconsistent with the satellite-derived
ozone columns. Further work is needed to verify the result.

During the Arctic spring of 2011, when total ozone was
extremely small, greatly increased levels of UV radiation were
recorded at thirteen Arctic and sub-Arctic ground stations.
Measurements of the noontime UVI during the low-ozone
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episode exceeded the climatological mean by up to 77% at
locations in Alaska, Canada, and Greenland, and by up to
161% in Scandinavia.'®® The cumulative UV dose integrated
over the duration of the low-ozone period increased by 40-50%
at several sites in the Arctic and Scandinavia, and exceeded the
climatological mean by more than 3¢ at seven sites and by
more than 4c at two sites. Despite these large relative enhance-
ments, absolute UV anomalies remained small (less than 0.5
UVI units at the western-hemisphere sites) or moderate (1.0
and 2.2 UVI units at the Scandinavian sites) because the low-
ozone episode occurred at a time when the Sun was still low in
the sky. In Alaska, Canada, and Greenland, the UV increases
can be explained by low ozone, but at the Scandinavian sites
they were caused by a combination of low ozone and the
absence of clouds. Despite the low absolute levels of UV radi-
ation at northern polar latitudes, biological systems during
this Arctic event may have been exposed to greater UV than
usually experienced.

The small ozone values observed in 2011 in the Arctic pro-
pagated to midlatitudes and, as a consequence, ozone
columns over Western Europe were 15-25% below the long-
term mean between late March and late April 2011.>° Model
assessments suggest that noontime erythemal doses on clear-
sky days were larger than usual by about 25% during the
affected period. However, such increases have not been con-
firmed by measurement, so far.

Furthermore, it was found from ground-based and satellite
observations that the interannual variability in springtime
ozone in the Arctic was correlated with ozone in the summer
and explained 20-40% of the summer UV variability at some
locations.'®” Particularly for spring 2011, it was estimated that
the massive ozone depletion in the Arctic increased the
March-August cumulative erythemal clear-sky UV dose in the
northern hemisphere outside the tropics by 3-4% compared to
the climatological mean, with about 75% of the increase accu-
mulated after the breakup of the polar vortex.

Unusually large UV levels were observed between 11 and
30 November 2009 over the southern tip of South America
(~55° S) when the center of the Antarctic vortex became stag-
nant just south of South America for a three-week period,
leading to ozone columns continuously more than 2c below
average. Ground-based measurements for three stations
located in this region showed UVI values of 10 to 14, which,
for clear-skies, typically only occur at latitudes lower than 40°
in the northern hemisphere.'" The analysis of 30 years of satel-
lite observations revealed that this event was unique for the
latitude belt of 52° to 56° S.

In August 2011, southern Australia was affected by ozone-poor
air originating from tropical latitudes, resulting in measured
UV, levels of up to 40% greater than normal.'®® This is an
example where meteorological factors have produced an anoma-
lous reduction of ozone on an almost continental scale and for a
longer duration than previously observed.

The combined effect of all the factors discussed previously
may result in very high levels of UV radiation at mid and low
latitudes, primarily at high-altitude locations. These high-UV
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episodes will continue to occur in the future during low-ozone
periods, irrespective of the recovery of ozone.

Observed long-term changes in UV radiation

In view of the expected rebound of stratospheric ozone
depletion and recovery to levels before the 1980s, an important
question is whether this change is reflected in the trends of
UV radiation measurements. At most locations, any trends are
currently still below the detection threshold imposed by instru-
ment uncertainties and variabilities due to factors other than
ozone, such as changes in aerosols, clouds and surface reflec-
tivity. For example, over the period of the peak ozone depletion
between the 1980s and 1990s, ozone and cloud effects contrib-
uted equally to the UVI increases over populated areas of the
northern mid-latitudes."**

Long-term changes in UV radiation can be estimated both
from space and the ground. Satellite observations have large
uncertainties as discussed above. Changes in UV radiation
at different spectral bands over the period of 1979 to
2008 have been derived from a series of polar orbiting satellite
instruments for the latitude range of 55° S to 55° N,'** and
the results were summarized in the last assessment.'>"'%>
A similar study for the time period of 1997-2010 based on the
measurements of three satellites (TOMS/Nimbus 7, TOMS/
Earth Probe and OMI)"® has qualitatively confirmed the
earlier work by Herman.'® Over this later time period, the
derived linear trends in erythemal irradiance (same for UVI)
ranged between 0 and +5% per decade between 50° S and 50°
N. These positive trends are significant at the 95% level with
the exception of the equatorial zone and winter months of
both hemispheres. The largest increases were observed dur-
ing the spring and summer at mid-latitudes of the Southern
Hemisphere, where the largest decrease of ozone was observed
(Fig. 5). However, most of the UV, changes due to ozone
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Fig. 5 Monthly linear trends (%/decade) of erythemal irradiance derived
from TOMS and OMI data from 1979 to 2010 according to ref. 196. All
trends are positive. The data are zonally averaged for every 5° of latitude
from 50° S to 50° N and mostly represent changes that occurred in the
first half of this period, when ozone depletion was progressing. Adapted
from lalongo et al., 2011.1%°
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occurred during the 1980s and the early 1990s; therefore, the
calculated linear trends do not necessarily reflect a tendency
in ozone that would continue into the future. At high-latitudes,
the satellite-based estimates of surface UV radiation can be too
low by up to 50%, when high albedo from snow and ice cover
is misinterpreted as clouds."”” These systematic errors can
also affect UV trend assessments. For example, it is difficult to
quantify the changes in UV radiation from space measure-
ments over high-latitude locations that are affected by sea-ice
variability.'* For these reasons the trends discussed above
were derived only for latitudes lower than 55°.

The combined effect of the surface reflectivity (Rs), clouds,
water haze, and aerosols on UV-A radiation, which is not
affected by ozone, can be inferred by the, so-called, “Lamber-
tian equivalent reflectivity” (LER). This represents the equi-
valent scene reflectivity, as seen from space, after the removal
of Rayleigh scattering effects.'”® The atmospheric transparency
T is approximately 7 = (100 — LER)/(100 — Rg), where LER and
R are expressed in percent. Because the reflectivity of most
surfaces is small (typically 2-4% over land), a decrease of LER
will lead to an increase in 7 by approximately the same
amount. The LER at 340 nm during the past 33 years
(1979-2011) has recently been analyzed globally'®® and
changes in the surface irradiance at 340 nm, but without
accounting for the effects of local air pollution sources, can be
inferred from this study. Between 1979 and 2011, most of the
decreases in LER (resulting in an increase of surface radiation)
occurred over land, with the largest wide-spread decreases
taking place over the US (0.97% per decade), Brazil (0.9% per
decade), and Europe (1.4-1.9% per decade). Over India,
southern China, and Indochina, LER has increased by 1-1.5%
per decade (Fig. 6). A trend that is twice as large was observed
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Fig. 6 Trends in LER (combined reflectivity from clouds, aerosols, and
the surface) as seen from space. Trends in LER smaller than 0.3% per
decade are not statistically significant from zero. Negative trends in LER
lead to positive trends in UV-A by approximately the same amount.
Trends in LER outside the Polar Regions are caused by clouds and not
aerosols. Adapted from Herman et al., 2013.1%°
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on the west coast of South America, but there was almost no
change over most of Australia. These trends can be translated
into downward trends in UV-A radiation, caused only by
changes in cloud cover and, partly, in aerosols. In the ocean
region near the Antarctic Peninsula (160° W-50° W), LER has
decreased strongly (>2% per decade), probably due to changes
in clouds and sea-ice. Neither of these studies took into
account the effects of absorbing aerosols in the estimates of
irradiance. Therefore, these trend estimates may not accurately
reflect the changes for regions where the concentrations of
absorbing aerosols and air pollutants have changed over time,
such as in urban areas.

The variability of the solar UV irradiance at 305 and 325 nm
between 1990 and 2011 has been assessed from ground-based
measurements at twelve sites in Canada, Europe, and Japan
(latitudes between 25° N to 60° N).>°° For these sites at least,
this period can be divided into three sub-periods that are
characterised by different physical processes. UV radiation
decreased during the first period (1991-1994), greatly affected
by stratospheric aerosols from the Pinatubo volcanic eruption
in 1991. The volcanic stratospheric aerosol layer had two
effects: it induced the destruction of ozone through hetero-
geneous chemical reactions®*" and reduced the path-length of
UV-B solar radiation through the ozone layer for small solar
elevations due to increased scattering by the aerosols.>**> Both
mechanisms led to an increase in UV-B at the surface after the
eruption in 1991, which became smaller in the next years as
the aerosol effect decayed. The second period (1995-2006) was
characterized by a 1.4% per decade increase in total ozone,
coinciding with a significant decline of the aerosol optical
depth over the regions of study. This “brightening” effect
(increase of the atmospheric transparency T) more than offset
the effect of the increase in ozone, resulting in positive UV
trends of 9.4% per decade at 305 nm and 8.8% per decade at
325 nm. The third period (2007-2011) showed statistically sig-
nificant evidence of a slowdown or turning point in the
upward trends in UV-B radiation over Canada, Europe, and
Japan. These results are consistent with the decrease in LER
seen from satellites (Fig. 6) and observations of surface short-
wave (300-3000 nm) solar irradiance, which indicate that the
brightening effect, which started in the late 1980s and is
mostly attributed to changes in cloud cover and aerosols, has
slowed down during the last few years or is no longer
progressing.*>?%*72%% However, since some of the sites dis-
cussed above®?° are located in urban areas that are affected by
air pollution, the results cannot be simply applied to a global
scale or to sites located at higher altitudes, where aerosols may
evolve differently or remain constant.>’®

Several recent studies that have reported positive trends in
UV radiation at European sites caused by a reduction in cloud
cover are consistent with satellite observations (Fig. 6). A stat-
istically significant increasing trend of 6.6% per decade in
daily maximum UVI from 1993 to 2008 was found for Reading,
United Kingdom, presumably caused by a reduction in midday
clouds, since ozone remained constant.?’” An increase in the
erythemal dose of 5.5 + 1.0% (1c) per decade was found for
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April-October in the period of 1976-2008 from ground-based
UV measurements at Belsk, Poland (51° N)."*®> At both
locations, the total ozone levels had stopped declining in the
mid-1990s, and the observed increases in UV radiation were
attributed to decreasing attenuation by clouds. In such
locations, which are dominated by cloudy weather, any effects
from changing aerosols cannot be detected as the optical
depth of clouds is much greater than that of aerosols. Simi-
larly, the trend of increasing spectral UV irradiance at Hoher
Sonnblick (Austrian Alps, 3106 m altitude) was also attributed
to decreasing attenuation by clouds (5.8% per decade during
summer), which was confirmed by the synoptic observations
of clouds and measurements of the duration of sunshine.
Spectral irradiance at 315 nm was found to increase between
1997 and 2011 from 9.3% per decade at SZA = 45° (spring-
summer) to 14.2% per decade at SZA = 65° (whole year).>*®
Because ozone has been increasing by 1.9 + 1.3% per decade
over this period, the increase of irradiance at 305 nm was
smaller (between 5.1% and 7.9%) and not statistically
significant.

Trends in the monthly average UVI at Barrow, Alaska (71.3° N),
calculated from spectral UV measurements, between 1991
and 2011 were not statistically significant, except for October
(-14% per decade).>®® This large trend was attributed to
decreasing surface reflectivity as the onset of snow cover in
autumn has been delayed at this site with a statistically signifi-
cant trend of 13.6 days per decade. This study emphasizes the
importance of climate factors on long-term changes in UV
radiation.

After removing the annual variability, the UV irradiance at
305 nm was found to decrease with an average rate of 3.9% per
decade for 1991-2011 over four northern hemisphere high-lati-
tude stations (Barrow, Sodankyld, Jokioinen, and Churchill),
whereas no significant change was found for irradiance at
325 nm, which is only slightly affected by ozone.>'® For the
three southern stations examined (Ushuaia, Palmer, and
Syowa) no significant changes for either wavelength were
found.

The above studies indicate that factors other than ozone
have dominated the changes in UV radiation during the last
two decades at many sites. They also indicate that UV-B irradi-
ance has stopped increasing at mid-latitude locations in
response to the slowdown of the ozone decline.

Simulations of historic changes in UV radiation

As mentioned in our previous assessment,'*'*> changes in

UV radiation over timescales of centuries to a few decades can
be estimated using various proxies or simulated variations of
factors that may directly or indirectly affect the solar UV radi-
ation at the Earth’s surface (see also Bornman et al>').
Although such estimates have large uncertainties, they are
useful in assessing qualitatively the causes of the variations in
UV radiation that may have occurred in the past.

A modelling study*'! suggests that levels of UV-B radiation
in the year 2000 were 2-8% lower than in 1850 over the north-
ern hemisphere and the tropics, and higher by 4% and 30%,
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Fig. 7 Reconstructed annual total of UV, time series (blue line, left-
hand scale, lower graph, “ER"), mean annual total ozone in DU (gray line,
right-hand scale) and mean annual sunshine duration (SD) in minutes
per day (red line, left-hand scale, upper graph) for Potsdam, Germany,
1901 until 1999 (thin lines, annual values, thick lines 7-year running
averages). Adapted from Junk et al., 2012.%2

respectively, over the mid- and high-latitudes of the southern
hemisphere. At most locations outside the tropics, the UV-B
changes were caused by changes in tropospheric ozone, except
for the northern hemisphere mid-latitudes where changes in
tropospheric ozone and aerosols are equally important. These
increases in tropospheric ozone in the northern midlatitudes
counteracted the increase of UV-B radiation due to strato-
spheric ozone depletion in the 1900s.

Artificial neural networks trained with measured erythemal
irradiance, duration of sunshine, and a combination of
measured and modeled total column ozone, were used to
reconstruct the daily erythemal dose for Potsdam, Germany
from 1901 to 1999 (Fig. 7). A positive, statistically significant
trend was found for the first half of the 20™ century, in line
with the observed negative trend in cloud cover. Since 1950,
the trend in annual UV, was negative until the mid-1980s,
when it turned positive again. However, for both these latter
periods, the trends were not statistically significant. These esti-
mates do not include potential effects from aerosols, which
decreased substantially in the second part of the 20™ century
(as discussed above), and would likely result in further increas-
ing of UV in the 1980s and 1990s. Furthermore, the uncer-
tainty in the ozone data before 1949, and implicitly in UV, is
higher because it has been obtained by a CCM.

In a study for Australia, the UVI under cloud-free conditions
was calculated with a radiative transfer model over a 50-year
period (1959-2009) based on measured meteorological para-
meters.?™® After the 1990s, an overall increase in annual mean
UVI of 2-6% relative to the 1970-1980 levels was reported for
all latitudes in that country.

UV radiation under the water

The amount of UV radiation under the water surface of the
ocean, lakes, and rivers depend on the available radiation field
reaching the water surface and additionally on the transpar-
ency of the water body. The first is determined by the absorp-
tion and scattering processes of solar radiation in the
atmosphere, as discussed above, and, at high latitudes, on the
amount of ice over the water and the amount of snow over the
ice. The transparency of water depends on the concentrations
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of dissolved and particulate material in the water, with chro-
mophoric dissolved organic matter (CDOM) being the domi-
nant attenuator of solar UV radiation.>'*?*'>?? The attenuation
of solar UV radiation penetrating into the water column (quan-
tified with the diffuse attenuation coefficient Kq, m™) can be
measured directly by radiometers or spectroradiometers, but
such monitoring programs are sparse.”'>*'®  Recently,
measurements of the spectral shape of the surface reflectance
from the MODIS satellite have been used successfully to derive
globally the diffuse attenuation of coastal waters.*'®

In some areas, the penetration depth of solar radiation into
the water is large, such as in the South Pacific Gyre, where the
irradiance at 305, 325, 340 and 380 nm was reduced to 10% of
the initial values at 28, 42, 59 and 110 m of depth, respect-
ively.”’” These constitute the greatest depths of penetration
ever reported for oceanic waters and are comparable with
those measured in the clearest fresh waters.”'® In contrast, a
large attenuation of the solar irradiance was measured in 2004
in the Mackenzie Delta Lakes, Canada, with different gradients
in renewal rate of water, concentration of dissolved organic
carbon (DOC), and composition of dissolved organic matter
(DOM). However, because these lakes are shallow, UV-B and
UV-A radiation is still able to penetrate the top 19% and 31%
of water columns, respectively.*’® Thus, the climate change
effects on the composition of DOM may significantly alter the
UV radiation environment in such circumpolar delta lakes.
The influence of inputs of DOM from rivers into the Arctic
Ocean can now be inferred from the analysis of satellite data
(see Erickson et al.*?).

In Polar Regions, sea-ice prevents a large fraction of UV
radiation from reaching the (liquid) ocean surface, while a few
centimeters of snow over the ice almost completely blocks the
transmission of UV-B radiation.*>**° Solar radiation under
“first-year” ice in the upper ocean is spatially heterogeneous
and depends on wavelength, thickness of ice, and the area and
geometric distribution of melt ponds and bare ice surfaces."*’
Although there is an exponential decay in transmission or radi-
ation through the ice sheet, it was reported that the trans-
mission of radiation in the water under the ice can increase
with depth when bare and melt-pond sea-ice surfaces are
interspersed close to the observation site."*® Projections
based on earth-system models and radiative transfer calcu-
lations suggest that, compared to the 1950s, up to 10 times
more UV-B radiation will enter large parts of the Arctic Ocean
by 2100, mainly because of the partial disappearance of
sea-ice.”*!

The future evolution of sea-ice and its snow cover is linked
to changes in climate and will likely lead to increases in UV-B
radiation reaching the ocean surface beneath the ice. The
complex radiation field beneath the first-year sea-ice during
the melt-season has significant implications for biological pro-
duction, biogeochemical processes, and the heat balance of
sea-ice and under-ice ocean waters. The effects of UV pene-
tration into the water column, as well as the modification of
the ratio UV-B/UV-A by CDOM in the water column, are dis-
cussed further in Erickson et al.**
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Projections of UV radiation: causes
and health effects

Projected changes back to the 1960s and out to the 2090s
relative to the present

Surface UV radiation in the future will be influenced by:
increases in stratospheric ozone due to reduction in ODSs;
changes in ozone and cloud cover induced by increasing con-
centrations of GHGs; changes in tropospheric UV-absorbing
aerosols; and decreases in surface reflectivity at high latitudes
and high altitudes. Simulations of these UV radiation levels
are usually derived from radiative transfer model calculations
that use input parameters estimated by climate models.

In our previous assessment,'>*'® we reported estimates
from model projections®** suggesting that, by about 2050, the
UVery would decrease relative to that in 1980 by 2-10% at mid-
latitudes, and by up to 20% at northern and 50% at southern
high latitudes, mainly due to the recovery of stratospheric
ozone and to changes in cloud cover. In the tropics, UV, was
projected to be higher by less than 2%. We also compared
model projections between 2100 and 1960 to estimate the
effects of climate change on surface UV, because the ozone
depletion started after 1960 and ozone recovery would have
been completed by 2100. By the end of the 21st century UVe,,
was projected to: (a) remain below 1960 levels due to changes
in clouds and GHG-induced transport of ozone at mid-lati-
tudes, (b) decrease at high latitudes (particularly in the Arctic)
by 5-10% due to changes in clouds, and (c) increase in the
tropics by 3-8% due to decreases in clouds and ozone,
induced by GHGs.

However, these projections did not consider changes in
aerosols and surface reflectivity. Similar results were reported
by another simulation®*® that accounted also for the effects of
changing albedo and cloud cover. By assuming typical aerosol
optical depth and single scattering albedo values over Europe,
in addition to projections of ozone, small reductions in erythe-
mal and the vitamin D-effective daily doses were predicted for
2006-2100,>** and were attributed to the recovery of strato-
spheric ozone and partially to a reduction in the optical depth
of aerosols. A recent modelling study focussing on the Arctic
Ocean®! projected reductions in UV-B irradiance by the end of
the 21° century relative to the levels in the 1950s over a large
fraction of the area. Under clear skies, UV-A irradiance is pro-
jected to decrease on average by 4-7% (depending on scenario
and season), entirely driven by decreases in surface reflectivity,
while UV-B is projected to decrease on average by 10-18%,
mainly due to the projected ozone recovery. Under all skies,
these effects are modulated by clouds, leading to changes in
the monthly mean noontime UVI from +15% to —38%,
depending on the location and season. Increases in irradiance
were found only during August for the latitude band 55-65° N,
caused by the projected decrease in cloud cover.

In this assessment, we provide updated estimates of the
projections of the previous assessment,'*® taking into con-
sideration effects from most factors affecting the UV radiation
at the Earth’s surface. This analysis is based on recent projections
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of cloud cover, ozone, surface reflectivity, and aerosols for the
period of 1955-2100 by different Earth-System models that
were included in the fifth phase of the Climate Model Inter-
comparison Project (CMIP-5),>*®> and for the Representative
Concentration Pathways (RCP) emissions scenario 4.5. For the
ozone projections, the ensemble mean of the CESM1(WACCM)
model,”****” which includes interactive chemistry, was used.

These projections have also been used in the fifth IPCC Assess-
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ment Report.*> Changes in annually averaged noon UVI due to
changes in these factors are shown separately in Fig. 8
between the past (1955-1965 mean) and the present
(2010-2020 mean) and between the present and the future
(2085-2095 mean).

Separating the effects of changes in surface reflectivity,
aerosols and clouds on UV radiation is potentially challenging
because of the interactive influence of these factors on irradi-
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Fig. 8 Simulated annually averaged percentage changes in noontime UVI (or erythemally-weighted UV irradiance) relative to the “present” (i.e.
2010-2020). The left column shows simulated changes since 1955-1965. The right column shows the simulated changes expected from the
present to the period 2085-2095. Effects of aerosols, surface reflectivity, cloud cover and total ozone on UVI are shown in each row, with our
assessment of the confidence in UVI projections. Note the two different color-scales.
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ance. Despite these inter-connected effects, the largest
changes in reflectivity are projected for high and polar lati-
tudes due to the melting of ice or snow, while the largest
changes in aerosols are projected for mid-latitudes and the
tropics, particularly over regions with strong anthropogenic
activities.

Effects of changes in aerosols. The future evolution of aero-
sols and their radiative effects depend on emissions scenarios
that may differ from the actual development, both in terms of
amount and composition of aerosols. Current trends in air
pollution (hence in aerosols) show large regional differ-
ences;’*® at some regions decreasing (Europe and North
America) and at others increasing (Asia). For all emissions
scenarios associated with the RCP, aerosols are expected to
decrease significantly in the second half of the 21° century
globally,”*® and particularly over Asia as a result of measures
for improvement of air quality,’*”*'® even though the air pol-
lution there is presently increasing.>*®

However, even if these scenarios were realistic, there would
still be large uncertainties in the simulations of UV radiation
due to poor knowledge of the spectral absorption efficiency of
aerosols (i.e. of SSA) and its wavelength dependence. Most
climate models use input parameters that are appropriate for
less absorbing aerosols, which result in an underestimation of
their effect on UV radiation. The UVI simulations shown here
are based on projected aerosol optical depth values from the
earth-system models. Because of the lack of specific SSA pre-
dictions, climatological values for SSA” were used, assuming
no change with time, which may also be unrealistic. Finally,
over areas dominated by clouds, the projected effects on UVI
from changes in aerosols are more uncertain, particularly for
large SZAs, for highly absorbing aerosols, and for highly reflec-
tive surfaces.

High levels of air pollution in the 1950s and 1960s over
some urban areas in Eastern Europe should have resulted in
less UV radiation at that time; the simulations show that esti-
mated improvement of air quality since then''® yielded
increases in the UVI of up to 40% in the 2010s. Unfortunately,
no high-quality direct measurements of UV radiation exist for
that period, and neither have the reconstructed data series
(see previous discussion) been forced with aerosol data to
show this effect. However, measurements in Moscow revealed
an ~4% increase in UV-A radiation from 1981 to 2003 due to
the reduction of aerosols.” In contrast to central Europe, UV
radiation may have decreased in eastern Asia (by ~25%), due
to increases in air pollution.”*® The decreases in UV (by ~15%)
over north-west Africa are not statistically significant and are
probably caused by the large differences among the model pro-
jections. By the end of the 21% century, the improvement of
air-quality over most of the populated areas of the northern
hemisphere may result in small increases in UVI compared to
the 2010s by 10-20%, except over China where much larger
increases are projected. The projected aerosol effect in the
southern hemisphere is generally very small, because sources
of aerosols are weaker compared to the northern hemisphere,
and aerosols originate mostly from the ocean, while the
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fraction of land with important anthropogenic activities is very
small. Consequently, the assumed changes in aerosol amount
with time are generally very small there.'"’

In our assessment, estimates of the characteristics of aero-
sols in the past and understanding the effects of changes of
aerosols in the future are highly uncertain at present. Although
we have tools to carry out the UV calculations, knowledge of
the input parameters to the RT models, and a complete under-
standing of the interactions between the various effects is still
lacking. Therefore, the simulated changes in UV radiation
shown in Fig. 8 are associated with significant uncertainties,
and particularly for the potential aerosol effects, are only
illustrative. Despite the uncertainties, it is likely that, outside
the polar regions, changes in aerosols and their properties in
the future will be more important for the levels of UV at the
surface than those from changes in ozone.

Effects of changes in surface reflectivity. As discussed pre-
viously, surface reflectivity is projected to decrease between the
1960s and the end of the 21 century over areas that were
covered by sea-ice and snow earlier in this period, whereas in
other areas the expected effects, mainly from changes in land-
use, would be much smaller. The projected effects on UV radi-
ation are therefore significant only over high and polar
latitudes.

Over the Arctic, large reductions in reflectivity due to sea-
ice melting have already occurred; hence the simulated UVI is
~5% lower than in the 1960s, over and close to areas covered
by sea-ice. These effects are most pronounced in the summer
and autumn, when the sea-ice disappears over large areas.
This phenomenon is projected to continue through the end of
the 21% century,’ resulting in decreases in UVI with respect to
the present by up to ~10%. In Antarctica, ice cover has gener-
ally increased slightly (as discussed above), while a small frac-
tion of sea-ice has been lost in localized regions (mainly over
the Weddell Sea), leading to small decreases in annual average
UVI of less than ~2%. Small decreases are projected also for
the future since Antarctica will be still covered by snow and ice
by the end of the 21* century. However, other factors (e.g:,
ozone, clouds, and aerosols) that might be different from the
present would likely modulate the reflectivity effect.

Effects of changes in clouds. The effects of clouds on
climate are significant and complex; and their representation
in climate models continues to be a challenge. Many cloud
processes, including aerosol-cloud processes, occur at scales
smaller than those resolved in large-scale climate models.
Therefore, general circulation models typically use parameteri-
zations to represent a range of cloud properties. A recent
assessment reports considerable improvements in the ability
of models to account for effects from clouds.***

For the UV projections presented here, the effect of clouds
on UVI was estimated through the CMF calculated from projec-
tions of all-sky and clear-sky total solar radiation by the Earth
system models. Extrapolation of the CMF from visible to ultra-
violet wavelengths is based on empirical relationships.
Changes in the CMF between the two periods shown are
directly translated into changes in UVI due to clouds. The
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modification of solar radiation by clouds depends on aerosols
in the underlying layers and on surface reflectivity, as both
lead to increasing multiple scattering of radiation. These
factors are implicitly taken into account in the total radiation
projections, but their effect on the derived CMF is small.

The projected changes in noontime UVI due to clouds are
mostly negative. Cloud cover is projected to increase over the
Arctic Ocean due to increased evaporation as sea-ice declines.
Therefore, the highest decreases in UVI are simulated for lati-
tudes north of 60° N, and are up to 4% from the 1960s to the
2010s, and about double this between the 2010s and the
2090s. Pole-ward of ~60° S, reductions of up to 3% in the UVI
have been projected for both periods, mainly over the ocean.
At all other latitudes the projected changes are very small,
ranging between —2% and +2%.

Effects of changes in ozone. Depletion of ozone led to
increases in UV-B radiation during the 1980s and 1990s, and
the recovery of ozone will likely lead to reductions of UV-B rela-
tive to present levels. According to state-of-the-art simulations
by CCMs, it is likely that, by the early-2030s, total ozone
columns at mid-latitudes will exceed 1980 values.” The pro-
jected increases in total ozone are due to declining concen-
trations of ODSs and increases in the concentration of
greenhouse and other source gases. Declining ODSs, strato-
spheric cooling, the possible strengthening of the Brewer-
Dobson circulation and other factors are likely to result in a
“super-recovery” of mid-latitude ozone columns, after 2040 to
2060, ie. to levels greater than observed in the 1960s, leading
to smaller levels of UV-B.

The future levels of ozone will greatly depend on future
emissions of GHGs into the atmosphere, but also on influ-
ences from possible volcanic eruptions. Simulations indicate
that the differences between GHG scenarios become important
only in the latter half of the 21° century, and are largest in the
northern mid-latitudes.” Improved understanding of the
effects of the Mt. Pinatubo eruption on stratospheric ozone
suggests that a major volcanic eruption in the near future
(while atmospheric chlorine levels from ODSs remain elevated)
would result in lower levels of stratospheric ozone over much
of the globe that would persist for several years.>*> In the
Arctic, the evolution of springtime ozone in the future is
uncertain because it is still debated whether changes in ozone
will be driven by increases in PSCs from stratospheric cooling
or by decreases in PCSs from stratospheric warming due to
increases in planetary wave activity."”

Despite these open issues, the simulations and predictions
of total ozone are more certain than the evolution of the other
factors discussed above. Compared to the levels in the 1960s
the UVI levels in the 2010s are higher only at southern high
and polar latitudes where the ozone hole continues to form
during the austral spring, and forces the annually averaged
UVI to be up to 70% higher. Increases in UVI everywhere else
are very small or close to zero. The pattern for the future
is a near-complete reversal, as UVI is projected to decrease
over Antarctica in the 2090s by up to 40% compared to the
2010s. Decreases in the UVI are projected for the rest of the

This journal is © The Royal Society of Chemistry and Owner Societies 2014

View Article Online

Perspective

mid-latitude areas ranging between 5% and 10%. In the
tropics, the changes are very small (+2-4%).

Overall effects. From the above discussion of individual
factors that will affect the levels of UV radiation by 2100, it
appears that the ozone will continue to be the dominant factor
over Antarctica, while clouds and surface reflectivity will domi-
nate the changes over the Arctic. The effects of the aerosols,
although highly uncertain, are potentially very important, and
will probably dominate future changes in both the UV-B and
UV-A radiation in highly populated regions. Because the
largest potential effects are also the most uncertain, we do not
attempt to combine the four panels to show an overall effect.

In our last assessment, it was projected, on the basis of
models available at that time, that there would be increases in
UV at low latitudes by 2100 (where the UV is already high). The
present assessment does not support that general statement;
Fig. 8 shows a more complex picture and any projected
increases (due mainly to reductions in cloud) are smaller than
provisionally projected.

Effect of the Montreal Protocol on UV radiation

The amended and adjusted Montreal Protocol continues to be
successful in reducing emissions and atmospheric abun-
dances of most controlled ODSs, and has been hailed as the
most effective environmental treaty ever. As a result of its
success, the concentrations of most of the man-made chemi-
cals that led to ozone depletion are declining, and ozone is
judged to be on a path towards recovery.” Despite their long
atmospheric lifetimes, by 2012, the total combined abundance
of anthropogenic ODSs in the troposphere had decreased by
nearly 10% from the peak value in 1993. New estimates of the
contributions of specific substances or groups of substances to
the decline in tropospheric chlorine and bromine are now
available.

Several attempts have been made to quantify the success of
the amended and adjusted Montreal Protocol by comparing
the environmental implications of ozone differences in the
future “world expected” with those in the future “world
avoided” by its successful implementation. A recent model
simulation, that included the effects of coupling with the deep
ocean,”*® showed that without the Montreal Protocol, ozone
concentrations would have continued to decline, with an accel-
eration of that decline in the latter part of this century. In
2070, the stratospheric ozone layer would have collapsed to
less than 100 DU worldwide and the peak UVI would have
reached values greater than 35 in the tropics; at the sunlit
northern polar cap UVI values would have been in the range
5-15, which are similar to or larger than the values found in
the subtropics and tropics in 2000. Such an enhancement of
UV irradiance at the surface is beyond anything that modern
ecosystems have presumably experienced.

Another simulation®*® that accounted also for the effects of
climate change (e.g, changing albedo and cloud cover),
reported the geographical distribution of changes in UV,
that would occur without the implementation of the Montreal
Protocol. For the no-Montreal Protocol simulation, dramatic
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Fig. 9 Simulations of the “world avoided” total ozone (top panel) and
UVI (bottom panel) between 1974 and 2075 for latitudes 50° N and 50° S.

increases in erythemal irradiance between the 1970s and 2100
were calculated, with 5-fold increases over populated areas,
corresponding to summer UVI in excess of 50.

An early attempt to quantify the health effects concluded
that the implementation of the Montreal Protocol has been
hugely beneficial to avoid the health risks, such as skin
cancer, which are associated with high UV radiation, while
there is only a small increase in health risks, such as vitamin
D deficiency, that are associated with low UV radiation.>**
Fig. 9 shows the projected changes in ozone and UVI that
would have occurred in the “world avoided” case.>*****> The
plots compare only latitudes 50° N and 50° S, but similar pat-
terns are seen for other latitudes. The rate of ozone decline
would have accelerated markedly after 2040, reaching
minimum values of approximately 100 DU, similar to the
lowest values seen during the most severe Antarctic ozone
hole, by 2070. By that time, peak UVI values at mid latitudes
would have been approximately 3 times as high as in the
period prior to the onset of ozone depletion. The present
differences in peak UVI values between the northern and
southern hemispheres would have persisted and amplified by
the 2060s. Summer-winter contrasts in UVI would have been
amplified in absolute terms (differences), but reduced in rela-
tive terms (ratios), which may have had important implications
for vitamin D production.

The effects on projected skin cancer rates were further esti-
mated in a later study that also included the effects of pro-
jected future changes in cloud cover.”*® The study showed
that, due to the decreases in ozone over the latter part of the
20™ century, the incidence of skin cancer would rise by
approximately 4% around the mid-21% century, but with large
geographical differences. Of the regions tested, the largest
increases (170-200 cases per million) were projected for the
Australian region, but since the skin cancer models used as
inputs were developed for the Netherlands and did not take
account of behavioral changes in sun-exposure, their relevance
to other regions is questionable.

Van Dijk et al.>*® predicted that, without the Montreal Pro-
tocol, there would have been much larger increases in rates of
skin cancer. Even by as early as the year 2030, 2 million cases
of skin-cancer would have been prevented yearly, which is 14%
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fewer skin-cancer cases per year (see Lucas et al.>*” for further
details). This assumes no changes in human behavior with
regard to sun-exposure. However, because there is a time delay
of several decades between peak UV and subsequent diagnosis,
the increase in year 2030 is attributable mainly to the relatively
small ozone depletion that was present around the turn of the
century (see Fig. 9). Further studies investigating the health
effects early in the 22" century would give a more realistic
assessment of the true benefits of the Montreal Protocol.

Biological effects of UV radiation

The damaging or beneficial biological effects of UV radiation
have a unique dependence on wavelength, which is quantified
by weighting functions, also called “action spectra”.'®>>3®
Action spectra typically increase by several orders of magnitude
towards shorter wavelengths in the UV-B region (see examples
in Fig. 10). Because of this wavelength sensitivity, biological
effects depend strongly on the spectrum of the incident radi-
ation. The shape of the spectrum depends on the amount of
atmospheric ozone and the path of solar radiation through the
ozone, which is a strong function of SZA. To quantify a biologi-
cal effect, the solar irradiance spectrum at Earth’s surface is
multiplied with the action spectrum for this effect, and the
result is integrated over wavelength to derive the biologically
effective UV irradiance (UVggg).

Sensitivity of biologically effective UV radiation to changes of
ozone

The sensitivity of UV radiation to changes of ozone depends
greatly on wavelength. Because every biological effect has a
unique dependence on wavelength, to quantify the changes in

1
7 ——— Erythema, McKinlay & Diffey, 1987
r #—+—% Previt D3, Bouillon et al., 2006
L Previt D3, Olds, 2010
01 Previt D3, Bolsee et al., 2000

Response
o
2
T T IIIIIII

0.001

0.0001 .
280 320 360 400

Wavelength (nm)

Fig. 10 Biological action spectra for erythema and production of previ-
tamin D3.
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biologically effective UV radiation due to changes in ozone,
these wavelength dependencies should be taken into account.
The relationship between change in total ozone column (TOC)
and change in biologically effective UV irradiance can be quan-
tified in terms of the Radiation Amplification Factor (RAF). For
small (<10%) changes in ozone the RAF is simply the relative
fractional change in effective UV irradiance with fractional
change in total column ozone:

RAF = — (AUVggr/UVgrr) /(ATOC/TOC),

where AUVgrr and ATOC are the respective changes in UVgpr
and TOC. For example, RAF = 1.5 means that a 1% decrease in
ozone will lead to a 1.5% increase in biologically effective UV
radiation. For larger (>10%) changes in ozone, the power
form>*® is more appropriate:

UVggrs /UVgrr— = (TOC_ /TOC, )Y,

where the subscripts (+ and —) refer to the cases with larger or
smaller values of ozone, respectively.

Biological effects that are dominated by UV-B wavelengths
have larger RAFs than effects where the contribution from the
longer wavelengths is significant. As an example, we illustrate
this for the case of vitamin D production by UV radiation,
because this topic has received prominence in recent years,
and the action spectrum for previtamin D3 production is con-
troversial.>*® Table 1 shows the RAFs for three suggested
action spectra for previtamin D3 production (Fig. 10) com-
pared with the RAF for erythema for typical conditions in
January and July. The previtamin D3-related action spectra are
for illustrative purposes only and although the accuracy of the
currently-accepted spectrum®' has been called into ques-
tion,>*° we are not in a position to advocate any change to it. A
comprehensive list of RAFs and action spectra for a large
variety of biological effects was included in the previous
assessment report.'>*

RAFs also depend to some degree on factors other than SZA
and ozone that alter the shape of the solar spectrum, such as
extinction by aerosols or the vertical distribution of ozone in
the atmosphere.”®” Limitations of the RAF and its application
to other action spectra have been discussed in more detail
elsewhere.**’

New numerical parameterizations have recently been
developed to calculate the biologically effective irradiance as a

Table 1 RAFs for action spectra calculated on the basis of daily inte-

grals for latitude 30° N. This is an update of Table 1 in McKenzie et al.'°®
RAF Jan RAF July

Effect (290 DU) (305 DU)  Reference

Erythema 1.1 1.2 CIE;*** McKinley and

(CIE, standard Diffey;*** Webb et al.>**

reference)

Previtamin D3 (CIE) 1.7 1.4 Bouillon et al.>**

Previtamin D3 (CIE 1.8 1.5 Bouillon et al.**!

truncated to 315 nm)

Previtamin D3 1.7 1.4 olds**®

Previtamin D3 2.6 2.2 Bolsee et al.**
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function of TOC and solar elevation angle for commonly used
action spectra.'®® Furthermore, a new method has been
devised to calculate RAFs from measurements of UV, and
TOC during times when UV, is also affected by clouds and
aerosols.>*®

While the basic understanding of the sensitivity of UV radi-
ation to changes in ozone has not changed since the last
assessment, additional studies are now available that corrobo-
rate the magnitude of this sensitivity and allow refinement of
the values of action spectra.

The action spectrum for erythema

There have been slight variations in the definition of the
action spectrum for erythema since it was first introduced.***
The action spectrum for erythema was standardized by the
Commission Internationale de I'Eclairage (CIE) in 1987%*° and
updated in 1998.>** Deviations in erythemal irradiance result-
ing from the two versions of the action spectrum are less than
0.5% for SZAs <40° and increase to around 2% at 85° SZA™**
and the RAF changes by less than 0.02 (Fig. 11). Even though
the differences are small, this change is important due to the
large number of studies and time series that have been based
on the CIE 1987 action spectrum. In accordance with Webb
et al.,>** we recommend that the standard action spectrum for
erythema recommended by CIE*** should be used in the
future.

Measurements of personal exposure to UV radiation

To date, the most widely used method for personal UV
exposure studies is to equip volunteers with small dosimeters
attached to various parts of the body. Dosimeters may be
based on photoresponsive films, which change their trans-
mission upon exposure to UV radiation,>'>*>* DNA molecules
in cultures of immobilized spores with a spectral response
corresponding to erythema,'®****?**> and photodetectors that
convert UV radiation into signals of voltage or current.>>*>*®

1.02

1.01

\\\\ %
\l\A\\\\

= Ratio between 100 and 600 DU
= Ratio at 100 DU
o Ratio at 200 DU
o Ratio at 300 DU
o Ratio at 400 DU
o Ratio at 500 DU
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(RAF for CIE1998) / (RAF for CIE1987)
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Fig. 11 Ratio of radiation amplification factors (RAF) calculated for the
CIE 1998 and CIE 1987 erythema action spectra. The figure is based on
model spectra that were calculated for different solar zenith angles and
total column ozone®*° and subsequently weighted with either the CIE
1998 or the CIE 1987 erythema action spectrum.
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The ability to convert doses absorbed by polysulphone (PS)
badges into biologically effective solar UV exposure was
assessed,”® taking as an example two relevant effects for
human skin: induction of erythema and production of previta-
min D3. Comparisons of doses derived from PS badges posi-
tioned horizontally and at different inclination angles (to
simulate various anatomic sites of the human body), revealed
larger deviations at large solar zenith angles and/or for highly
reflective surfaces.”®°

More recently, electronic dosimeters have become available,
and their use is becoming more widespread.”*'>%* The accu-
racy of measurements of two types of personal dosimeters,
namely PS films and electronic ultraviolet (EUV) dosimeters
using an aluminum gallium nitride (Al,,Ga,3N) photodetector,
have recently been assessed.>®> PS dosimeters showed mean
absolute deviations of 26% relative to a reference spectro-
radiometer, with a maximum deviation of 44%. Since the
PS doses were derived using a single calibration curve, further
experimental investigation of these dosimeters is needed
to better assess their accuracy. The calibrated EUV dosimeters
showed mean absolute deviations of 15% (maximum 33%),
which were partly caused by small, but significant sensitivities
to visible radiation (i.e. stray light). It was concluded that cali-
brating UV sensors by direct comparison with a reference
instrument leads to reliable results and that these simple
devices are useful to estimate personal UV exposures. They
should not be used, however, as an inexpensive replacement
for meteorological grade instruments.

Inexpensive, non-scientific instruments for UVI measure-
ments have recently become available. These sensors are part
of watches, portable weather stations, and handheld UV
meters. The accuracy of several of these devices has been
assessed.”®® While the measurements of some test devices
agreed with those of a reference spectroradiometer to within
20%, some instruments overestimated the UVI by up to a
factor of three and hence did not provide trustworthy results.

Health-related exposure to UV radiation

Exposure to sunlight, specifically the UV radiation, has both
positive and negative health effects, as discussed in Lucas
et al.>*” Despite the positive effects, it is excessive sun-exposure
that has been of greater concern, because of its adverse effects
to humans, terrestrial and aquatic ecosystems, materials, and
air quality (see companion papers’!3%°6:237:265266) " uantifi-
cation of exposure of humans to UV radiation is complex as
many factors are involved, including the natural variations of
radiation, the orientation of the exposed parts in conjunction
with the time and location, behavioral aspects, clothing, as
well as effects of reflections on the surroundings.>*?

This complexity is confirmed by recent exposure studies
using personal dosimeters, which include: seafarers of mer-
chant vessels,'®® farmers at a mid-latitude site,>*® urban dwell-
ers engaging in typical outdoor activities such as shopping,
walking, cycling, and sightseeing,?®” professional cyclists,***
young (age 9-12) skiers,”® vineyard workers,”** and people
engaged in activities such as walking, sitting, and lying.>*®
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From measurements with personal electronic UV dosimeters
in New Zealand over a few weeks (outside the peak summer
period),?*"**” it was shown that cumulative doses received by
dosimeters worn on the wrist were typically less than 2% of the
available ambient doses, and that the equivalent full body
exposure is less than 1% of the ambient. This implies that the
people wearing the dosimeters were probably indoors for about
95% of the time. These studies suggest that personal exposure to
UV radiation is better approximated by dosimeters and diaries
than by measurements of the ambient UV irradiance. Further-
more, the translation of traditional global-horizontal irradiance
measurements into exposure levels relevant to humans therefore
depends critically on information on behavior and location.

Maximizing the benefits while minimizing the damage is a
multifaceted problem in which many of the elements are
important and need to be quantified.>*® A recent attempt has
been made to quantify the available ambient UV doses each
month, including both beneficial and detrimental effects, in
Northern Eurasia.>®’

As discussed above, problems arise when one uses UV
measurements on a horizontal surface to perform risk-benefit
assessments because they do not yield the actual doses people
get while they are outdoors, as different parts of the body are
exposed at different angles. More realistic UV doses for people
who are outdoors engaged in a variety of different activities
can be estimated from simple geometrical parameterizations.>”°

As part of further refinements, the importance of including
the effects of clouds and aerosols in parameterizations to
derive vitamin D-effective irradiance from erythemal irradiance
was highlighted by Feister et al."® They showed, from 4 years
of measurements in Germany, that optically thick clouds can
strongly modify the ratio between erythemal and vitamin
D-effective irradiance, suggesting that the parameterizations
derived for cloud-free conditions are not always applicable.

Similarly, the role of shade has been emphasised by Turn-
bull and Parisi*”* who measured the spectral dependence of
the ratio of diffuse to global UV radiation, and showed that
under clear skies this ratio decreases with wavelength through-
out most of the UV region for wavelengths greater than
300 nm. For example, for unpolluted conditions at SZA = 40°,
the diffuse to global ratio decreases from ~0.6 at 300 nm to
~0.3 at 400 nm. This means that in the UV-B region, the pro-
tection offered is less than one would estimate from our per-
ception of the visible solar radiation. To get protection
sufficient for most purposes (e.g., Solar Protection Factor >30)
from UV-B radiation in the shade, it is important to ensure
most of the diffuse sky radiation is also blocked. Interestingly,
because the wavelengths for previtamin D production are
slightly shorter than for erythema, this implies that exposure
to diffuse light, such as in the shade of trees or buildings, may
slightly favor the production of vitamin D while minimizing
the risk of erythema in non-covered skin.

The field of atmospheric UV research is plagued with
difficulties in nomenclature. A recent report’’> highlights
some of the issues, taking vitamin-D synthesis, a beneficial
effect, as a specific example. Terminologies for the standard
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vitamin-D dose (SDD) and the minimum vitamin-D dose - for
daily sufficiency - (MDD) are proposed, analogous to the stan-
dard erythema dose (SED) and minimal erythema dose (MED)
that are in common use for erythema. Note that the quantitative
value of the MDD is not yet known; nor is there agreement on
the recommended minimum levels of the status of vitamin-D
(see Chapter 2). In the present literature, the SDD has confus-
ingly been defined in terms of a physiological response. In rec-
ognition of the fact that currently accepted action spectra may
be revised if new data become available, the continuation of
spectrally resolved irradiance measurements will allow reproces-
sing of biologically effective irradiances and doses in the future.

Effects of geoengineering on ozone
and UV radiation

Geoengineering - or “climate engineering” - refers to a broad
set of methods and technologies that could be used to deliber-
ately alter the climate system in order to alleviate the impacts
of climate change. Solar Radiation Management (SRM) has
been suggested as a means to counteract the warming from
increasing GHG by reducing the amount of solar radiation
absorbed by the Earth’s surface. Carbon Dioxide Reduction
(CDR) aims at reducing the future concentrations of CO, by
accelerating the natural removal of atmospheric CO, or
increasing the storage of carbon in reservoirs.*”

Of those two geoengineering methods, only the SRM would
directly influence the amount of UV radiation received at
Earth’s surface. Space reflectors, injection of aerosols in the
stratosphere, or seeding of marine clouds would reduce the
amount of UV radiation reaching the surface. In contrast,
increasing of surface reflectivity by creating micro bubbles at
the ocean surface, growing more reflective crops, or painting
roofs and other built structures in light colors may lead to
increased surface UV radiation through scattering of reflected
radiation towards the ground.

The injection of sulfur dioxide into the stratosphere®”® is
one of the methods suggested to reduce the amount of solar
radiation reaching Earth’s surface, through increased scatter-
ing of solar radiation to space. However, it is known that stra-
tospheric sulfate aerosols from volcanic eruptions and natural
emissions deplete the stratospheric ozone, and similar effects
should be expected from stratospheric aerosols introduced for
SRM, leading ultimately to increases in the amount of UV-B
radiation reaching the surface, which are larger than the
reduction achieved from the SRM.

This is further supported by recent modelling studies
suggesting that such interventions would lead to a general
decrease in stratospheric ozone concentrations, mainly via
changes in photolysis rates, tropical upwelling of ozone-poor
air, and an increase in available surfaces for heterogeneous
chemistry. Considering the role of very short-lived halogens in
the stratosphere (e.g:, Bry, and Cl), increases in annual average
UVery of up to 5% in mid and high latitudes were simulated for
the 2040s due to the impact of stratospheric sulfur on
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ozone.””> Recently, it was projected that the increase in UV-B
radiation at the surface due to ozone depletion could be offset
in the 2040s by the screening due to the SRM aerosols in the
tropics and mid-latitudes, while in polar regions the UV-B radi-
ation would increase by 5% on average, with 12% peak
increases during springtime.>””

Other potential UV-related impacts of geoengineering have
been investigated with models, revealing effects on cloud
cover”’® and rainfall patterns,?”® both of which ultimately lead
to changes in UV radiation at the Earth’s surface. Model simu-
lations showed that SRM, to counteract a 1% annual rise in
atmospheric CO,, suppresses the increases in precipitation
that would otherwise accompany the rising GHG, had geoengi-
neering never been used. However, in some of these sensitivity
studies extreme and perhaps unlikely scenarios®”® have been
assumed. For example, the effect of geoengineering with
sulfate aerosols was investigated in a world with a different
climate by first setting global CO, levels at an extremely large
level of 1120 parts per million (ppm) or four times the pre-
industrial level. They found that global precipitation rates
would increase by approximately 7% compared with pre-indus-
trial times, but with high spatial and temporal variability.
However, when they re-ran the models, with SRM geoengineer-
ing included, they found a 4.5% reduction in global precipi-
tation. Again, there was a high degree of variability, but
notably, decreases in precipitation rates on land and in oceans
were much more similar.

The interactions and feedback of the suggested geoengineer-
ing methods with the natural variability of the atmospheric and
surface reflectivity are not yet fully explored. The atmosphere is
a complex system and any deliberate interventions should be
treated with great care as they may have unanticipated adverse
effects. Moreover, with the current observing systems, it would
not be feasible to assess whether the small intended changes
in solar radiation at Earth’s surface from the implementation
of geo-engineering would have actually occurred.

Gaps in knowledge

Simulations of surface UV radiation for the future are limited
in accuracy due to difficulties in assessing the combined
effects of clouds and aerosols that are expected to change.
Over ice- and or snow-covered areas, these effects are even
more complicated. Additional uncertainties for UV projections
arise from the scenarios describing the evolution of the atmos-
phere in the future.

Significant changes in aerosol concentrations are expected
in the future (both positive and negative, depending on the
region). The effect of these aerosols on surface UV irradiance
will depend strongly on their single scattering albedo.
However, even for the aerosols that are present in the current
atmosphere, this parameter is not well quantified in the UV-B
region because of the confounding effects of ozone absorption.
Better quantification of the SSA in the UV-B region over a wide
range of aerosol types (possibly involving laboratory studies to

Photochem. Photobiol. Sci.


http://dx.doi.org/10.1039/c4pp90032d

Published on 07 November 2014. Downloaded on 16/11/2014 07:33:36.

Perspective

avoid the effect of ozone) would increase our ability to model
the effects of aerosol on the UV radiation at the Earth’s surface.

To our current understanding, variations in solar activity
lead to decreases in total ozone of up to 3% between the
maximum and the minimum of the 11-year solar cycle.
However, the relative contributions of solar activity-induced
radiative and dynamical effects on ozone are not yet fully
resolved. Moreover, there are still uncertainties in the measure-
ments of solar spectral irradiance outside Earth’s atmosphere.

Improvement in the understanding of these processes and
the availability of higher quality information of the UV-related
factors would strengthen our ability to effectively interpret
ongoing changes and predict future changes in UV radiation.

Instruments at the ground measure UV irradiance directly
and the results are therefore more accurate than the inversion
results from satellite data, but the spatial coverage of surface
observations is sparse and vast regions of the Earth (e.g,
Africa, Siberia, the global oceans, particularly in the southern
hemisphere) are not being monitored from the ground. In
light of these limitations, robust assessments of long term
changes in UV radiation must be based both on observations
from space and from the ground.

Assessment of the long-term benefits of the Montreal Proto-
col requires input from both the atmospheric sciences and the
health communities. To date, the health costs of non-
implementation of the Montreal Protocol have been calculated
only up to the year 2030. Because of the lag between UV
exposure and the onset of diseases this is representative only
of the changes due to ozone depletion up to the year 2000.
This severely underestimates the true benefits of the Montreal
Protocol because ozone changes are likely to have become
much larger in the latter half of the 21° century (see Fig. 9).

There is incomplete characterisation of many action spectra
of interest. Examples are the action spectrum for the formation
of previtamin D3 from sunlight and the action spectrum for
melanoma in human skin. These are required for quantitative
assessments of the environmental effects of future changes in
UV radiation, particularly those due to changes in ozone.
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