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ENVIRONMENTAL EFFECTS OF OZONE DEPLETION AND
ITS INTERACTIONS WITH CLIMATE CHANGE: 2002
ASSESSMENT
Introduction
The four earlier assessments on Environmental Effects of Ozone Depletion, between 1989 and 1998, dealt almost
exclusively with increasing ultraviolet radiation and its impacts. The present assessment gives an update on these
same problems, but with a special emphasis on the interactions with climate change, at the request of the 11th
Meeting of the Parties to the Montreal Protocol. Depletion of the stratospheric ozone layer and climate change are
dealt with in separate international conventions. Although both processes are aspects of global atmospheric
change, the measures needed for phasing out ozone depleting chemicals and for limiting the increasing
greenhouse effect are distinctly different. Even if separated in this fashion, it is becoming increasingly clear that
the two processes have many interactions. For the time period that these two threats co-exist, there is a strong
likelihood that their interactions will have consequences for the environment.
Some of these interactions take place within the atmosphere and influence the UV radiation reaching the earth’s
surface, resulting in effects on health, ecosystems and materials. In other cases, a particular effect of UV radiation,
e.g., on phytoplankton in the oceans, may even play a role in the large-scale interactions between climate change
and ozone depletion. In addition, a specific biological system or material may be affected by increased UV
radiation in combination with rising temperatures, changing precipitation or other aspects of climate change; these
various factors may interact with each other in an additive, antagonistic or synergistic way.
Climate models that simulate future ozone levels have improved but still remain highly uncertain. Several models
predict delays in recovery of the ozone layer, ranging from almost zero to a decade or more or even to further
ozone depletion late in the century. This calls for an analysis of the consequences of a prolonged period of
increased UV -B radiation on health and the environment.
Changes in snow and ice cover arising from global warming can modify the UV radiation received at the Earth’s
surface. The penetration of UV radiation into the sea and freshwaters is dependent on the concentration of
dissolved organic matter in the water, which is modified by both UV radiation and temperature. Oceanic
productivity is also influenced by temperature and UV radiation; the changed productivity in turn leads to changes
in sulphur emission from the ocean, potentially altering the transmission of sunlight to the surface. The induction
of skin cancer by solar UV radiation is likely to increase with global warming. Increasing temperatures are also
expected to exacerbate the UV-related problems in air quality, and UV-induced damage to materials.
Research and understanding of most of these complex processes is still in an initial and uncertain phase, but it
appears that some of these will have environmental impacts. In the following chapters, new information on the
effects of increased UV radiation will be discussed in more detail, with special attention given to the role of
interactions between ozone depletion and climate change.
Jan van der Leun, Xiaoyan Tang, Manfred Tevini
United Nations Environment Programme
PO Box 30552
Nairobi, Kenya
http://www.unep.org/ozone
http://www.unep.ch/ozone
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EXECUTIVE SUMMARY
ENVIRONMENTAL EFFECTS OF OZONE DEPLETION AND ITS INTERACTIONS WITH
CLIMATE CHANGE: 2002 ASSESSMENT

Ozone and UV Changes
•

Atmospheric ozone remains depleted. Antarctic ozone losses have remained similar each spring in
recent years. In the Arctic, the ozone losses can be substantial, but only during winters when
stratospheric temperatures fall below a critical threshold. Outside the Polar regions, ozone losses are
less severe. Relative to 1980, the 1997-2000 losses in total ozone are about 6% at southern midlatitudes on a year-round basis. At northern mid- latitudes the ozone losses are about 4% in
winter/spring season, and 2% in summer/autumn. In the tropics, there have been no significant
changes in column ozone. Globally, the annual average ozone loss is approximately 3%. These
changes are in broad agreement with model calculations.

•

Although the quality, quantity, and availability of ground-based UV measurements continue to
improve, a global-scale assessment from them is not yet available. The complicated spatial and
temporal distributions of the predominant variables that affect ultraviolet radiation at the surface (for
example, clouds, airborne fine particles, snow cover, sea ice cover, and total ozone) continue to limit
the ability to describe fully surface ultraviolet radiation on the global scale, whether through
measurements or model-based approaches.

•

Spectral surface ultraviolet data records, which started in the early 1990s, are still too short
and too variable to permit the calculation of statistically significant long-term (i.e., multidecadal) trends. However, long-term increases in peak UV levels have been observed at a few sites,
and the measured increases are in agreement with model calculations. Progress has been made
inferring historical levels of UV radiation using measurements of ozone from satellites in conjunction
with measurements of total solar radiation obtained from extensive meteorological networks.

•

Long-term effects on UV radiation from changes in cloud and snow cover have been observed.
At two of three sites in Canada the increases in UV-B radiation were as expected from the changes in
stratospheric ozone concentrations that have occurred, while at another site the UV-B trend was much
larger as a result of additional long-term changes in snow cover and cloud. This indicates potentially
complex interactions between climate change and UV-B radiation. Cloud reflectance measured by
satellite has shown a long-term increase in some regions (e.g., in Antarctica), which would tend to
reduce the UV-B radiation. In other regions (e.g., in the tropics) there have been decreases in cloud
cover. These changes in cloud cover are not yet satisfactorily explained by models. Future changes
in cloud cover and tropospheric air quality (especially aerosols) may modify significantly the UV
exposures experienced at the Earth’s surface.

•

Anthropogenic aerosols play a more important role in attenuating UV radiation than has been
assumed previously. Comparisons between UV measured at the Earth’s surface and satellite data
indicate that satellite estimates are too large in polluted locations, and thus aerosols are more
important than previously thought. The effects of pollution originating from urban and industrial
areas may extend over wide geographical areas. Episodes of biomass burning, which contribute to
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enhanced particulates and gas composition, can decrease UV-B at the Earth’s surface and in the
troposphere.
•

Future changes in well-mixed greenhouse gases will affect the future evolution of ozone through
chemical, radiative, and dynamic processes. In this highly coupled system, an evaluation of the
relative importance of these factors is difficult; studies are ongoing. Stratospheric cooling (due
mainly to projected carbon dioxide increases) is predicted to increase ozone amounts in the upper
stratosphere. However, a reliable assessment of these effects on total column ozone is limited by
uncertainties in lower stratospheric response to these changes.

Health
•

New studies continue to confirm the adverse effects of UV-B radiation on the eyes, skin, and
immune system. Although no new health effects have been discovered, many improvements have
been made in understanding the mechanism of action of UV-B, thereby reducing the level of
uncertainty in predictions regarding the health consequences of ozone depletion.

•

Studies on the ocular effects of UV radiation strengthen the association between UV-B exposure
and the development of age-related cortical cataract. New epidemiological studies confirm the
role of UV radiation in the formation of cortical cataract, and studies in various animal models
strongly implicate UV-B radiation as the primary cause of this condition.

•

New animal models for UV-induced cutaneous melanoma and basal cell carcinoma have been
develope d. These models are being used to determine how UV radiation causes or contributes to the
development of these skin cancers. Interestingly, induction of melanoma in a transgenic mouse
model occurred only when animals were exposed to UV radiation early in life. Similar results were
obtained in an opossum model. These findings support those from epidemiological studies
suggesting that exposure to UV radiation early in life is an important risk factor in the subsequent
development of melanoma. In both models, UV-B, rather than UV-A radiation seems to play the
more important role in melanoma induction.

•

Specific genes and biochemical pathways in cells that contribute to skin cancer development
have been identified. Such studies improve our understanding of the involvement of UV radiation
in skin cancer induction and may eventually allow the identification of persons at greatest risk of
developing UV- induced cancers of the skin.

•

New studies indicate that the risk of skin cancer development can be reduced by certain
interventions. Regular use of sunscreens reduced the incidence of squamous cell cancers in adults,
and applying DNA repair enzymes to the skin of persons with a genetic susceptibility to skin cancer
reduced the development of precancerous lesions.

•

Research on the immunological effects of UV irradiation continues to improve our
understanding of the mechanisms by which UV radiation reduces immune function. However,
many questions remain as to the significance of these effects for allergies, autoimmune diseases,
vaccinations, and cancers of internal organs.

•

Studies in animal models of infectious diseases provide compelling evidence that UV -B
radiation can increase the incidence, severity, and duration of a variety of diseases. Some of
these effects are subtle and thus will be difficult to detect in epidemiological studies of infectious
diseases in human populations. Nonetheless, evidence continues to accumulate suggesting
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associations between sunlight exposure and reduced efficacy of vaccinations and exacerbation of
infectious diseases, particularly those caused by herpes viruses (cold sores, and shingles).
•

Phase-out of the ozone -depleting chemical, methyl bromide, may lead to increased use and
numbers of other pesticides. In locations where these chemicals are well regulated, additional
health risks are expected to be small. However, in locations where controls are lax, there is reason to
be concerned that increased use may lead to additional health risks.

•

Interactions between global climate change and ozone depletion are likely to influence the risk
of adverse effects of UV-B radiation on health. This influence could be either positive or negative
and thus introduces greater uncertainty into the estimates of health effects. For example, increased
temperature could increase the incidence of skin cancer, but it might also alter behavior by reducing
the hours spent outdoors. Global climate change may also extend the period of ozone depletion,
which would further increase the incidence of skin cancer. Changes in the geographic distribution of
pesticide use resulting from climate change could introduce adverse health effects in some regions
and reduce them in others. Similarly, shifts in the geographic distribution of vectors harboring
infectious agents, coupled with impaired immune function, could have a greater impact on infectious
diseases than anticipated from ozone depletion alone.

Terrestrial Ecosystems
•

Interaction of ultraviolet radiation with other global climate change factors may affect ma ny
ecosystem processes. Examples of such processes and attributes that may be modified include plant
biomass production, plant consumption by herbivores including insects, disease incidence of plants
and animals, and changes in species abundance and composition. In these and other studies there is a
need for long-term experiments.

•

A meta-analysis, with quantitative and statistical information has been used to assess how well
overall research predicts common trends and results from different species of plants from
experiments conducted outdoors using UV lamp systems. This analysis showed that of the
physiological and morphological traits, overall significance of elevated UV-B was found for
decreased plant height and leaf area, increased phenolic compounds and sometimes reduced shoot
mass.

•

Fungi and bacteria exposed to sunlight can be directly damaged by enhanced UV-B. The
species composition and biodiversity of bacteria and fungi growing on plants can be changed by UVB. Biodiversity can be either increased or decreased. For pathogens, elevated UV-B can either
increase or decrease the severity of disease development in plants.

•

Exposure of plants to enhanced UV-B can result in altered disease and herbivory intensity.
UV-B often decreases the intensity of insect herbivory and this likely involves plant tissue chemical
changes, such as altered phenolic chemistry. The influence of UV-B on pathogen attack on plants can
involve both changes in host plant chemistry and direct effects on pathogens. This can either
increase, or decrease pathogen attack in different species of plants.

•

Common higher plant responses to elevated UV-B may be lessened by elevated CO2 . In cases
where enhanced UV-B reduces plant growth (height, leaf area and sometimes shoot mass), elevated
CO2 can often overcome these reductions.

viii
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•

Water limitation may decrease the sensitivity of some plants to enhanced UV-B. Plants,
especially those of agricultural use, experiencing drought stress are often less responsive to enhanced
UV-B. Plants from some environments, such as Mediterranean scrub vegetation, may be more
tolerant to drought stress if exposed to elevated UV-B.

•

The effects of UV-B on plant growth reductions are often accompanied by greater DNA
damage. UV-B can affect several critical macromolecules, such as nucleic acids, proteins and lipids.
The mechanisms that mediate growth inhibition by UV-B under natural conditions are still poorly
understood. However, correlative evidence suggests that DNA damage may play a significant role.

•

Increasing temperatures can promote repair of UV-B damage to DNA, although combining
extreme temperatures and enhanced UV-B can cause unexpected results. DNA damage is
repaired more effectively if not limited by low temperatures. Thus, repair is promoted by warming
under certain circumstances, and this may lessen the inhibitory effects of UV-B on plant growth.
Some responses to extreme temperatures will be modified in unexpected ways by enhanced UV-B;
for example, there is evidence for substantially increased frost sensitivity of some subarctic heath
species. There is a need for further research in this area in relation to climatic change trends.

Aquatic Ecosystems
Recent results continue to confirm the general consensus that solar UV negatively affects
aquatic organisms . Reductions in productivity, impaired reproduction and development and
increased mutation rate have been shown for phytoplankton, fish eggs and larvae, zooplankton and
primary and secondary consumers exposed to UV radiation. UV-B related decreases in biomass
productivity are relayed through all levels of the food web, possibly resulting in reduced food
production for humans, reduced sink capacity for atmospheric carbon dioxide, as well as changes in
species composition and ecosystem integrity.
•

It is at the ecosystem level where assessments of anthropogenic climate change and UV-related
effects are interrelated and where there is the potential for both antagonistic and synergistic
effects. Recent studies have shown that these changes may lead to loss of ecosystem resilience. In
some aquatic ecosystems the onset of spring phytoplankton blooms and spawning in invertebrates
and vertebrates coincides with dramatic ozone depletion as well as shifts in several climate-related
parameters.

•

Polar ecosystems are particularly sensitive to change, because the freeze/thaw boundary applies
critical limits to subsequent environmental responses including: air and water temperature; the
timing, extent and duration of ice and snow cover; changes in the surface alb edo; changes in water
column colored dissolved organic matter (CDOM) concentrations; and the level of solar radiation and
the extent of its penetration. Such changes, which may be driven by climate variability, may be more
important for UV-B exposure levels and spectral balance between UV-B and visible radiation than
ozone depletion.

•

Solar UV penetrating the top layers of the water column markedly affects zooplankton, as well
as larval stages of primary and secondary consumers. The effect of solar UV is strongly modified
by other environmental factors, such as variability in cloud cover, water temperature, mutual shading
in algal blooms and depth of mixing layer. Although the primary causes for a decline in fish and
shellfish populations are predation and poor food supply for larvae, over- fishing of adults coupled
with increased water temperature, pollution and disease, and exposure to increased UV-B radiation
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may contribute to that decline. For amphibians, climate- induced reductions in water depth at sites
where eggs are laid have caused a high mortality of embryos due to increased exposure to solar UV-B
and subsequent vulnerability to infection.
•

In addition to increasing solar UV-B radiation, aquatic ecosystems are confronted with other
environmental stress factors including increased nutrient input, pollution, acidification and
global climate change. In turn, climate change will result in temperature and sea level change, shifts
in the timing and extent of sea ice cover, changes in salinity and altered stratification of the water
column, and wave climate and ocean circulation. These effects will be linked by pronounced
feedback mechanisms, which are not yet completely understood. The resulting complex changes are
likely to have significant impacts that will vary both spatially and temporally.

Biogeochemical cycles
• Global warming and enhanced UV-B radiation interact to affect a range of biogeochemical
processes. On land, warming increases microbial activity, nutrient cycling, and greenhouse gas
emissions from soils, whereas increased UV-B can retard or accelerate these processes. In aquatic
systems, warming also increases microbial activity. The exposure of organisms to UV is amplified by
increased water stratification and changed mixing of surface waters tha t are related to global climate
change.

• Interactions between UV-B radiation and increased ocean temperatures affect sulfur emissions
that influence the balance between incoming and outgoing radiation in the marine atmosphere.
Enhancements of sulfur transfe r from the ocean to the atmosphere are linked to changes in ocean
surface layer mixing, induced by global warming, increased UV-B exposure, and UV-B inhibition of
bacterial growth. Oceanic sulfur emissions can influence cloud characteristics that in turn affect
radiation in the marine atmosphere.

• There is new evidence that UV accelerates decomposition of the colored organic matter that
runs off from land into the ocean. Previously, it was believed that land -derived organic matter was
mainly lost by biological oxidation and burial in coastal zones where sedimentation is high. Now, it is
known that UV plays a central role in the removal of this organic matter.

• The exchange of trace gases between terrestrial systems and the atmosphere is influenced by
changes in UV-B. Additional research on UV-induced carbon monoxide production from dead plant
matter in terrestrial ecosystems indicates that the global annual carbon monoxide input from this
source to the atmosphere is significant. Solar UV-induced nitrogen oxide production has been
observed in snowpacks located at diverse sites in Greenland, Antarctica, Canada and the northern
United States. The UV-driven emissions of carbon monoxide and nitrogen oxides may change local
concentrations of tropospheric ozone.

• Important components of the terrestrial nitrogen cycle are sensitive to enhanced UV -B
radiation. In the Northern Arctic, where unavailable nitrogen severely limits plant growth, nitrogen
fixation by free- living blue-green algae was retarded by enhanced UV-B. Potential nitrogen fixation
by symbiotic algae in a sub -Arctic lichen species was also reduced in the long term. In addition,
enhanced UV-B increased nitrogen immobilized by soil bacteria in the Subarctic, making nitrogen
less available for plant production.

x
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• Enhanced UV-B radiation accelerates the decomposition of colored dissolved organic matter
(CDOM) entering the sea via terrestrial runoff, thus having important effects on oceanic carbon
cycle dynamics. UV-induced changes in visible light absorption by CDOM can affect the accuracy of
estimates of coastal oceanic productivity based on remote sensing of ocean color.

• Several important sources of natural ozone depleting halogenated substances have been
identified in the terrestrial biosphere and explain deficits in global budgets. Calculations of
global atmospheric budgets of methyl bromide and methyl chloride indicate large missing sources.
Recent experimental data indicate that natural emissions of these gases from terrestrial ecosystems,
particularly salt marshes, account for a significant part of these missing sources. Emissions appear to
result from an active process strongly related to diurnal incident light levels. Methyl chloride and
methyl bromide participate in ozone-depleting processes.

Air Quality
• The effect of stratospheric ozone depletion on tropospheric ozone trends is significant, but
small compared to the anthropogenic emissions in air-polluted areas. Model and experimental
studies suggest that the impacts of stratospheric ozone depletion on tropospheric ozone are different
at different altitudes and for different chemical regimes. A measurable effect on concentrations will
be expected only in regions where local emissions make minor contributions. The vertical
distribution of NO x, as well as the emission of volatile organic carbons and abundance of water
vapour, are important influencing factors.

• Risks from the effects on humans and the environment of trifluoroacetic acid (TFA) and
chlorodifluoroacetic acid (CDFA) produced by atmospheric degradation of HCFCs and HFCs
are judged to be minimal. TFA has been measured in rain, rivers, lakes, and oceans, the ultimate
sink for these and related compounds. Anthropogenic sources of TFA other than degradation of
HCFCs and HFCs have been identified.

• Interactions between ozone depletion and climate change will have an impact on tropospheric
hydroxyl (OH) radical concentration, the “cleaning” agent of the troposphere. Stratospheric
ozone depletion leads to an increase in concentration of the OH radical in the troposphere. Increases
in the concentration of gases such as volatile organic compounds will act as a sink for OH in the
troposphere. Aerosols can also act to reduce UV-B in some circumstances and hence reduce OH.
Changes in cloudiness and temperature will also have an effect. All of these can be influenced by
climate change. The net change in air quality and chemical composition in the troposphere will
depend on the balance between these effects.

• Changes in the aerosol content of the atmosphere resulting from global warming may affect
ozone photolysis rates and hence reduce tropospheric ozone concentrations. Model and field
studies show that a reduction in the ozone photolysis rate and ozone production in the troposphere is
to be expected in the presence of increased absorbing aerosols in the troposphere.

Materials
• Climate change is likely to modify the rates of UV-induced degradation of natural and synthetic
materials. In regions of the world with high UV-B levels, increase in the ambient temperature will
have a marked influence in increasing the rate of light- induced degradation of materials. This is
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particularly true of plastics and wood used in building construction. Increased humidity can also have
a similar effect on some materials when coupled with high UV, especially at the high ambient
temperatures.

• New varieties of commodity plastics with improved properties are emerging and these too can
be stabilized effectively with existing light stabilizers. Recent improvements in catalysts have lead
to the discovery of metallocene plastics (polyethylenes and polypropylenes) that have improved
properties including slightly better UV resistance compared to the conventional varieties. Commonly
used conventional light stabilizers were found to be effective in stabilizing these varieties of
thermoplastics as well.

• Recent data suggest synergistic improvement in light-stabilizer effectiveness when mixtures of
conventional HALS stabilizers are used in plastics . Hindered amine light stabilizers (HALS) are
commonly used as a light stabilizer with common plastics. Mixtures of two or more of these were
recently reported to perform even better as light stabilizers of plastics. Increasing the light stabilizer
effectiveness is important to minimize the cost of stabilization of plastics formulations against the
damage caused by UV radiation and climate change.

xii
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CHAPTER 1. CHANGES IN BIOLOGICALLY ACTIVE
ULTRAVIOLET RADIATIO N REACHING THE EARTH’S
SURFACE
R. L. Mckenzie a, L. O. Björnb, A. Bais c, And M. Ilyasd
a

National Institute of Water and Atmospheric Research, NIWA Lauder, PB 50061 Omakau,
Central Otago, New Zealand

b

Department of Cell and Organism Biology, Lund University, Sölvegatan 35, SE-22362,
Lund, Sweden

c

Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki, Campus Box 149,
GR-54006 Thessaloniki, Greece

d

Sheikh Tahir Astro-Geophysical Centre, University of Science of Malaysia, 11800 USM
Penang, Malaysia.

Summary
Since publication of the 1998 UNEP Assessment, there has been continued rapid expansion of
the literature on UV-B radiation. Many measurements have demonstrated the inverse relationship
between column ozone amount and UV radiation, and in a few cases long-term increases due to
ozone decreases have been identified. The quantity, quality and availability of ground-based UV
measurements relevant to assessing the environmental impacts of ozone changes continue to
improve. Recent studies have contributed to delineating regional and temporal differences due to
aerosols, clouds, and ozone. Improvements in radiative transfer modelling capability now enable
more accurate characterization of clouds, snow-cover, and topographical effects.
A standardized scale for reporting UV to the public has gained wide acceptance. There has been
increased use of satellite data to estimate geographic variability and trends in UV. Progress has
been made in assessing the utility of satellite retrievals of UV radiation by comparison with
measurements at the Earth's surface. Global climatologies of UV radiation are now available on
the Internet.
Anthropogenic aerosols play a more important role in attenuating UV irradiances than has been
assumed previously, and this will have implications for the accuracy of UV retrievals from
satellite data. Progress has been made inferring historical levels of UV radiation using
measurements of ozone (from satellites or from ground -based networks) in conjunction with
measurements of total solar radiation obtained from extensive meteorological networks.
We cannot yet be sure whether global ozone has reached a minimum. Atmospheric chlorine
concentrations are beginning to decrease. However, bromine concentrations are still increasing.
While these halogen concentrations remain high, the ozone layer remains vulnerable to further
depletion from events such as volcanic eruptions that inject material into the stratosphere.
Interactions between global warming and ozone depletion could delay ozone recovery by several
years, and this topic remains an area of intense research interest.
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Changes in biologically active ultraviolet radiation reaching the earth’s surface

Future changes in greenhouse gases will affect the future evolution of ozone through chemical,
radiative, and dynamic processes. In this highly coupled system, an evaluation of the relative
importance of these processes is difficult; studies are ongoing. A reliable assessment of these
effects on total column ozone is limited by uncertainties in lower stratospheric response to these
changes.
At several sites, changes in UV differ from those expected from ozone changes alone, possibly
as a result of long-term changes in aerosols, snow cover, or clouds. This indicates a possible
interaction between climate change and UV radiation. Cloud reflectance measured by satellite
has shown a long-term increase at some locations, especially in the Antarctic region, but also in
Central Europe, which would tend to reduce the UV radiation.
Even with the expected decreases in atmospheric chlorine, it will be several years before the
beginning of an ozone recovery can be unambiguously identified at individual locations. Because
UV-B is more variable than ozone, any identification of its recovery would be further delayed.

Ozone Changes
Since the previous assessment in 1998,3, 4 there have been improvements in assimilating global
ozone data from several sources, resulting in a more cohesive picture of how ozone has changed
since the early 1990s when one of the few satellite sensors measuring long-term changes in
global ozone failed (NASA’s Total Ozone Mapping Spectrometer, TOMS, on the Nimbus 7
satellite). These re-analyses 6 show that the pattern of change since 1994 has been essentially a
continuation of that before the eruption of Mt Pinatubo. Ozone changes continue to be
insignificant in the tropics. At mid- latitudes, ozone depletion appears to be levelling off. In the
Arctic, ozone has been highly variable, and in Antarctica it has remained similar to that during
the 1990s. Because the ozone changes have not been monotonic, and with the expected future
recovery, a linear trend analysis of ozone change is no longer appropriate.
The Antarctic ozone hole has continued to appear each spring. In 2000 its area, defined as the
region where ozone is less than 220 DU, reached a record maximum size of 29 million km2
(about twice the size of the Antarctic continental land mass), with a maximum depleted mass of
57 megatons (Mt) but it then rapidly dissipated much earlier than usual. During the spring of
2001, the area and depleted mass were 25 million km2 and 54 Mt respectively (slightly less than
the record values of the previous year). As in recent years, the hole persisted well into
November, leading to potentially larger UV radiation effects (Chapter 3).7-9 The Antarctic ozone
minimum in recent years has been about 90-100 DU, which is less than 40% of the minima
typical for Antarctica in the late 1970s, before the ozone hole first developed. The minimum
recorded ozone column occurred in 1993 when other factors (e.g., aerosols from the volcanic
eruption of Mt Pinatubo) contributed to a particularly severe depletion of ozone.
In the Arctic, ozone depletion remains less severe than in the Antarctic, with minimum ozone
amounts typically in the range 200-250 DU. The extent of ozone depletion in the Arctic is more
dependent on year-to year variability in wind patterns. Depletions are more severe when the
Arctic stratosphere is cold in the winter/spring. In the cold spring of 2000, the accumulated loss
of ozone near 20 km altitude, where ozone depletion was most severe, reached roughly 20% by
mid-February. This is a moderate chemical loss compared to Arctic winters during the last
decade, when ozone losses as high as 70% have been observed at some altitudes.

2
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Changes in biologically active ultraviolet radiationreaching the earth’s surface

Outside the Polar Regions, ozone losses are less severe. Relative to 1980, the 1997-2000 losses
in total ozone are about 6% at southern mid-latitudes on a year-round basis. At northern midlatitudes the ozone losses are about 4% in winter/spring, and 2% in summer/autumn. In the
tropics, there have been no significant changes in column zone. The annually averaged global
ozone loss is approximately 3%.6 These changes in ozone are broadly consistent with the
changes predicted by atmospheric models.
There remain unresolved differences between satellite and ground based measurements of ozone.
For example, the TOMS instruments currently overestimate ozone at high latitudes, especially in
the Southern Hemisphere summer.10
At any single observation site, the year-to-year variability in ozone hinders our ability to detect
long-term trends in ozone. Similarly, it has been demonstrated that any detection o f future ozone
recovery (and of consequent UV recovery) will not be possible for several years or even decades.
Mid-latitudes of the Southern hemisphere appear to offer the earliest possibility of detection of
recovery. 11 To detect global trends in ozone, it is necessary to use large spatial averaging such as
from the global network of ground-based spectrometers, or from satellite data.
Polar ozone-depleting processes are now better understood, but uncertainties remain about ozone
depletion processes at mid-latitudes. These processes could influence how global warming
affects future ozone depletion. The importance of long-term changes in dynamics, possibly
forced by changes in climate, in driving ozone change is now better appreciated.

Factors Affecting UV Radiation Received at the Earth’s Surface
Variability in ozone is not the dominant factor affecting UV-B radiation received at the surface.
The dominant factor is the angle of the Sun’s rays through the atmosphere. This angle is often
given in terms of the solar zenith angle (SZA - which is the angle between the vertical and the
center of the solar disc). When the SZA is small, the light path through the atmosphere is small,
so absorption is minimised. For this reason the maximum UV-B irradiances occur in the tropics
at times when the Sun is directly overhead. In these regions ozone amounts are also relatively
low. At mid- and high latitudes the UV-B irradiances in winter are much smaller than in the
summer. Consequently even with extremely low ozone amounts, as under the springtime
Antarctic ozone hole, UV-B irradiances only rarely reach the levels that are normal in the
tropics. 7, 12 Variability in cloud cover is the second major factor influencing surface UV-B. The
importance of these factors is illustrated clearly by results from a network of erythemal UV
sensors that cover a wide range of latitudes in Argentina,13 and from global analyses based on
satellite data (e.g., Figure 1-4).
The effect on surface UV of ozone depletion depends on the wavelength range of interest, shorter
wavelengths in the UV-B region being more sensitive. For many processes of environmental
interest, a reduction in ozone of 1% leads to an increase in damaging radiation of 0.2 to 2 %,
depending on the wavelength-dependence of the sensitivity, as described by the so-called
Radiation Amplification Factor (or RAF).14
Other factors affecting surface UV radiation include seasonal variations in Sun-Earth separation,
extinctions by aerosols, altitude, and surface reflectivity (albedo). Sever al of these are discussed
later.
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UV Information to the Public
There have been significant improvements in the delivery of UV information to the public. An
internationally standardized UV Index has been defined,15 by which information on UV
intensities is disseminated to the public (see box).
UV-B

UV Index = 40? I(?) w(?) d?,
where
? is the wavelength in nm,
I(?) is the irradiance in W m-2 nm-1 , and
w(?) is the erythemal weighting function
which is defined as:
w(?) = 1.0
w(?) = 100.094(298- ?)

for 298 < ? = 328 nm

0.015(139- ?)

for 328 < ? = 400 nm

w(?) = 10

w(?) = 0.0

4

for ? > 400 nm

Irradiance ( W m- 2 nm -1)

1

1
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Erythemally Weighted UV (W m-2 nm-1)

The internationally agreed UV Index scale
is defined in terms of the erythemally
weighted UV irradiance (i.e. “skinreddening”, or “sunburning” irradiance).
The erythemal weighting function, which is
applied to the spectrum, involves an
arbitrary normalization to unity at
wavelengths shorter than 298 nm, so
erythemally weighted UV is not strictly
defined in terms of an SI unit. Furthermore,
when UV information was first provided to
the public, another normalization (a
multiplication by 40 m2 /W) was applied to
provide a number, called the UV Index.
With this normalization, the maximum UV
Index in Canada (where the unit was first
used) is about 10 for normal ozone
conditions.
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Although there are uncertainties about the biological applicability of this erythemal action
spectrum, its advantage is that it is mathematically defined and therefore its detailed shape is
unambiguous. This is impo rtant in the UV region where the steeply sloping spectrum spans
several orders of magnitude. Although the UV Index was developed to represent damage to
human skin, it may be applied to other processes, since many biological UV effects have similar
action spectra. Since the UV Index is based on the erythemal action spectrum, its sensitivity to
ozone change is the same as for erythema. For small reductions in ozone, the change in UV
Index can be estimated by the radiative amplification factor, where for each 1% reduction in
ozone the UV Index increases by approximately 1.1 % (i.e., the RAF for erythema is 1.1, as
detailed elsewhere).14 However, this formulation underestimates the change for large changes in
ozone. In that case the power law formulation of the sensitivity is required, as noted previously.14
In reality, the UV Index is an open-ended scale. In the tropics, at unpolluted mid-latitudes in the
Southern Hemisphere, and at high altitudes it often exceeds a value of 12. 13, 16, 17 Outside the
protection of the Earth’s atmosphere the UV Index is ~300 (depending on the lower wavelength
limit of the integration). To calculate the UV Index, estimates of ozone are required as inputs to a
radiative transfer model. Atmospheric dynamical forecasts are sometimes used to predict how
the ozone will change between the measurement time and the prediction time. Corrections to
account for reductions by clouds are applied by some reporting agencies, but not all. The use of
satellite derived ozone and cloud fields (see below) has improved the timely delivery of UV
Index information to the public.

Measurements of UV at the Surface
Ground Based Measurements
There has been a significant improvement in the geographical coverage of instruments to
measure UV, 13 and in their quality control and quality assurance. The UV data are now more
readily available through international data archives such as the World Ozone and UV Data
Centre (WOUDC, see http://www.msc-smc.ec.gc.ca/woudc/) in Canada, and the European
Database created through EU research projects (EDUCE, see http://www.muk.unihannover.de/EDUCE). In combination with radiative transfer models, these measurements have
confirmed the expected inverse correlation between ozone and UV-B. In addition, the effects of
other variables are now better understood.6
Data Availability, Quality Control and Quality Assurance
Recent international intercomparisons between spectroradiometers have demonstrated agreement
within limits comparable to the uncertainties in maintaining irradiance standards via lamp
transfer standards.18 Progress has been made using Langley analyses of spectra to derive a
calibration based on solar extraterrestrial spectra.19, 20 This procedure avoids the need for
radiometric calibrations via quartz halogen lamps (such as 1000 W FEL lamps calibrated by the
National Institute of Standards and Technology (NIST)), which are difficult to maintain and use.
However, it has not yet been successfully applied at the shorter wavelengths in the UV-B region
at many sites.
Results from more recently established UV monitoring networks (e.g., in Europe and South
America) are contributing to the characterisation of geographic differences.13, 21-26
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Altitude Effects
The effect of altitude on UV irradiance has been better quantified. In practice the altitude effect
depends on differences in surface albedo and boundary layer extinctions by aerosols and
tropospheric ozone, so it cannot be represented by a single number. Even when these effects can
be ignored, it has been found that the altitude effect is a strong function of the solar zenith angle
and wavelength. For erythemally weighted UV, irradiances increase by approximately 5 to 7
percent per kilometer (for the same overhead ozone column), with the greatest increase occurring
at SZA ~ 60-70°. To correctly model the effect at Mauna Loa Observatory, it was necessary to
consider the effects of sky irradiance scattered from below the observatory.17 Recent
measurements in Europe, which included aerosol and albedo effects, showed much larger and
more variable increases.27 Aircraft measurements in the free troposphere over Greece have
revealed larger altitude gradients than at pristine sites.28
Surface Albedo Effects
The presence of snow cover in the surrounding area can increase UV irradiances appreciably, 29,
30
even when the snow is several kilometers away from the observing site.31, 32 Furthermore,
increases in effective surface albedo due to reflectances from air below the observing site can
also be important.17 An implication of these findings is that three-dimensional radiative transfer
models are needed to accurately model UV irradiances in mountainous regions. Codes suitable
for this purpose are being developed and are becoming available.33-36
Cloud Effects
Cloud effects are important. The mean attenuation of UV-B by clouds is typically in the range
15-30%. There have been improvements in the measurement of clouds from automated imagers
at the Earth’s surface. Progress has been made relating these cloud images to satellite-derived
cloud patterns and to the UV radiation received at the Earth’s surface. 37 There is evidence for
long-term changes in cloud in some regions, as discussed later. 38
Aerosol Effects
Aerosols can have a marked effect on the UV-B radiation received at the surface. In some
locations aerosols can scatter more than 50% of UV-B radiation out of the direct beam. 39 In
Mexico City, poor air quality has been shown to be responsible for reductions of ~20% in
erythemal UV in the city centre compared with the suburbs.40 The optical properties of aerosols,
as measured in the Eastern USA, have been shown to have a strong impact on UV-B at the
surface. In extreme cases during the summertime, aerosol extinctions can result in reduction of
the UV Index by up to 5 units, representing reductions of approximately 50%. More typically
however, the deduced reductions are less than 20%.41
Recent work suggests that anthropogenic aerosols (e.g., from urban pollution) that absorb in the
UV-B region may play a more important role in attenuating UV-B irradiances than has been
assumed previously. 42 Measurements in the Los Angeles region have shown that near-surface
absorption is much larger in the UV-B than in the visible region. Direct measurements of aerosol
absorptions and single scattering albedos of aerosols will be helpful in resolving the importance
of aerosols.
Comparisons between satellite-derived UV and measurements from four cross-calibrated
ground-based spectrometers have revealed inconsistencies in satellite-derived UV. The
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discrepancy is probably related to the inability of the satellite sensors to correct for extinctions in
the lowermost region of the atmosphere (i.e., in the “boundary layer”). Only at the pristine site
was there good agreement within the experimental errors. At more polluted sites, the satellitederived UV estimations were too large.43
These findings, and the much larger altitude gradients of UV reported in polluted regions,
suggest that boundary layer extinctions from man made pollutants may be more important
attenuators of UV than has previously been recognised.
As discussed later, the effects of urban pollution may extend over wide geographical areas.
Recurring episodes of biomass burning, which contribute to increased particulates and altered
gas composition, can lead to reduced UV-B at the surface and in the troposphere, 22, 44, 45 but with
attendant increases in other health risk factors.
Actinic Fluxes
For many biological and photochemical processes, including atmospheric photochemistry,
irradiances falling on a horizontal surface are not the most relevant quantity. It has been shown
that the irradiance on surfaces of different orientations can differ markedly from that on a
horizontal surface. In particular for surfaces directed towards the sun, or for vertical surface
facing the sun at large SZA, irradiances can be significantly greater than on a horizontal
surface. 46, 47 For many applications, the target is insensitive to the direction of incoming
radiation, and for those cases actinic flux (sometimes called scalar flux, or scalar irradiance, or
fluence rate) rather than cosine-weighted irradiance may be more appropriate. However, such
measurements have not been generally available until quite recently.48, 49 Progress has been made
in converting irradiance to actinic flux and this work offers the prospect of deriving historical
changes from the more extensive database of irradiance measurements.50-52
Long-Term Changes in UV Measured from the Ground
The complicated spatial and temporal distributions of the variables that affect ultraviolet
radiation at the surface (for example, clouds, airborne fine particles, snow cover, sea ice cover,
and total ozone) continue to limit the ability to describe surface ultraviolet radiation on the global
scale, whether through measurements or model-based approaches. The spectral surface
ultraviolet data records, which started in the early 1990s, are still too short and too variable to
permit the calculation of statistically significant long-term (i.e., multi-decadal) trends.
Many studies have demonstrated the inverse correlation between ozone and UV. However, the
detection of long-term trends in UV is even more problematic than the detection of ozone trends
because in addition to its dependence on ozone, UV radiation at the surface is sensitive to clouds,
aerosols, and surface albedo, all of which can exhibit large variability.
In Moscow, changes in atmospheric opacity from clouds and/or aerosols were probably
responsible for a reported gradual decrease in UV from the 1960s to the mid 1980s, follo wed by
an increase back to 1960s levels by the late 1990s.53
One of the longest time series of UV-B data available is that from Robertson-Berger (RB) meter
measurements from Belsk, Poland. An analysis of data over the period 1976 to 1997 in all
weather conditions shows an increase in sunburning UV of 6.1 ± 2.9 percent per decade, which
is attributed mainly to ozone change.54
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An increase in peak UV in response to decreasing ozone has been detected in New Zealand, as
shown in Figure 1-15, 55 However, the trend has not continued in the last two summers. In these
two summers, ozone amounts at this site have been slightly higher than in the summer of
1998/99. Furthermore, both years were rather cloudy over the summer period that is most critical
for this analysis. This shows that year-to-year variability in cloud cover can have a significant
effect even for peak irradiances.
A 10-year record of UV measurements in
Thessaloniki, Greece indicates significant
increases in erythemal UV irradiance and in
irradiance at the lower UV-B wavelengths (e.g.,
305 nm) which is partly caused by ozone
decreases and partly by the cleaning of the
atmosphere
by
air-pollution
abatement
measures.56 Other medium term dynamical
effects, such as the Quasi Biennial Oscillation
(QBO) in atmospheric wind patterns with a
period of about 2 years, are also significant.57, 58
Long term changes and year-to-year variability
have also been observed in Antarctica.59
Broadband UV-B monitors are generally less
suitable for trend detection since their
calibration is less direct and the quality
assurance of long-term calibrations is more
problematic. Recently it has been shown that
the spectral response functions of some broad
band instruments in common usage for
measuring sunburning UV are sensitive to
relative humidity. 60 The largest sensitivity is in
the UV-A region, where instrument response
varies, sometimes reversibly, over time scales
of hours.10 The implication of this finding is
that in instruments where desiccant is not
replenished regularly, readings may have large
time-dependent errors between calibrations.
Inferring
Methods

UV

Changes

from

Indirect

Figure 1-1 (a) Mean ozone (Dobson Units, 1 DU =
2.69 x 1016 molecule cm-2 ), and (b) estimated UV
Index at Lauder New Zealand for the summers of
1978-79 through 1999-2000. Summer is defined as
the period from December through February. The
solid line in (a) shows the changes in summertime
ozone that have occurred since the 1970s. The solid
line in (b) shows the deduced changes in clear-sky
UV expected from these changes in ozone. The dots
(from 1989-90 on) show measured values of ozone
and the summertime peak UV Index, both derived
from the UV spectroradiometer.5

A limitation on trend detection is the relatively
short time period for which suitable UV
measurements are available. However, methods
have been de veloped to estimate the effects of
clouds on UV from total solar radiation measurements (i.e., pyranometer data) and so to derive
long-term estimates of UV using historical pyranometer data in conjunction with ozone
measurements. Initially these used ozone data from satellite, so enabling estimation of long-term
changes from 1978 to the present.
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A recent study of this kind in Canada used a longer time series of ozone data from a network of
ground-based instruments to derive trends from the mid-1960s at Toronto, Churchill and
Edmonton. 1 Trends in UV for individual wavelengths and weighted spectral intervals have been
determined for the period from 1965 to 1997 (see Figure 1-2).

Figure 1-2 Mean summer (May-August) daily UV irradiation for Toronto, Edmonton, and Churchill, Canada.1 Left
Panel: damaging UV radiation (DUV), as defined by the American Conference of Governmental Industrial
Hygienists – National Institute of Occupational Safety and Health (defined in 1 ). Right panel: 320 nm, which is
insensitive to ozone change.

Trends in the daily total values and noontime values are essentially the same, and trends at
wavelengths of 310 nm or less and for the erythemally weighted UV are all statistically
significant at the 2-sigma level. In addition to the estimation of past hour-by-hour UV irradiance,
the data can be used to quantify and distinguish between trends in UV that are caused by factors
other than long-term changes in total ozone. Churchill had statistically significant trends at all
wavelengths, includ ing those with insignificant ozone absorption. The positive trends at these
wavelengths are due to the combined effect of an increase of days with snow cover and a
decrease in hours of cloudiness that occurred at Churchill over the period (1979-1997). Although
the increases in damaging UV were rather modest, there was a more marked increase in the
occurrence of extreme events such as the number of hours that the UV Index exceeded a
threshold value (see Figure 1-3).
Statistical methods, using pyranometer data in conjunction with ozone measurements, have also
been applied in other geographical regions to deduce long-term increases in surface UV in
several parts of Europe61, 62 as well as in the Arctic and Antarctic.59 These increases are in
agreement with those expected from changes in satellite- measured ozone. At the South Pole, the
deduced springtime increases from 1979 to 1996 in 300 nm radiation are ~300% during spring,
while at Barrow Alaska corresponding increases of ~100% have been inferred. Increases in
biologically weighted UV would however be much less than those at 300 nm.
By selecting for clear sky data only, large statistically significant increases have been reported
over a 30- year period in Bavaria. This was achieved by deriving statistical relationships between
UV and ozone and using diffuse/direct ratios from pyranometers to characterize aerosol
extinction classes.63 Significant increases at the longer wavelengths indicate that not all of the
change is due to ozone depletion.
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Estimations of UV from Satellite Observations
Satellite methods provide the greatest potential
for assessing geographical variations in UV
radiation. Products that are currently available
include UV dose and UV irradiances. Both are
available with or without the effects of clouds.
Increasingly these data are becoming freely
available through the Internet, and are produced
in near real time. In some cases models are used
to predict ozone and cloud patterns for several
days into the future (e.g., by NOAA, National
Weather
Service
see
web
site
http://www.cpc.ncep.noaa.gov/products/stratosp
here/). These UV forecasts are then provided to
the public through the media.
From these data, global climatologies of UV,
such as that shown in Figure 1-4, can be
derived. The dominant feature here is the strong
latitudinal gradient, with highest doses of UV
occurring in the tropics. As noted below,
however, questions remain about the absolute
accuracy of these products.
Methods have recently been developed to
generate regional-scale maps of surface UV
radiation, including cloud effects, using satellite
data of higher spatial and temporal resolution,
along with ancillary geophysical data. 64
Measurements from satellite also provide the
potential for deriving accurate trends in UV
since only a single sensor needs to be Figure 1-3 Number of hours when the hourly mean
UV index exceeded 7 at Toronto, 6 at Edmonton, 5
characterized for the lifetime of that satellite and 6 at Churchill.1
instrument, and since the global coverage offers
the potential to average out variability caused by changing cloud patterns. However, the
insensitivity to changes in tropospheric extinctions currently limits the ability of satellite data
products to be used in trend studies.
In one study, satellite-derived estimates of erythemal UV incident in Australia showed larger
increases in the tropics than at mid- latitudes over the period 1979-1992, due to the combined
influence of changes in ozone and clouds.65 Another study of satellite-derived erythemal UV
trends in the Northern Hemisphere (1979-91) showed marked regional differences. At latitudes
30-40 ºN, trends were larger over oceans, while at 40-60 ºN they were larger over continental
areas. The largest trends were seen over northeast Asia where they exceeded 10% per decade for
May-August.66
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A study using satellite data has
demonstrated
that
long-term
changes in cloud cover have
occurred in some regions.67 For
example, according to this analysis,
cloud cover has increased in parts
of Antarctica, and this would have
suppressed some of the increase in
UV expected from ozone loss over
the same period.6, 67, 68

Figure 1-4 Global climatology (1979-1992) of mean daily
erythemal
UV
dose
(from
the
NCAR
web
site
http://www.acd.ucar.edu/TUV/ ).

Comparisons between UV Measured at the Ground and from Satellite
The determination of surface UV from satellite observations is essentially a model calculation.
Key atmospheric variables such as ozone and cloud reflectance, which are available from the
satellite-borne sensors, are used as input parameters to the model calculation. In the case of
satellite instruments that measure backscattered ultraviolet radiation, one of the difficulties is the
insensitivity to radiation that penetrates deep into the troposphere. Consequently, it is necessary
to make assumptions about the radiative transfer in the boundary layer. In this region, local
differences in ozone, clouds, and aerosols can be important. One example of these difficulties is
that satellite-derived ozone amounts can be overestimated in regions where the tropospheric
ozone component is lower than assumed in the retrieval algorithm. This is most likely the cause
of the overestimation10 of satellite-derived ozone in the southern hemisphere summer. This
ozone error would tend to translate to lower than expected estimates of surface UV. A second
issue relates to the assumption that the complement of the reflected component is transmitted to
the surface. With complex broken clouds, three-dimensional effects also become important,
particularly in analyses at high spatial and temporal resolution. A further limitation of polar
orbiting satellites is that there is generally only one overpass per day, whereas studies with geostationary satellite data have demonstrated that several clo ud images over the midday period are
desirable for determining UV dose.64 Finally, satellite sensors are not yet capable of measuring
extinctions from the ubiquitous non-absorbing aerosols in the boundary layer. As discussed
above, these aerosol extinctions can have a marked effect on UV at the surface.
There have been several intercomparisons between UV measured at the ground and satellitederived UV. 69-71 Difficulties in these studies include (1) uncertainties in the ground-based
measurements, and (2) the assumption that the specific ground location is representative of the
entire satellite pixel, which typically covers a much larger geographical area.
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A comprehensive study compared UV
measured over several years at four midlatitude sites using cross-calibrated,
state-of-the-art spectrometer systems.43
The conclusion from that study was that
although broad patterns of UV can be
derived from satellite data there could
be large systematic differences (see
Figure 1-5). In some regions, UV
measured at the ground is ~40% less
than that derived from satellite data.
One implication from these tropospheric
aerosol and ozone effects is that
differences in satellite-derived UV
between polluted and unpolluted
locations (e.g., mid northern latitudes
versus mid southern latitudes) will be
suppressed.

Interactions Between Ozone
Depletion and Climate Change
Since the 1998 assessment, there has
been an increased awareness of the
importance of linkages and feedbacks
between climate change (global
warming) and ozone depletio n.
Surface warming and ozone depletion
are different aspects of global change.
The former is an increase in surface
temperature due to a buildup of
radiatively active gases (i.e., gases that
absorb outgoing infra-red radiation), Figure 1-5 Scatter plots of TOMS-derived erythemal UV as a
especially CO 2 . The latter is primarily function of UV measured at four sites: Toronto, Canada (43.4ºN);
due to a release of gases that Thessaloniki, Greece (40.5ºN); Garmisch-Partenkirchen,
catalytically destroy ozone, especially Germany (47.5ºN), and Lauder, New Zealand (45.0ºS). Note the
more intense UV at the Southern Hemisphere site. The red line is
chlorine and bromine, from CFCs and
the ideal regression line. The solid black line is the best-fit
halons photolysed in the stratosphere.
regression, and dashed black line is the best-fit line through the
Some of these linkages are illustrated
origin.
schematically in Figure 1-6. A
complete inventory of the many processes is outside the scope of the present document and is
discussed elsewhere,6, 68 but a few examples are used to illustrate the complexity of these issues.
The effects of global warming on UV radiation are twofold. The first effect results from global
warming influencing total ozone. The second effect results from climate changes that affect UV
through influences on other variables such as clouds, aerosols, and snow cover.
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Figure 1-6 Interactions between ozone depletion and climate change. The sense of the interaction is given by the
direction of the arrow. For example, the top horizontal arrow shows examples of how Climate Change influences
Ozone Depletion and UV-B. Processes that exacerbate the change are in red, processes that ameliorate the change
are in blue, and processes that may act both ways are in black (DMS is dimethyl sulphide). Adapted from Clark.2

Chemical Interactions
Ozone itself is a minor greenhouse gas, as are the CFCs and their substitutes. Several other gases
involved with the chemistry of ozone depletion are also greenhouse active. These include water
vapour, methane (CH4), and nitrous oxide (N 2 O), which are increasing and will ultimately lead to
increases in stratospheric gases (e.g., NO 2 ), which catalytically destroy ozone. Some models
predict that this could potentially delay any recovery of ozone, and may even lead to increased
ozone depletion late in the century. 72, 73 Observed increases in stratospheric NO2 are larger than
the increases in N2 O at the surface, which is thought to be its major source gas.74, 75 Another
chemical feedback is concerned with the decreased stratospheric temperatures that occur as a
result of future global warming at the surface. This will tend to slow down the reactions that
destroy ozone at mid latitudes, and may thus aid future ozone recovery. 76 However, at high
latitudes ozone depletion proceeds much more rapidly through heterogeneous chemistry on the
surfaces of crystals composed of ice and acids (i.e., polar stratospheric clouds, or PSCs), which
occur only when the temperature is below a critical threshold. Some models have suggested that
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this feedback could delay the start of any ozone recovery in Polar regions by a decade or more.77
However, more recent studies predict much shorter delays .6
Radiative Interactions
There are also several radiative feedback processes. Increases in temperature can for example
lead to changes in cloud cover, rainfall patterns, ice accumulation, surface albedo, and ocean
circulation. Furthermore, radiative changes caused by depletion of stratospheric ozone have
offset some of the global warming that would have otherwise occurred.68 In the event of an
ozone recovery in the future this would therefore exacerbate future global warming. The direct
radiative forcing from changes in UV-B that result from changes in ozone 78 are not significant
since only a small fraction of the incoming solar energy falls within the UV-B range. However,
changes in UV-B radiation influence photochemical reactions in the troposphere. Mode ls predict
a global decrease of tropospheric OH in the future, which would affect the lifetimes of
greenhouse gases. Long-term changes in cloudiness have been observed from satellite
observations in recent decades, with increases at high latitudes,67 and decreases in the tropics.38
Atmospheric models have so far been unable to reproduce this effect, reducing our confidence in
the ability of models to predict future changes.79 Changes in solar output and possible future
volcanic eruptions are likely to influence both global warming and ozone depletion.
Dynamical Interactions
Other feedbacks involve interactions with atmospheric dynamics. One numerical climate model
predicted that there would be longitudinal differences in the patterns of recovery; with larger
ozone depletions being expected in the Northern European sector. 80 It has also been postulated
that there may be dynamical interactions between ozone depletion and greenhouse warming that
can act synergistically to produce larger than expected trends in both surface temperature and
stratospheric ozone.81, 82 On the other hand, it has also been postulated that changes in dynamics
associated with global warming may accelerate the atmospheric removal of CFCs, thus
advancing ozone recovery by 5 to 10 years.76, 83
Biospherical Feedbacks
Other feedbacks can involve the biosphere (Chapters 4 and 5). 9, 84, 85 For example, increasing UV
can reduce the productivity of oceanic phytoplankton. This can produce two feedbacks. Firstly, it
reduces the oceanic sink for carbon in atmosphere (production of carbonates which fall to the sea
floor). Secondly, it can influence the production of dimethyl sulphide (DMS), which is an
important source of condensation nuclei. 85 This, in turn affects cloud-droplet size, cloudreflectivity, and hence planetary albedo.
Concluding Remarks on Feedbacks
The study of interactions between ozone depletion and global warming has been an active area of
research since the 1998 assessment. At that time, there was strong emphasis on a single study, 77
which suggested that interactions with global warming could delay the recovery of ozone at polar
latitudes by 10 years or more. However, subsequent studies with more complex models show
smaller delays, and the current consensus, based on these models, is that polar ozone should
begin to recover within the current decade.6 There are also contrasting views on future ozone
recovery at mid- latitudes. Some models predict that ozone recovery could be delayed and
inhibited by interactions with increases in water vapour86, 87 and increases in greenhouse gases,
particularly in the latter part of the current century. 72, 73 However, the emerging consensus is that
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over the first half of the current century, increases in greenhouse gases will contribute to cooler
stratospheric temperatures which will in turn lead to a decrease in the rate of catalytic destruction
of ozone outside polar regions.76, 88, 89 The temperature changes will lead to changes in
atmospheric circulation. These changes will aid the mixing of long- lived CFCs from the
troposphere to the stratosphere, which will increase their rate of photochemical destruction, again
contributing to a faster recovery of ozone. Changes in polar ozone can also lead to changes in
tropospheric circulation patterns, which in turn affect surface climate.90
These interactions are complex, and our understanding of the relevant processes may not yet be
complete. It seems that, while current ozone depletion is dominated by chlorine and bromine in
the stratosphere, in the longer term (~100 years) the impact of climate change will dominate,
through the effects of changes in atmospheric dynamics and chemistry. The results are also
sensitive to the assumed scenarios of future changes in greenhouse gases. A useful introduction
to understanding these linkages has been prepared by Environment Canada. 91 (the document is
also available from http://pda.msc.ec.gc.ca/saib/ozone/docs/ozone_depletion_e.pdf).
Influence of Solar Variability
The Sun’s output is not constant over time, and solar UV-C radiation changes significantly over
the 11-year solar cycle. This UV-C does not penetrate as far as the Earth’s surface, but changes
in UV-C cause ozone changes of ~3%. Counter- intuitively, the UV-B received at the surface is
therefore expected to be a minimum when the solar output is a maximum. However, there may
be other climatic impacts of solar variability as well (e.g. changes in cloud cover), and changes
in surface UV due to solar variability have not yet been verified by observations. The Sun also
exhibits variability on much longer time scales. For example, during the 17th century the Sun was
less active (fewer sunspots), leading to the possibility of significantly greater UV-B during that
period.92

Expectations for the Future
The Montreal Protoco l is having a beneficial effect on global ozone. Modelling studies have
demonstrated that ozone column amounts at high latitudes in the Southern Hemisphere are now
5% more than they would have been without the Montreal Protocol. 93 However, the largest
benefits will be realised in years to come, as the stratospheric chlorine loading decreases. The
concentrations of most anthropogenic precursors of ozone depletion are now decreasing (though
bromine is still increasing at present). However, because of large ye ar-to-year variability in
ozone, it will be several years before we can detect whether an ozone recovery is occurring.
Although most practicable strategies to mitigate ozone depletion are already in place, there is
much to be done to understand atmospheric processes fully. Polar processes are now better
understood, but the situation is less promising at mid- latitudes. For example, (1) the observed
rate of decline of ozone at mid latitudes is larger than predicted, (2) the large downward step in
ozone at mid southern latitudes in the mid -1980s is not understood, (3) hemispheric differences
in the effect of the eruption of Mt Pinatubo are not fully understood (large reduction in Northern
Hemisphere ozone following the eruption, but very little change in Southern Hemisphere ozone),
(4) the extent to which high- latitude ozone depletion affects ozone at mid-latitudes is still not
fully resolved, and this could have a strong influence on how global warming affects future
ozone levels. The importance of long-term changes in dynamics, possibly driven by changes in
climate, in driving ozone change is now better appreciated.6
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An incomplete understanding of processes that have occurred in the last decades and the
resultant inability of models to track these changes reduce our confidence in the ability of the
models that are currently available to predict future changes. Interactions between increased
concentrations of greenhouse gases and ozone are being addressed in the Scientific Assessment
of Ozone Depletion6 through scenario studies using climate models. Figure 1-7 shows how UV
may be expected to change over the period 1980 to 2050, owing to expected changes in ozone
that will result with continued compliance to the Montreal Protocol. By the middle of the
century, UV levels should be close to those in 1980.

Figure 1-7 Projection of the departures (in percent) from 1980 UV noontime clear sky irradiance levels between
1979 and 2050 for the months of January (A), April (B), July (C) and October (D).3, 4

Although the outlook for future recovery of ozone and hence future recovery of UV-B is
promising, the ozone layer will, as stated in the WMO Scientific Assessment report, remain
vulnerable for the next decade or so, even with full compliance to the Montreal Protocol and its
amendments and adjustments. Failure to comply would delay or could prevent recovery. UV-B
intensities are likely to remain significantly higher than pre-1980 values for the next few years at
least.
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Summary
The potential health effects of elevated levels of ambient UV-B radiation are diverse, and it is
difficult to quantify the risks, especially as they are likely to be considerably modified by human
behaviour. Nevertheless epidemiological and experimental studies have confirmed that UV
radiation is a definite risk factor for certain types of cataract, with peak efficacy in the UV-B
waveband. The causal link between squamous cell carcinoma and cumulative solar UV exposure
has been well established. New findings regarding the genetic basis of skin cancer, including
studies on genetically modified mice, have confirmed the epidemiological evidence that UV
radiation contributes to the formation of basal cell carcinomas and cutaneous melanomas. For
the latter, animal models have demonstrated that UV exposure at a very young age is more
detrimental than exposure in adulthood. Although suppression of certain immune responses has
been recognised following UV exposure, the impact of this suppression on the control of
infectious and autoimmune diseases is largely unknown. However, studies on several microbial
infections have indicated significant consequences in terms of symptoms or reactivation of
disease. The possibility that the immune response to vaccination could be depressed by UV-B
exposure is of considerable concern. Newly emerging possibilities regarding interactions
between ozone depletion and global climate change further complicate the risk assessments for
human health but might result in an increased incidence of cataracts and skin cancer, plus
alterations in the patterns of certain categories of infectious and other diseases.
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Introduction
The potential health effects of elevated levels of ambient UV radiation due to a depletion of
stratospheric ozone have been under study for over 30 years, and the UNEP 1998 report1, 2
presented an overall review. The present chapter focuses on the main research developments from
1997 to the present.
From the outset it should be pointed out that human behaviour with regard to sun exposure is
of decisive importance in considering the health risks. This includes such parameters as the
popularity of tanning, the taking of holidays in the sun, and the wearing of minimal clothing as
soon as the sun shines. Epidemiological and experimental studies show that proper protective
measures, such as wearing appropriate glasses or sunglasses, and sunscreens, can offer some
protection. In addition, some dietary and therapeutic ingredients are known to influence the
risks both positively and negatively. These modifying factors are not included here because of
the uncertainties surrounding their current and future impact.
Although UV- B radiation is effectively attenuated by the stratospheric ozone layer, it is not fully
blocked (see Chapter 1).3 It is very strongly absorbed in tissues and penetrates only superficially
into the body; thus it directly affects only the eye and the skin. Detrimental consequences for the
eye could include impaired vision, since UV radiation has been reported to cause opacification of
the lens (cataract). Effects of UV radiation on the eye are discussed in the first section below.
The second section deals with the skin, summarising the acute effects of UV exposure and
research developments with direct relevance to UV-induced skin cancers. Modulations in
immune responses due to UV irradiation are then outlined, including the impact of these changes
on the immunological control of certain diseases. In later sections, the potential effects of UV
exposure on internal cancers and the possible health consequences of the substitutes for ozone
depleting substances (ODS) are discussed. Finally, consideration is given to new research into
environmental changes, in particular the interactions between global warming and stratospheric
ozone depletion. Regarding health effects that could be caused by these interactions, little
research has been done thus far, but an inventory of potential outcomes is attempted.

The Eye
In recent years, it has become increasingly apparent that the effects of UV radiation are much
more insidious and detrimental to the eye and vision than had been suspected previously. The
effects may be acute (usually after a latent period), long-term following an acute exposure, or
chronic due to extended or repeated exposure to levels of UV radiation below those required
for acute effects. All anterior structures of the eye and those adjacent to it are potential targets
for solar UV radiation. Whereas the skin and eyelids may be irradiated by direct sunlight, the
outer layers of the eyeball (corneal and conjunctiva), iris and crystalline lens are mainly
exposed to reflected and scattered UV radiation. 4 Our earlier report2 considered the possible
direct and indirect effects on the cornea and conjunctiva (photokeratitis, photoconjunctivitis,
climatic droplet keratopathy, pinguecula, pterygium and squamous cell carcinoma), and the
iris, ciliary body and choroid (anterior uveitis, ocular malignant melanoma). This report
concentrates on the lens of the eye since cataract is the sunlight-related eye disease
(ophthalmoheliosis) with the most serious public health implications.
Lens Opacities
The lens of the human eye changes with increasing age: it loses its transparency, becomes
opalescent and turns yellowish to brownish in hue. Its fluorescence increases,5 and the internal
scattering of light increases6 resulting in reduced contrast, increased glare and decreased
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vision. In addition to these general changes in the nucleus of the lens, localized changes in the
cortex (opaque spokes) may occur and may increase in size and extend toward the visual axis
of the eye, ultimately impairing vision. Such an advanced stage of lens opacity forms a cataract
requiring surgical intervention. As it is related to age, it is sometimes unfortunately referred to
as 'senile cataract'. The mechanisms underlying all of these age-related changes are not fully
established, but in accordance with general
views on aging, oxidation is involved, e.g. as a
side effect of metabolic processes (see for
example 7, 8 ). As UV radiation can generate
reactive oxygen, it is also suspected to
contribute to the deterioration of the lens by
oxidation. 9-11
Three main types of age-related cataract can be
distinguished on the basis of location (Figure
2-1): cortical cataract (CC) involving the
cortex of the lens (Figure 2-2a), nuclear
(sclerotic) cataract (NC) at the nucleus of the
lens (Figure 2-2b), and posterior subcapsular
cataract (PSC) at the extreme posterior cortex (Figure 2-2c).

Epidemiology
Globally cataract is a major cause of blindness.
Cataract is adequately treated by surgery, but, Figure 2-1 Schematic cross section of the lens
where not treated, it often leads to permanent
demonstrating various zones and forms of ageblindness
with
grave
social/economic related cataract
consequences; for instance, in 1998 an
estimated 135 million
people were visually
impaired and 45 million
people
were
blind
worldwide with cataract
as the leading cause
[http://www.who.int/pb
d/Vision2020/V2020sli
des/sld003.htm
accessed 21 September
2002]. Epidemiological
studies show that the
Figure 2-2. a) frontal view of a cortical cataract, b) cross sectional view (slit
aetiology of cataract is
complicated
and lamp) of a nuclear cataract, c) slit lamp view of a posterior subcapsular cataract
involves many risk factors. In considering all the risk factors, Taylor12 concludes that the only
effective preventive interventions are to stop smoking and to reduce ocular UV-B exposure.
The reported risks from sun (UV) exposure in population-based studies are quite moderate:
generally, less than 2 fold increases of risk13 ). Assessments of personal, lifelong UV exposures
in these studies (mainly from questionnaires) are, however, very inaccurate and inevitably lead
to an underestimation of the relative risk. The best attempt made to record an accurate
personal solar UV exposure history was in a study among watermen in Maryland,14 and a
highly significant correlation was found between exposure and CC. The impact of solar UV
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radiation is population-wide, and therefore a small relative risk translates into a substantial
number of cases. One alternative to assessing personal UV exposure is to study populations
living at latitudes with differences in ambient UV exposure. For example, good correlations
have been established between cataracts and ambient UV exposure in the Aboriginal
population in Australia,15 and in the registered cataract operations in the USA. 16 Although
overall (amb ient) UV exposures can be accurately assessed, these correlations can be affected
by many confounding factors, such as behavioural, ethnic and environmental differences.
Of people older than 40 years in Victoria, Australia, 12% were found to have CC, 13% NC and
5% PSC.17 CC is relatively more prevalent than other types of cataract in populations living in
temperate climates and the incidence increases toward lower latitudes. NC is more common in
populations near the equator (tropical climates), e.g. comparing Iceland and Noto versus
Singapore and Amami.18 Despite the high prevalence of NC in the tropics, there is no evidence
that NC is related to solar UV exposure. The relationship between CC and sun exposure was
re-affirmed in a population-based study in Salisbury, Maryland.19 A recent study in Iceland
involving 1045 people older than 50 years reported a significantly increased risk for two
different grades of cortical opacification in people who spend more than 4 hours per day
outside on weekdays.20 In all, there is sufficient evidence of an increase in cortical opacities,
including CC, with increasing UV exposure to warrant advising the public on measures to
decrease their ocular exposure.21
Experimental Evidence
The dependence of cataract formation on the wavelength of the UV radiation is important in
establishing whether increases in ambient UV-B exposure due to ozone depletion will have an
impact. Cataracts in humans develop slowly with age, and this process is difficult to investigate
experimentally, especially in human subjects, but it can be done in isolated lenses and in
animals. The problem with these experiments is that the catatacts are induced in a matter of
hours, days or weeks. Careful comparisons show that the commonly UV- induced anterior
subcapsular opacification in animals is not adequate to model the age-related cataracts
observed in humans.22 The wavelength dependence of cataract formation can be inferred from
the basic mechanism, but knowledge on this subject is inadequate.
Much in agreement with an older study, 23 the wavelength dependence of cataract formation in
rats was found to peak in the UV-B at 300 nm.24 Similarly, the efficacy of inducing CC in pig
lenses in culture was found to be greatest for wavelengths shorter than 300 nm (UV-B), and
these were about 2000 times more effective than wavelengths around 365 nm (UV-A);25 see
Figure 2-3. Hence, the experiments on isolated lenses and in animals provide the best data on
the wavelength dependence, and reveal the increased potential hazard of ozone depletion to CC
formation in human subjects.
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The Skin
Although
there
are
several
types
of
molecules in the skin
that absorb UV radiation
resulting
in
their
modification or damage,
cellular DNA is the
primary target for many
UV- induced
effects.
These range from acute
outcomes
such
as
sunburn, to chronic
outcomes such as skin Figure 2-3 Wavelength dependencies measured for effects on the eye (symbols)
cancer.
DNA compared to sunburn (lines); most recent data on cataract formation in solid
molecules
are
of symbols (cataract in pig 25 and in rat24 ) (courtesy of S. Madronich).
central importance to
the cell: sections make up the various genes that carry the basic information with which a cell
forms its proteins and thus controls its behaviour.
Acute Effects of UV exposure
Sunburn
A unique study in Punta Arenas, a city located at the southern tip of Chile, has documented the
relationship between episodes of ozone depletion, increased terrestrial UV-B radiation and
sunburn during the spring months.26 The spring Antarctic “Ozone Hole” passes over or near
this city each spring, and local data of sudden ozone depletion and the corresponding increase
in UV-B radiation were available. There was a dramatic rise in the number of sunburn cases
after sudden severe ozone depletion, coinciding with Sunday outdoor recreational exposure.
Further detrimental consequences for this population and others at similarly affected latitudes
are currently unknown, but are worthy of further consideration.
DNA damage
UV-B radiation causes very specific damage in a strand of DNA: chemically linking
neighbouring pyrimidine bases to form pyrimidine dimers. The wavelength dependency of
such damage closely follows that of inducing sunburn, 27 and effective repair in active regions
of DNA lowers the sunburn sensitivity. 28 Focus on this type of alteration in DNA may have
detracted from other, less direct, effects of UV radiation such as the generation of chemically
reactive molecules, most notably those containing reactive oxygen, that cause oxidative
damage to DNA. The oxidative damage is relatively more abundant at longer wavelengths, in
the UV-A band, when compared to pyrimidine dimers which are more abundant at
wavelengths around 300 nm. 29 The wavelength dependence of these types of DNA damage
combined may explain the wavelength dependence of squamous cell carcinomas, see Figure 24.
Recent research has revealed that, in addition to point mutations in the DNA, UV-B induced
DNA damage also gives rise to changes in larger sections of DNA, such as by deletions31 and
by faulty division leading to an excess of DNA in ‘micro- nuclei’ within cells.32, 33 Because
such defects in DNA can be caused by many other agents, it is not easy to establish a link
between them and solar UV exposure.
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DNA repair and defects
The various types of DNA damage require
an array of different mechanisms of DNA
repair. The pyrimidine dimers induced by
UV-B radiation are mainly removed by
'Nucleotide Excision Repair' (NER). This
form of repair has been studied in depth
using cells from Xeroderma pigmentosum
(XP) patients who are defective in this form
of DNA repair. XP patients are known to
be very sensitive to UV-B radiation and
develop skin cancers extremely early in
life. Tha t NER is not the only repair
mechanism of importance is shown by the
increased skin cancer risk in patients with a
milder form of XP, the XP-variant. These
patients have no defect in NER, but they
lack a proper corrective mechanism in the
replication of UV-B damaged DNA
(caused by a lack of an enzyme that is
capable of copying DNA across a cyclobutane
pyrimidine dimer).34 This results in gross
rearrangements in the genetic material of the
cells (i.e., increases in 'sister chromatid
exchanges' caused by yet another form of DNA
repair, recombinational repair).35

Figure 2-4 The wavelength dependence of induction of skin
carcinomas 30 compared to that of direct DNA damage
(pyrimidine dimers) and indirect, oxidative DNA damage (e.g.,
8-oxo -G)29 the DNA damage curves are shifted over the
vertical axis by factors of 10 to coincide with the curve for skin
carcinomas around 350 nm. Notice the correspondence between
curve for skin carcinomas and the upper contour for total DNA
damage

After years of development using animal models,
liposomes containing DNA repair enzymes have now been tested on the skin of human
volunteers. There was some acceleration in the repair of pyrimidine dimers but the UV induction
of sunburn (the skin 'erythema' or redness) and 'sunburn cells' (apoptotic cells, i.e. cells
undergoing programmed cell death) was not affected. However the UV-induced expression of
genes important in suppressing immune responses was decreased.36 In another experiment using
different, light-activated, repair enzymes, the enhanced repair prevented the UV-induced
suppression of an allergic skin reaction. 37 These latter experiments confirm that DNA is one very
important UV target, and that DNA damage can initiate the immunosuppressive response to UV
exposure (see section on UV-induced immunosuppression for further details).
Skin Cancer
Epidemiology and trends
Skin cancer is very common in people of Northern European descent and is by far the most
frequent cancer in these people living in subtropical areas of the USA and Australia. In
increasing order of malignancy and decreasing order of incidence, the three main types are
basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and cutaneous melanoma (CM)
(cancer of skin pigment cells called melanocytes). To give one example of the scale of the
problem, in Finland about 50 new cases of BCC occur per 100,000 people per year38 whereas
in Australia it is about 800 new cases per 100,000 people per year.39 Epidemiological studies
have shown that all 3 types are related to sun (UV) exposure.40 The high incidences imply a
large burden on health care systems. Except for CM, the mortality is generally low when
compared to internal cancers, but successful therapy can leave a person disfigured, e.g. by
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surgery on the face where these tumours occur most frequently.
Reported trends with time in incidences of BCC and SCC vary substantially, but mainly
increases are reported. For example both BCC and SCC incidences rose by about 50% from
1988 to 1998 in the south of Wales,41 BCC by about 70% and SCC by about 15% from 1978
to 1995 in the Slovak Republic,42 BCC by 20% and SCC by 90% from 1985 to 1995 in
Australia.39 In contrast, there have been no consistent increases in either BCC or SCC from
1985 to 1996 in Arizona, USA. 43 Large increases, up to a doubling over 10 years, have
occurred in the incidence of CM during the last century, 40 but as reported earlier for CM
mortality in the USA, 44 age-standardised mortality and incidence are levelling off, especially in
women, in Northern Europe, Australia and Canada.45-47
Intervention studies
A recent randomised prospective cohort study in Queensland, Australia48 showed that the daily
use of sunscreens for 4.5 years by adults decreased the appearance of new SCC, but not BCC.
This is in accordance with the finding that UV radiation contributes to the development of SCC
at all stages during a lifetime, whereas UV radiation mostly affects early stages of BCC
development.2
In a randomised multi-centre study on 30 XP patients, it was found that enhanced DNA repair
by regular application of liposomes containing DNA repair enzymes to the exposed skin over a
period of 1 year was of significant benefit to these patients. It decreased the rate of newly
occurring actinic keratoses (precursors of SCC) to one third of the number in control patients.49
Regulatory pathways of cell growth and carcinogenic changes in man and animal models
With the rapid expansion of bio-molecular techniques, cancer research is making great advances
in the understanding of how normal cells can become malignant, i.e., proliferate and spread
uncontrollably. In general, a cancer cell arises from corrupted biochemical signalling pathways
that control a cell's life cycle (i.e., division, maturation and death). The most permanent
disruption stems from altered or lost genes that code for proteins involved in these signalling
pathways. As discussed previously, UV-B radiation damages the DNA from which the genes
are built up, and when repair fails to remove the damage, faulty copies of a gene may be passed
to daughter cells. In general, a combination of genes has to be affected rather than a single gene
in order for a cell to become malignant. Studies on oncogenic pathways indicate that the
conversion of a normal cell to a cancer cell requires the modification of two or more pathways
promoting cell survival and proliferation, on the one hand, versus growth suppression and cell
death, on the other. After identifying such pathways, their targeting by UV radiation can be
investigated.
Early changes in the genes involved in cancer (carcinogenic “events”) can be detected or even
quantified in terms of frequency of occurrence. A good example is the early occurrence in human
skin of microscopic clones of cells that carry UV-B specific point mutations (at potential
pyrimidine dimer sites) in the P53 tumor suppressor gene;50, 51 these mutations are also found in a
large majority of skin carcinomas (BCC and SCC). In animal experiments the relationship
between these early carcinogenic events and the ultimate SCC can be studied in detail, and the
causal link between the P53-mutant clones and SCC has been substantiated recently.52 These
developments open up new possibilities for improved quantitative risk models that incorporate
such early events as predictors of future cancer risk.
There is epidemiological evidence and experimental proof in mice to demonstrate that chronic
exposure to solar UV-B radiation causes SCC.2 Although there is epidemiological evidence that
sun exposure contributes to the formation of BCC and CM, there was virtually no animal data for
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BCC, and only ambiguous animal data for CM until recently (see below). Details of the specific
oncogenic pathways involved in BCC and CM have been revealed from studying familial
forms of these cancers.53, 54 Subsequently, non- familial (sporadic) skin cancers were
investigated for abnormalities in these pathways and relevant genes. These aberrant genes have
been introduced into mice which can then be studied for their tendency to develop these types
of skin cancer, either with or without UV exposure.
BCC
A particular proliferative pathway (SHH) is activated in the vast majority of BCC,55 often by
mutations in the PTCH gene.56 Some of these mutations are characteristic of UV-B induced
mutations. Transgenic mice with one functional copy of the homologue (Ptc) of the PTCH
gene contract more BCC more rapidly when exposed to UV radiation. 57 Most of these BCC
lose the functional copy of the Ptc gene, and all BCC show activation of the SHH pathway. As
in humans, a large fraction (40%) of the BCC also carry UV-B related mutations in the P53
tumor suppressor gene. These data show that UV-B radiation can play an important role in
causing and enhancing the development of BCC, both by contributing to the activation of the
proliferative SHH pathway (by loss of Ptc) and by rendering the P53 tumour suppressor protein
dysfunctional.
CM
The tumour suppressor pathway involving the p16/INK4a protein is important in the
development of CM.58 The gene of p16/INK4a is mutated infrequently in CM, but the
expression of the protein is aberrantly low in the majority of CM.59 Although CM is readily
induced in mice lacking p16/Ink4a by neonatal exposure to chemical carcinogens,60-62 attempts
using UV radiation have thus far not been successful.
The proliferative pathway in CM appears to involve RAS proteins. Earlier studies showed UVB related activating mutations in RAS genes of CM from sun-exposed skin areas.63 Recently,
Davies et al. 64 reported that about 70% of CM carried an activating mutation in the gene that
codes for BRAF, a protein which is activated by RAS. However, this mutation was not specific
for UV-B radiation.
The hepatocyte growth factor stimulates proliferation of melanocytes (the normal pigment
cells), and this protein also activates the RAS/BRAF pathway. Transgenic mice,
overexpressing the hepatocyte growth factor in the skin, have melanocytes superficially in the
skin (at the epidermal-dermal junction), a position at which they are found in human skin. In
contrast, the melanocytes of normal mice (and other rodents) are located deeper in the skin (in
the dermis and in hair follicles). Neonatal exposure of these transgenic mice to broadband UV
radiation (including UV-B) was found to result in (metastatic) CM in adulthood. As in humans,
these CM stemmed from superficial melanocytes.65 Remarkably, chronic exposure throughout
adulthood did not induce CM, but mainly SCC.66 Similar results were obtained in a model
using opossums (Monodelphis domestica) where 3 weeks of moderate UV-B exposure of
sucklings resulted in metastatic CM in some of these animals later in life;67 some of these CM
carried UV-B specific mutations in the Ink4a gene.68 A 100-fold higher UV-A exposure of the
neonates did not induce CM,69 and chronic UV-B exposure of adult animals induced
melanocytic lesions, but no aggressive, metastatic CM.67
These data indicate that CM arise from a defective tumour suppressive pathway involving
p16/INK4a and activation of a cell proliferation pathway involving RAS/BRAF. It is,
however, not clear whether and to what extent UV-B radiation disrupts either or both of these
pathways in the genesis of CM in humans. Evidence from these animal models support the
hypothesis that UV exposure early in life is an important factor in the subsequent development
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of CM, consistent with epidemiological data, specifically those data obtained from migratory
studies. Furthermore, studies in the two mammalian models support a role for UV-B radiation
in CM, but provide no evidence in support of UV-A (E.C. De Fabo, personal communication).
Thus, they do not support earlier studies in a fish model suggesting that UV-A radiation in full
sunlight was more effective than UV-B radiation in inducing melanoma (for a review of UV-A
and melanoma, see 70 ).

UV-Induced Immunosuppression
It is well established that UV radiation can suppress immunity (reviewed in 71 ). The
consequences for the pathogenesis of infectious diseases, for the effectiveness of vaccination,
for tumour rejection and for autoimmune diseases are largely unknown but accumulating
evidence indicates that the impact could be considerable.
Although the sequence of events leading to suppression of immune responses is known to be
complex, it is clear that it begins with molecules in the skin which absorb UV radiation and
change their structure as a result. At present major roles are indicated for DNA and transurocanic acid (trans-UCA) as the initiators, the former becoming damaged and the latter
isomerising to cis-UCA. As a result of these changes, many molecules located in the skin are
produced, some of which are called cytokines. They act on various cell populations in the skin
and lymph nodes, with the end result being effects on the functions of the two major T
lymphocyte subsets which represent part of the white blood cells. The first subset called T
helper 1 lymphocytes, required to control tumour growth, responses to simple chemicals, and
intracellular infections such as those caused by viruses, is severely depressed. In contrast, the
second subset called T helper 2 lymphocytes, needed to control extracellular infections such as
those caused by many bacteria, is not depressed to the same extent, in the majority of systems
analysed thus far.
The activities of these two subsets of lymphocytes are orchestrated by regulatory cells, the
precise identities of which have recently been reported.72, 73 These cell types, which are
present in very small numbers, could be enriched from lymphoid tissues of UV- irradiated mice
that had subsequently been immunised: small numbers of these T cells were capable of
suppressing the response to the immunising material when placed in untreated mice. The
molecular controls of “unresponsiveness” are of great interest currently and this work aids in
our understanding of immunological regulatory pathways. In Figure 2-5, details of the steps
leading from UV exposure to immuno-suppression can be found.
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The Impact of UV-Induced ImmunoSuppression on Diseases
Herpes Viruses
For infectious diseases of
human subjects, a role for UV
radiation in affecting the control
of a microorganism by altering
the immune response of the host
is most evident in the case of
cold sores caused by herpes
simplex virus (HSV). Here the
evidence linking exposure to
sunlight and reactivation of the
virus from latency is very
strong. 74 It is interesting in the
context of HSV infections to
note a recent study75 reporting a
seasonal variation in the
incidence of shingles, caused by
another herpesvirus, namely
herpes zoster which is also the
virus causing chicken-pox.
Following chicken-pox, the
virus remains deep in the
nervous
tissue
until
it
reactivates to give the lesions of Figure 2-5 Details of the steps leading to UV-induced immunosuppression
shingles, often many years later.
The frequency of shingles was found to be higher in the late spring/summer months than in the
winter months. A similar study has been undertaken in Lodz, Poland.76 Again the number of
cases of shingles was higher in the summer and showed a similar temporal pattern to ground
level solar UV measurements. The number of zoster cases with lesions occurring on the
exposed body sites (the face) varied significantly with season and peaked in July and August.
In marked contrast, the majority of chicken-pox cases developed predominantly in the winter
months, perhaps due to the more effective respiratory spread of the virus at this time of the
year. For shingles, it could be speculated that the longer day and more sunlight in the summer
lead to interference with the immune response to the virus and consequent reactivation. This
hypothesis requires further testing.
Human Immunodeficiency Virus (HIV)
Various pieces of evidence indicate that UV exposure could affect the interaction of HIV with
the host. A recent report adds further credence to this possibility. 77 HIV-positive patients were
given a suberythemal dose of UV-B radiation. Their skins were subsequently examined for
activation of HIV which was shown to occur, most likely through the production of geneactivating factors by the host.77 An epidemiological study, in which viral load and various
immunological parameters were followed over a period of 12 years in a cohort of HIV- infected
homosexual men, showed a decreased number of CD4-positive T lymphocytes in the spring
and summer months but no effect of seasonality on viral load.78 In addition, other
immunological markers followed different seasonal courses. It should be noted, however, that
to date, clinical studies involving HIV-infected patients have revealed no effect of sunlight
exposure or of phototherapy on disease (reviewed in 79 ).
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Vaccination
If UV radiation can modify immune responses to microbial antigens significantly, then various
questions arise regarding vaccination. For example, does vaccination in the summer months
generate less effective immunity than vaccination during the winter? Is vaccination of sunexposed subjects less effective than vaccination of unexposed individuals? Should vaccination
take place through sun-exposed body sites or should it be confined to sites which are normally
covered? Is resistance to re- infection with a particular microbe lowered in the summer
months? This aspect of UV- induced immunomodulation has not been investigated thoroughly
as yet, although there has been interest for many years in the possible influence of season on
sero-conversion in response to oral poliovirus vaccination. For example, one paper reported
that, in Tel-Aviv, the rates of sero-conversion and the antibody titres generated were higher in
children vaccinated in the winter compared with the summer.80 The reason for this difference
was not found: exposure to sunlight was not considered. Furthermore, a decrease in the
immunogenicity and replication in the upper respiratory tract of live influenza A and B
vaccines in the summer compared with the winter has been reported in a study based in
Leningrad.81
A Dutch group has assessed the effects of artificial UV-B irradiation on immune responses to
hepatitis B virus.82 Volunteers were given whole body UV-B radiation with doses just below a
sun-burning dose on each of 5 consecutive days, then vaccinated against hepatitis B virus.
Although the UV-treated subjects demonstrated the typical immunosuppression observed
following such exposures, such as suppression of the response to a simple chemical, the
suppression did not extend to either antibody or T cell immunity specific for the virus.
However it should be noted that the vaccine used was given together with the adjuvant
aluminium hydroxide, which directs the response towards the type of immunity (T helper 2)
not likely to be affected by UV radiation. In addition the vaccine is administered at a high dose
to encourage a protective outcome in subjects who respond poorly. This dose may have
overcome any suppressive effect of UV radiation. Finally the degree of immune response to
the hepatitis B vaccine is recognised to correlate with the genetic background of the individual,
and small differences in, for example, the genes encoding the mediators involved in UVinduced immunosuppression were not taken into account. Preliminary results indicate that
subjects with a particular polymorphism in the interleukin-1 beta gene may demonstrate UVinduced suppression of their immune responses to the hepatitis B vaccine (Sleijffers et al,
personal communication).
A very interesting study examined the effect of UV radiation in subjects who had been
immunised against tuberculosis at some time in the past, using a BCG vaccine.83 They were
given suberythemal UV on a small area of their bodies and their immunological response to
BCG tested in both this UV-exposed site and at a distant non-exposed site. Daily treatment
with UV radiation for 5 consecutive days was sufficient to suppress the response at the exposed
site but not at the distant site. It is not known if the depression in T cell responses induced by
the UV radiation could lessen the protection offered by BCG vaccination significantly, and
make individuals more prone to infection, or indeed to reactivation in the case of a persistent
tuberculosis infection.
Knowledge of the immunological impact of UV radiation on vaccine effectiveness is lacking,
in particular for vaccinations designed to stimulate T helper 1 responses.
Autoimmune Diseases
Several studies over the past 40 years have pointed out a marked positive correlation in the
incidence of multiple sclerosis in the white Caucasian population with latitude. For example, in
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Australia, the prevalence of multiple sclerosis per 100,000 persons is 12 in North Queensland
at latitudes of 12-23 degrees south, and 76 in Tasmania at a latitude of 43 degrees South.
Recently, McMichael and Hall have suggested that this could be due to solar UV radiation
levels that are negatively correlated with latitude.84 Multiple sclerosis is known to have an
immunological basis with increased autoimmune T lymphocytes reactive with nerve-specific
protein (myelin). Therefore increased UV exposure could perhaps ameliorate the disease by
suppressing T cell func tion. This suggestion has gained support recently in a report where a
negative association of deaths from multiple sclerosis and residential and occupational solar
radiation in the United States was found.85 In contrast, deaths from non- melanoma skin cancer
in the same population were positively associated with residential and occupational UV
exposure. In the case of a second autoimmune disease, insulin-dependent diabetes mellitus,
there are also reports of a latitude gradient in incidence. For example, in a large study of the
Swedish population, there were 1.35 times more cases in the north of the country than in the
south. 86
Another autoimmune disease, systemic lupus erythematosus (SLE), is thought to involve a
different type of T cell immunity, one which could be potentially enhanced by UV radiation
causing exacerbations of symptoms. It has been reported that an increase in disease activity in
50% of photosensitive patients with SLE occurred following exposure to fluorescent lamps
which emitted substantial levels of UV-B.87 A recent study in Puerto Rico examined the
correlation between taking photoprotective measures and clinical outcome in patients with
SLE.88 Although the wearing of a hat or long-sleeved clothes to protect from sunlight had no
effect on the disease, individuals who regularly used sunblocks had lower renal involvement,
thrombocytopoenia, hospitalisation and requirement for cyclophosphamide treatment than
patients who had not used sunblocks. Thus the benefit of avoiding sun exposure in SLE is
considerable, and it would be of great interest to monitor the immune response in such patients
following sun exposure to confirm the suspected immunomodulatory effects on disease
progression.
Respiratory Allergy
Concern has been expressed that UV exposure could exacerbate the symptoms of respiratory
allergy, which is associated with enhanced T helper 2 responses. This hypothesis has not been
tested in human subjects, but one study in mice indicated that UV irradiation did not enhance
allergic reactions in the respiratory tract although it did modulate various systemic immune
responses.89
Animal Models
To date approximately 15 animal models of infection have been developed, mainly using mice,
in which the effects of UV radiation on immunity have been investigated (reviewed in 90 ). The
organisms range from viruses to worms, with some infections being skin-associated and others
systemic with no skin involvement at any stage. In almost all cases the UV radiation caused
suppression of resistance to the microorganism under investigation, the one exception being
schistosomiasis.
Four models of particular interest have been described recently, all noting severe exacerbation
of symptoms following UV exposure, with death ensuing in some instances. The first involved
the malaria parasite. A single burning UV exposure one day before inoculation of mice
resulted in the death of the infected animals, whereas, without the UV irradiation, the mice
survived.91 The major immunological effect was attributed to a UV- induced alteration in the
spectrum of cytokines normally induced in response to the parasite. The UNEP report in
198992 suggested that there may be a particular risk of greater incidence or severity of malaria
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if the terrestrial UV radiation exposure of human subjects increased. In the second model,
prior exposure of mice to UV radiation was shown to enhance influenza virus infections.93
Mortality was increased up to 2- fold and was UV dose-dependent. The UV- irradiated animals
demonstrated greater weight loss and degeneration of the thymus, raising concerns that sun
exposure may also affect the course of human respiratory viral diseases. In the third model,
rats were infected intranasally with HSV which leads to encephalitis, accompanied by severe
clinical symptoms such as paralysis.94 UV-B treatment prior to such an infection increased the
incidence and severity of the clinical signs. The viral load in the brain was greater and the
specific immune response to the virus suppressed. Although HSV-encephalitis is rare in
people, again the potential for UV exposure to have detrimental effects during the course of an
infection is demonstrated. In the fourth model, mice were infected intradermally with Borrelia
burgdorferi, the bacterium that causes Lyme disease. Exposure of the mice to UV radiation,
either at the site of infection or at a distant site, decreased the immune response to the bacteria,
increased the rate of dissemination from the skin to the bloodstream, and increased the severity
of the arthritis that accompanies this infection. 95 Again, this study illustrates the potential of
UV irradiation to adversely affect an infectious disease of relevance to humans. In addition, the
subtlety of the effects (reduced immunity and increased disease severity) points out the
difficulty in identifying such effects in human populations.

Extrapolation from Animal Models to Human Subjects
It is of considerable interest to relate the observed immunological effects of UV radiation in the
animal models to human subjects. The biologically effective dose for UV- induced suppression
of contact hypersensitivity in a mouse model as a function of latitude and of ozone depletion
was first calculated.96 Then, by using these data and by extrapolation from one animal model of
infection, it has been suggested that exposure of people for about 100 minutes at mid- latitudes
around noon on a clear day in summer would be sufficient to suppress their cellular immunity
to a microbe significantly. 97 This conclusion has yet to be verified for a natural human
infection. However the effective solar dose for the suppression of the immune response to a
simple chemical in human subjects has been established recently and is equivalent to
approximately 60 minutes of noonday summer sunlight at mid-latitudes98 - of the same order as
the theoretical extrapolation. Therefore it is likely that the doses of solar UV radiation required
to suppress immunity to infectious agents are of the same magnitude as those experienced
during common outdoor activities.

The Impact of UV-Induced Immunosuppression on Tumours
Several studies in the past have indicated that human subjects can be divided into those who
are susceptible to the immunosuppressive effects of UV radiation and those who are resistant.99
The former were thought to be at higher risk of developing skin cancer than the latter. More
recently Kelly et al have shown that simulated solar radiation is highly immunosuppressive in
every person tested.98 A further report by the same group examined the relationship between
sunburn and immunomodulation. 100 Suppression occurred in all subjects by exposure to solar
irradiation equivalent to 1 hour of noonday summer sunlight at mid- latitudes one day before
application of the chemical at the irradiated site. A correlation was demonstrated between
erythema (redness) and suppression of immunity. However if the UV dose was reduced to
below the minimum required to cause erythema of the skin, differences in immunomodulation
were revealed, depending on the skin phototype of the individual. People who do not tan
readily and are sun-sensitive (type I/II) were 2-3 fold more susceptible to immunosuppression
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than people who tan readily and are sun-tolerant (type III/IV). It is known that individuals with
the former skin type are at greater risk of developing skin cancer than individuals with the
latter skin type. Thus the greater sensitivity of pale skinned subjects for a given level of
exposure may play a role in their increased risk of developing skin cancer.
Several studies have indicated an important role for mast cells in UV-induced systemic
immunosuppression. Hart et al used strains of mice with differing susceptibilities to
immunomodulation following UV radiation, and showed a correlation of susceptibility with the
number of mast cells in the skin.101 Thus a strain in which immunity was easily suppressed by
UV exposure had a large number of mast cells while another strain, in which immunity was
only suppressed by large UV-B doses, had about half that number. Mast cells contain granules
containing histamine and other pharmacological mediators, which can be released upon sun
exposure or other stimulation, thus affecting local immunity and cell trafficking. Most
interestingly, a subsequent publication by the same group showed that human subjects with a
past history of BCC had higher numbers of cutaneous mast cells than matched controls,
suggesting a link between UV- induced immunosuppression and skin cancer.102 There is
preliminary evidence that cis-UCA, one of the initiators of UV-induced immunosuppression,
may trigger mast cell degranulation. 103 In fact recent evidence suggests that cis-UCA may
cause mast cell degranulation by mimicking the action of serotonin (J. Walterscheid, personal
communication). However the relationship between UCA and the risk of developing skin
cancer, if it exists, is not likely to be a straightforward one, as no difference in total UCA or
the percentage of cis-UCA was found in subjects with a past history of CM and BCC compared
with control subjects.104, 105
Finally a study by Beissert el al., has revealed that cis-UCA may be an important factor in
photocarcinogenesis.106 Mice chronically exposed to UV-B radiation were treated concurrently
either with a monoclonal antibody effective in reversing the immunosuppressive effects of cisUCA or a non-related monoclonal antibody. In the mice receiving the cis-UCA antibody,
tumours took twice as long to develop as in mice receiving the unrelated antibody.

Other Systemic Effects from UV Exposure
UV exposure of the skin is known to cause effects throughout the body by substances released
into the circulation or cells migrating to and from the skin. Over the last decade data have been
collected indicating that solar UV exposure may influence the development of internal cancers.
UV radiation is unlikely to cause internal cancers by direct DNA damage, but it may stimulate
or suppress the outgrowth of internal cancers.
Immune suppression (such as that induced by medication in renal transplant patients) is a
known risk factor for both SCC and non-Hodgkin's lymphoma (NHL). Like skin cancers, the
incidence of NHL has been increasing. BCC and SCC appear to be associated with increased
risk of NHL and chronic lymphocytic leukaemia (CLL)107-110 suggestive of a common
aetiological factor, presumably solar UV radiation. Similarly, NHL incidences were found to
be higher in populations in sunnier areas,111-114 though this relationship was not demonstrated
in the United States.115 Besides UV exposure, the impact of socio-economic factors on NHL
risk needs to be taken into account (Langford et al., 1998, Schouten et al., 1996).113, 116
Assessments of personal UV exposure have not revealed clear, significant assciations with
NHL, 114 at most, they show trends of borderline significance with NHL and leukaemia.117, 118
However, such exposure assessments may have been too crude or inadequate (e.g. assessing
total instead of peak exposures) to reveal striking differences. An indication that sun (UV)
exposure may affect lymphocytes adversely was found in the increase in mutation frequency in
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these blood-borne cells during the summer,119 presumably due to the UV- induced release of a
factor that stimulated lymphocyte proliferation. Furthermore, UV exposure of certain
genetically modified animals (missing one copy of the P53 tumor suppressor gene) greatly
enhance the development of leukaemia in addition to causing SCC in the skin, 120 suggesting
that UV exposure may enhance the development of lymphoid tumours in genetically
predisposed individuals.
UV-B radiation contributes to the formation of vitamin D in the skin. This vitamin is not
biologically active, but the 'vitamin D hormone' (1,25 di- hydroxivitamin D) derived from it is.
The vitamin D hormone can inhibit the growth of various cancer cells (e.g. breast cancer) in
cell culture, and some studies have demonstrated that the risk of certain types of cancer (colon,
prostate and breast) increases with low dietary intake of vitamin D or with low levels of
vitamin D metabolites in the blood (see 121 for an overview). It is possible that UV exposure
could influence the blood level of the vitamin D hormone, but there is no simple direct
relationship between vitamin D hormone and UV exposure because of the many regulatory
feedback mechanisms. Following an earlier report of a very slight, but significant latitude
gradient in prostate cancer across the USA, 122 a recent case-control study123 showed that low
levels of sun exposure are associated with a higher risk of prostate cancer. Within the group of
prostate cancer patients, the individuals with the lowest level of UV exposure (within the
lowest 25 percentile) developed their tumours at a median age of 68 years, whereas the others
developed them at a median age of 72 years. It has also been suggested that a low level of
vitamin D could contribute to the risk of developing insulin-dependent diabetes mellitus.124

Risks Associated with the Use of Substitutes for Ozone Depleting Substances
With the phase-out of ozone depleting substances (ODS) mandated under the Montreal
Protocol and its amendments, a number of new chemical alternatives have been developed, and
there has been increased usage of some older chemicals, often in venues different from their
traditional usage. These increases in usage are likely to lead to increased human (and
environmental) exposures that could have adverse consequences for both human health and the
environment. Previous assessments have presented brief reviews of what was known about the
toxicology of a number of these chemicals. As a consequence this review will focus on those
chemicals not previously mentioned in earlier reports that are discussed in the most recent
Technology and Economic Assessment Panel (TEAP) report.125 A list of these chemicals with
their CAS (Chemical Abstracts Service) numbers and their likely use is presented in Table 2-1.
Currently ODS substitutes are being used in six major areas: 1) Aerosols, 2) Refrigerants, 3)
Fire-suppressants, 4) Solvents, 5) Foam-blowing agents, and 6) Pesticides, including
fumigants, all of which are represented in Table 2.1. All of these uses have the potential for
human exposure, mainly for occupationally exposed populations, but also for the public in
general.
The largest use of aerosols still requiring ODS is in the metered dose inhalers used to deliver
pharmaceuticals to the respiratory system. Substitutes for use in these inhalers are being
introduced; their production and use will continue to increase as the essential use exemption
for the ODS is phased out. Of all the substitutes under consideration to replace ODS, those to
be used in metered dose inhalers will be under the greatest scrutiny for adverse health effects,
and it seems likely that any risks associated with their use will be correspondingly small.
Quite the reverse is likely to be true of the chemical pesticides, most of which will see
increased use because of the phase-out of methyl bromide. Pesticides and fumigants have been
designed to be very toxic. Thus, exposures to substitutes for these agents are likely to result in
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higher risks than exposure to the same levels of the substitutes used in the other areas.
However, pesticides for the most part are closely regulated (and all of those identified in Table
2-1 have seen considerable use) so presumably these exposures and their associated risks will
also be subjected to a higher degree of control than those chemicals not regulated as pesticides.
It should be noted, however, that there are parts of the world where stringent pesticide
regulation is lacking. In these locations, misuse of the substitutes (or for that matter any
chemical pesticide) has the potential for significant adverse effects.
The remaining four groups of chemicals are much more likely to pose risks to occupationally
exposed populations than the general public, and even then the risks from most of these
chemicals appear to be low. Most of the chemicals listed below as substitutes for refrigerants,
fire suppressants, solvents and foam-blowing agents have a low degree of acute toxicity.
Furthermore, although the database on these chemicals is somewhat limited, what is available
suggests that they will also demonstrate a low degree of activity as carcinogens. The one
possible exception to this low degree of toxicity is n-propyl bromide, a bromine-containing
compound that is being marketed as a replacement for many of the solvent uses of CFC.
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Table 2-1. CFC Substitutes
Common Name

Chemical Name

CAS No

Likely Use

Reference

HFC 245fa

1,1,1,2,3,3,3-

431-89-0

Medical aerosols

www.fluoroca

Fire-fighting

rbons.org

heptafluoropropane

agent
HFC 365mfc

1,1,13,3-

406-58-6

pentafluorobutane

Foam blowing

“

Agent

n-propyl bromide
HFC 43–10mee

1,1,1,2,2,3,4,5,5,5

138495-42-8

Solvent

290-39-1

Fire-fighting

decafluoropentane
HFC-236fa

1,1,13,3,3heafluoropropane

1-3 dichloropropene

Agent
542-75-6

Fumigant

76-06-2

Fumigant

Furfural

98-01-1

Pesticide

methyl isocyanate

624-83-9

Pesticide

methyl iodide

74-88-4

Pesticide

Chloropicrin

Fosthiazate

Trichlornitromethane

phosphonothioic acid, 98886-44-3

Pesticide

(2-oxo-3thiazolidinyl)-, )-ethyl
S-(1-methylpropyl)
ester
Enzone

Sodium

Pesticide

Tetrathiocarbonate
Avermectin

73989-17-0

Pesticide

propargyl bromide

106-96-7

Pesticide

potassium azide

20762-60-1

Pesticide

sulfuryl fluoride

2699-79-8

Pesticide

Ethyl formate

109-94-4

Fumigant

propylene oxide

75-56-9

Fumigant

Carbonyl sulfide

463-58-1

Fumigant
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Common Name

Chemical Name

CAS No

R-407C

mixture of HFC 32,

Likely Use

Reference

Refrigerant

HFC-134a & HFC125
R-410A

mixture of HFC-32,

Refrigerant

HFC-125
R-404A

mixture of HFC-125,

Refrigerant

HFC-134a & HCFC143a
R-500

Refrigerant

R-1270

Propylene

115-07-1

Refrigerant

HC-600a

Isobutane

75-26-5

Refrigerant

Ethylene dichloride

107-6-2

Phosphine

7803-51-2

Pesticide

This che mical, which is becoming more and more widely used, is now recognized for its
toxicity to the nervous and reproductive systems, as well as to the foetus.125
For a number of uses of ODS substitutes have not been identified.125 Although some of these
involve the use of CFC, e.g., the use of CFC-113 as a solvent in the production of
fluoropolymer resins, most relate to the use of carbon tetrachloride as a solvent in the
production of a various chemicals ranging from pharmaceuticals to a number of different kinds
of polymers. Clearly when substitutes are found for these ODS they will need to be closely
evaluated to ensure that one problem is not being substituted for another.

Possible Interactions between Climate Change and Ozone Depletion
At the same time as the world is anticipating at least another 50 years of depleted ozone,
another threat, namely increased atmospheric CO2 leading to global climate change (GCC),
has been identified as having the potential to affect the world’s environment for generations to
come. For the time period when these two threats co-exist, the likelihood is great that
interactive effects on human health will occur. This section will attempt to identify possible
interactions between ozone depletion and GCC. It should be noted at the outset, however, that
there are few experimental data from systems exploring the issue of how these threats may
interact and how such interactions may affect human health. Thus most of the following
discussion should be viewed as informed speculation. It should also be noted that one of the
most likely impacts of both ozone depletion and GCC will be changes in human behaviour.
Human behaviour will also change as nations develop economically. The inability to predict
human behaviour adds a large degree of uncertainty to the prognostications provided below.
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Impact of UV Radiation and Climate Change on the Eye
The prevalence of nuclear cataract is reported to be higher in tropical and subtropical regions
where there is a high annual UV exposure rate coupled with high ambient temperature and
infrared exposure. Unlike the skin, the temperature of the lens is more related to core body
temperature than to external temperature, and little direct synergism of temperature with UV
radiation would be anticipated. Other heat- induced systemic factors, which may indirectly
affect lens nutrition and metabolism could, on the other hand, potentially accelerate cataract
development.
A recent study evaluating the effect of environmental temperature on cataract progression in
rats126 found no interaction between UV radiation and environmental temperature in UVinduced cortical cataract (including anterior subcapsular cataract). This suggests that the higher
prevalence of nuclear cataract in regions near to the equator may be due primarily to other
factors. The role of ambient temperature in influencing these factors has yet to be adequately
investigated.
Impact of UV Radiation and Climate Change on the Skin
Results from one atmospheric model suggested that cooling of the stratosphere could delay the
recovery of the ozone layer by a decade or more.127 Later models have led to a variety of
conclusions, ranging from no delay at all to a resurgence of ozone depletion late in this century
(see Chapter 1).3 The possibility of a delayed recovery gives reason for concern about the
consequences, especially in the long-term. Before this problem was noted, a scenario study
had been made for the increase in skin cancer incidence due to ozone depletion during the
entire present century. 2, 128 Under the most optimistic conditions of full and worldwide
compliance with the Montreal Protocol and all its amendments, the excess incidence would
peak about the year 2055 at 9% above the baseline incidence, and then gradually decline. A
similar scenario study has been performed recently, but now including a delay in the recovery
of the ozone layer by 15-20 years129 , Figure 2-6. This showed that the excess incidence at the
time of the peak would increase to 15%, and the peak itself would shift from 2055 to 2065.
Experiments performed many
years ago 130, 131 demonstrated that
mice exposed to UV radiation at
increased
room
temperature
developed skin cancers at an
accelerated rate. From the data
given in these papers, van der
Leun and de Gruijl132 calculated
an average increase in the
carcinogenic effectiveness of the
UV radiation with a 5% per
degree C increase in temperature.
This result was then applied to
skin cancer in the human
population – firstly, to the excess
incidence caused by ozone depletion.
Figure 2-6 Increase in skin cancer incidence in the North-Western
The conclusion was that a 2 degree
Europe, with ozone-climate interaction causing 15-20 years delay
layer, and without
rise in temperature would increase the (worst case scenario) in recovery of the ozone
any delay from an ozone-climate interaction.129
peak excess from the 9% calculated
by Slaper et al. 128 to 11%, and a 4
degree rise would increase it to 13%. Secondly, the effect on the baseline incidence itself was
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considered, without any ozone depletion. A persistent increase of temperature by 2 degrees C
was calculated to increase the baseline incidence by 21%, and a 4 degree C rise by 46%.
It should be noted that, while UV carcinogenesis in mice and humans is basically similar, there
are important quantitative differences, and the same may be true for the influence of higher
temperatures. Direct data relating temperature and UV carcinogenesis in human populations
are not yet available. The experimental mice were exposed to the higher temperatures
constantly, a procedure which is rather different from normal human behaviour where people
are unlikely to experience increased temperatures all the time. It is also unknown at what stage
the temperature exerts its critical influence. This could be during the exposure to UV radiation,
or during the time between exposures, or both. The calculation is also complicated by the fact
that the observed temperature influence was non- linear: in the mouse experiment there was
little effect belo w the normal room temperature of 23 degrees centigrade, and a marked effect
at the higher temperatures. Despite all these uncertainties, the influence of increased
temperatures on carcinogenesis in the human population merits further consideration and could
be of importance.
Impact of UV Radiation and Climate Change on the Immune Response
The potential consequences of GCC with regard to human health have been the subject of
numerous reviews.133-135 For the most part it seems that any increases in such effects that might
occur will be in those diseases whose incidences are increased in the tropics or with warm
weather in other places. However, it is also clear that in most locations, there will only be an
effect of GCC on disease if the disease already exists at that location or in a location that is
geographically contiguous. Although there has been much concern that malaria may increase
with GCC perhaps in the developed nations as well as the developing ones,135 it has been
contended that most developed nations conquered the disease in their past and are unlikely to
see a serious resurgence.
Longstreth136 examined the diseases found in the US that showed a seasonal variation and
identified a number of endpoints that could potentially be affected by the changes in
temperature and/or humidity likely to be associated with GCC. These included a variety of
infectious diseases, e.g., viral encephalitis, Hanta virus pulmonary syndrome, as well as a
number of other health endpoints such increased asthma due to increased air pollution,
shellfish poisonings, morbidity and mortality from extreme events, and heat stress.
To the extent that such diseases are increased by the changes in weather associated with GCC,
it seems likely that many of them could be additionally exacerbated by elevated levels of UV
radiation associated with a thinner stratospheric ozone layer. If climatic conditions become
more favourable for the transmission of a particular endemic infectious disease, for example
malaria, increased ambient UV radiation due to a depleted ozone layer may lead to more severe
cases of the disease due to suppression of the immune system.
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Summary
Based on research to date, we can state some expectations about terrestrial ecosystem response
as several elements of global climate change develop in coming decades. Higher plant species
will vary considerably in their response to elevated UV-B radiation, but the most common
general effects are reductions in height of plants, decreased shoot mass if ozone reduction is
severe, increased quantities of some phenolics in plant tissues and, perhaps, reductions in
foliage area. In some cases, the common growth responses may be lessened by increasing CO2
concentrations. However, changes in chemistry of plant tissues will generally not be reversed
by elevated CO2 . Among other things, changes in plant tissue chemistry induced by enhanced
UV-B may reduce consumption of plant tissues by insects and other herbivores, although
occasionally consumption may be increased. Pathogen attack on plants may be increased or
decreased as a consequence of elevated UV-B, in combination with other climatic changes.
This may be affected both by alterations in plant chemistry and direct damage to some
pathogens. Water limitation may decrease the sensitivity of some agricultural plants to UV-B,
but for vegetation in other habitats, this may not apply. With global warming, the repair of
some types of UV damage may be improved, but several other interactions between warming
and enhanced UV-B may occur. For example, even though warming may lead to fewer killing
frosts, with enhanced UV-B and elevated CO2 levels, some plant species may have increased
sensitivity to frost damage.
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Introduction
Several environmental changes are being imposed on terrestrial ecosystems, including increased
solar ultraviolet-B radiation and warming at higher latitudes, increasing carbon dioxide levels
globally, and regional tropospheric air pollution and atmospheric nitrogen deposition. Potentially
significant changes in the frequency and nature of precipitation and storms are also predicted as the
Earth warms. Depending on location, many of these factors will exert their influence on ecosystems
more or less concurrently. Terrestrial ecosystems include agricultural lands (agroecosystems), less
intensively managed lands such as forests, grasslands, and savannahs, and unmanaged lands such as
deserts, tundra, etc. This overview addresses how increased UV-B radiation, interacting with other
global change factors, may affect many of the important ecosystem processes and attributes, such as
plant biomass production, plant consumption by herbivores including insects, disease incidence of
plants and animals, changes in species abundance and composition, and mineral nutrient cycling.
Some aspects of ecosystem function, e.g., nutrient cycling, are treated in more detail in Chapter 11
The present report consists of a brief update of our understanding of UV radiation effects, followed
by coverage of factor interactions as much as they have been researched to date (Figure 3-1).
Ideally, these interactions should be considered across, as well as within, trophic levels. Trophic
level refers to groups of organisms constituting different stages of the food chain in an ecosystem,
e.g., primary producers (plants), various levels of consumers (herbivores, carnivores, etc.), and
decomposer organisms.
It is now some 30
years since the first
suggestions of stratospheric
ozone
reduction
appeared
(e.g. 2, 3). Within a few
years of these early
concerns about the
atmosphere,
several
studies
of
UV-B
effects
on
higher
plants appeared and
these
continue
to
represent the emphasis
of research in this area.
Direct effects of UV-B
on insects and other
terrestrial animal life
have
traditionally
received
comparatively
little
attention as they are Figure 3-1 Major interactions of elevated UV-B with other climate change
often assumed to be factors in terrestrial ecosystems. Lines indicate influence of climate change
on different trophic levels (in rectangles) that affect processes (in ovals).
protected from dam- factors
Colors of lines: black, elevated CO2 ; red, elevated temperature; violet, enhanced
aging effects of solar UV-B; blue and brown, abundance and deficit of moisture, respectively. The
UV either by their symbols > and < refer to more and less, respectively
behavioral patterns or
by largely UV-opaque body coverings (e.g., fur, feathers, exoskeletons of insects, etc.). Terrestrial
microbes have also received little attention though they are usually poorly shielded from penetrating
solar UV. In recent years, more attention has been paid to UV-B influence on species interactions in
an ecosystem context.
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Biologically Effective UV Radiation for Plants
The concept of biologically effective UV radiation has been discussed (Chapter 5).4 This involves
weighting the radiation at different wavelengths with a factor to indicate its relative biological
effectiveness. An example of erythemal (human sunburn) effectiveness is given in this volume.4
For other biological effects, different weighting functions appear to be more appropriate. Earlier
reports of this panel (e.g., 5, 6 ) have portrayed the importance of different assumptions of the
wavelength dependency of UV effects on plants and other organisms. These dependencies involve
different degrees to which longer wavelength UV (UV-A) participates in various UV effects on
plants. There are also important implications of this in calculating biologically effective UV based
on different degrees of ozone reduction (see radiation amplification factors this volume4 and in
evaluating experiments with lamps to supplement the UV. A radiation amplification factor (RAF)
refers to the relative increase of biologically effective UV radiation for each increment of ozone
column change (Chapter 5).4 The greater the degree to which longer wavelengths in the UV-B and
UV-A are effective in biological reactions, the smaller is the RAF, i.e., less of an increase in
biologically effective radiation for a given level of ozone reduction. 7, 8 Biological weighting
functions are also used to compare the biologically effective UV radiation from lamp systems with
that from the Sun due to ozone reduction, since these UV lamps do not accurately simulate solar
radiation. 7
A new action spectrum for characteristics of higher plant growth and morphology indicates that UVA participates in these effects more than originally assumed in earlier action spectra.9 The new
spectrum resembles the commonly used generalized plant response function10 except that it indicates
appreciable sensitivity into the UV-A. This spectrum was also tested by exposing plants in the field
to different combinations of solar and artificial radiation and indicated that the new spectrum is
relevant under field conditions.11 When used for the ozone reduction problem, this new spectrum
predicts less of an increase of biologically effective radiation for a given decrease in ozone thickness
(lower RAF) than the generalized plant spectrum. However, it also suggests that the levels of ozone
reduction simulated in lamp experiments, often adjusted according to the generalized plant spectrum,
results in less simulated ozone reduction than if computed using the new spectrum. For example, if
one used the generalized plant spectrum to adjust lamps to result in a 30% simulated ozone
reduction, this would only be an 8% ozone reduction if the resulting supplemental radiation is
calculated according to the new plant growth spectrum.11
Plant growth is a complex response that integrates the influences of many environmental factors,
including UV-B, on several physiological processes. It is wo rth pointing out that the new spectrum
that describes the wavelength dependency of growth inhibition may not be appropriate to describe
the spectral response of individual physiological processes. The shape of the spectra for individual
processes will depend on the particular chromophores involved and, among other factors, the optical
shielding imposed on these chromophores by surrounding molecules and cellular structures. Little
work has been carried out to define appropriate weighting functions for individual responses under
physiologically meaningful conditions. For DNA damage, various action spectra were tested in the
field in southern Argentina as the Antarctic “ozone hole” passed over the experimental site and
altered the wavelength composition of the solar radiation. The comparisons of plant DNA damage
responses with different action spectra indicated an action spectrum with little participation of UV-A
as the most appropriate12 Similarly, Mazza et al. 13 found that the accumulation of phenolic
sunscreens in field-grown soybeans was significantly enhanced by solar UV-B, whereas the UV-A
component of sunlight had little effect. Therefore, for this particular response, a steep action
spectrum also appeared to provide a good description of wavelength dependency.

56

The Environmental Effects Assessment Panel Report for 2002

Terrestrial ecosystems, increased solar ultraviolet radiation and interactions with other climatic change factors

A Recent View of Enhanced UV-B Effects on Plants: A Synthesis Using MetaAnalysis
Most UV-B research on terrestrial ecosystems continues to be focused on plants and emphasizes
experiments addressing the sequence of events upon exposure to levels of UV-B radiation
corresponding to stratospheric ozone reduction under outdoor conditions. It was recognized long
ago, that if such experiments were conducted in glasshouse or growth-cabinet conditions, the effects
of the added UV-B radiation were greatly exaggerated. Thus, over 20 years ago investigators began
to conduct such experiments outdoors using special UV lamp systems. There are now well over 100
such studies on different species of plants. Meta-analysis is a technique to use quantitative and
statistical information provided in a collection of individual studies in a combined analysis to assess
how well the overall research predicts common trends and results. Of the ca. 100 studies reviewed,
62 provided enough quantitative information suitable for a meta-analysis14 for several types of
managed and unmanaged ecosystems (Figure 3-2).

Figure 3-2 Types of vegetation examined in the meta-analysis. The numbers refer to studies for individual species.
Photographs of three different systems are also shown (a. Wheat and wild oat experiments in Logan, Utah, USA, W.
Beyschlag; b. Loblolly pine in Maryland, USA, A. Teramura; c. Subarctic heath in Sweden, from5 ).

Of the 10 physiological and morphological traits examined, overall significance of elevated UV-B in
the meta-analysis could only be concluded for shoot mass, plant height and leaf area and increased
UV-B absorbing pigments (including flavonoids and other phenolic compounds). The other traits,
including changes in chlorophyll and carotenoid pigments, reproductive yield, leaf mass per unit leaf
area, net photosynthesis, and photosystem II activity of the photosynthetic system, might have been
affected in some individual studies, but the overall effect was not sufficiently robust to be significant
in the meta-analysis. For the four characteristics that were found to be significant, Figure 3-3 shows
the array of responses in individual studies to elevated UV-B relative to controls. For leaf area, the
significant reduction was caused by the manner in which the experimental replicate was selected.
When authors selected the individual plant as the replicate, the average response was significant.
(These data are included in Figure 3-3) When they selected the plot as the replicate, the response
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was not significant.14 For shoot biomass, there are two arrays of studies shown in Figure 3-3
corresponding to the level of ozone reduction being simulated, 10 – 20% and > 20%. Only the group
of studies simulating >20% ozone reduction yielded a significant average response in the metaanalysis for shoot mass. (In these studies, the level of
simulated ozone reduction was usually effected by
adjusting the output of the UV lamps with the old
generalized plant spectrum. 10 Had the new plant growth
spectrum9 been used, the levels of simulated ozone
reduction would have been much smaller, as explained in
the foregoing section.)
Although all these studies in the meta-analysis involved
lamp systems under outdoor conditions in natural sunlight,
the methods included different degrees of replication and
control of the lamp intensities. Most of these studies
employed an “on-off” system of lamp control, sometimes
called “square-wave”, while others used more elaborate
control that gradually changed lamp output according to
ambient solar UV-B, sometimes called “modulated”
control. Thus, all studies are not of equivalent quality; they
also do not have equal capability to discriminate plant
responses. While this should be borne in mind, there is
increased value in comparing a large number of such
experiments through meta-analysis since it affords a
quantitative comparison.
Apart from experiments with UV-emitting lamps, there is a
lesser number of experiments using special filters that
remove, or attenuate, the UV-B in normal sunlight (along
with appropriate control filters that are largely transparent
to UV-B). In the majority of cases, when sunlight UV-B
was attenuated, plants exhibited better growth which
indicates that normal sunlight UV-B reduces
growth to some ext ent.15-17 Attenuation Figure 3-3 The response of four plant characteristics in
experiments have been carried out in areas that field studies in the order of increasing positive effects.
are currently exposed to enhanced solar UV-B These experiments all employed supplemental UV-B from
levels, such as the southern tip of South lamp systems. Each symbol represents a different study.
The dashed line in each represents the average response
America (Tierra del Fuego, Argentina) and on
by the meta-analysis over all studies shown.
18, 19
the Antarctic Peninsula.
Herbaceous plants calculated
The average responses shown were significant at P<0.05.
native to both regions were negatively affected For shoot mass, the studies are grouped into two arrays
by the ambient solar UV-B levels. A corresponding to studies in which the level of simulated
comparison between the growth inhibition data stratospheric ozone reduction is between 10 and 20%, and
collected
in
these
UV-B
attenuation those in which the simulated ozone reduction was greater
experiments carried out in Tierra del Fuego and than 20%.
the Antarctic Peninsula showed that a similar fractional level of UV-B attenuation by filters
(approximately 80 %) had effects on plant growth that increased with the level of ozone depletion
(i.e., from Tierra del Fuego to Antarctica).18
As can be seen in Figure 3-3, some UV-B lamp studies reported enhancement in some plant
characteristics (plant height, leaf area, and shoot mass) although most studies reported decreases in
these characteristics. There are also a few recent reports of filter studies where solar UV-B
promoted plant growth.20, 21 Mechanisms mediating this apparent enhancement of growth are not
known and it is not clear that this would occur over the long term in a natural setting.
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Apart from higher plant responses, other effects of enhanced UV-B radiation on terrestrial
ecosystems are represented by too few studies to allow for meta-analysis.

Do Small Effects of UV-B Accumulate Through the Years?
An intriguing, and potentially important, phenomenon suggested by some earlier research is that
even small effects of UV-B radiation might accumulate to produce larger effects in subsequent years
in perennial plants. The first suggestions of this were in seedlings of one of four seed sources of a
conifer. In these plants, the effect of exposing the plants to elevated UV-B from lamps became
progressively more expressed in subsequent years.22 However, this did not appear to be significant
in young trees tested from the other three seed sources. Indications of cumulative effects of elevated
UV-B in Subarctic heath perennials were apparent for some traits of some species, but not for others
(e.g. 23 ). Also, early indications of cumulative effects disappeared over a longer period of time.24
Thus, while there may be some indications of this accumulation phenomenon in certain specific
instances, there is no convincing evidence for it as a general trend. However, its potential
significance should not be dismissed, since it might affect competitive persistence of some species
through time.
Analogous to these putative cumulative effects, an apparent carry-over and accumulation of elevated
UV-B effects on plant growth form, from generation to generation, has been reported for a desert
annual plant species.25, 26 If this is a widespread phenomenon among species, an amplification of
sorts might be effected. The mechanism for this is not understood.
Although suspected for some time, there are now a few new reports indicating that enhanced UV-B
may affect the genetic stability of plants causing long-term heritable effects, with a high frequency
of mutations which are generally considered to be deleterious to organisms. High UV-B exposure
can activate what is known as “mutator transposons” in maize that amplify the mutation effect of the
UV-B beyond the immediate DNA damage.27 In Arabidopsis, increased UV-B was found not only
to cause direct DNA damage; but also, errors in DNA repair leading to an increased tendency for
mutations in subsequent generations.28, 29 In cyanobacteria, considerable genetic polymorphism was
found in highly stressful environments, and was presumed to be caused by UV-B- induced genome
instability and replication errors.30 These instabilities could affect future generations, and result in
an increased mutation rate even after the ozone layer has recovered.
Recent reports of UV-B effects on soil and soil surface processes such as nitrogen fixation and litter
decomposition suggest that these changes are not transient phenomena. Elevated UV-B treatments
applied over several years may become apparent years after the treatments were begun. This was the
case for depression of nitrogen fixation in some species of cyanobacteria 31 that had been exposed to
elevated UV-B for several years in both high Arctic and Subarctic locations. A one-year exposure to
elevated UV-B became apparent four years later as accelerated decomposition of oak leaf litter.32
Both nitrogen fixation and litter decomposition are nutrient cycling processes that are important in
ecosystem function.

Insect Herbivory of Plants
Insects have enormous potential to consume vegetation, but the degree to which they feed on
different species is dependent not only on the species of plants, but also on a suite of other
environmental factors, including UV-B radiation. There are now over 20 reports of various insectplant species combinations that have been studied with respect to the influence of UV-B radiation
(Table 3-1).
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Generally, when there was an effect, a higher level of UV-B led to less insect herbivory and/or
reduced insect growth compared to lower levels of UV-B. (Most of these experiments were
conducted by filtering ambient solar radiation.) The magnitude of the effects can be sizeable, with
potential ecosystem- level consequences for species composition, organic matter decomposition and
nutrient cycling. In several cases, it was possible to show, using feeding bioassays, that the effects
of the UV-B radiation were mediated through the host plant, i.e., they were the result of UV- induced
changes in the characteristics of the plant tissues. Two types of bioassays have been used: In the “no
choice” bioassays (NC, in Table 3-1) insects were given either UV-B-exposed or control plant
material (exposed to less, or no UV-B), whereas in the “choice” (C) bioassays the insects received
both types of pretreated plant materials in the same feeding area. Of course, the interpretation of the
response (altered herbivory or insect performance) in the context of projecting ecosystem- level
consequences requires consideration of the type of experiment that was used to detect UV-B effects
on plant- insect interactions. It is also important to point out that the nature of the UV-B- induced
changes in plant characteristics that cause herbivory responses is not known for any system; the
possible mechanisms listed in Table 3-1 are based on correlative, circumstantial evidence. Insects
are generally thought to be blind to variations in the UV-B component of sunlight, since their visual
systems are primarily sensitive to UV-A radiation. However, one field study showed that a species
of thrips can perceive and avoid solar UV-B under natural daylight conditions 34 , and laboratory
study showed behavioral responses to artificial UV-B in a moth caterpillar.39
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Table 3-1. Effects of UV-B radiation on insect herbivory

Insect

Type
of
expt

Plant spe cies

UV-B effect on Possible mechanism Study
e
herbivory/insects

E
Caliothrips
phaseoli
(thrips)
E
Diabrotica
speciosa
(leaf beetle),
lepidopteran
larvae,
grasshoppers

Glycine max
(soybean)

Less herbivory 33

Eb
Anticarsia
gemmatilis
(moth larva)
Fb
Schistocera
gregaria
(desert locust)

Glycine
(soybean)

a

Various
E
chewing
insects (not
identified)
C
Spodoptera
litura,
Graphania
mutans
(moth larva)
Epirrita
antumnata
(moth larva)

F

Precis coenia, G
Trichoplusia
ni
(both
lepidopteran
larvae)

Various
F
chewing
insects (not
identified)

Glycine
(soybean)

Direct response of
insects to solar UV-B

max Less herbivory

growth, Indirect effect. (NC) e
max Slower
higher mortality
Increased phenolics
but decreased lignin
e
Lolium
perenne, No response in 3 Indirect effect. (C)
content
Festuca rubra, F. species; in Festuca Loline
pratensis,
preference
changed,
but
this
did
arundinaceae, F.
for
endophyte- not
influence
pratensis
infected
plants herbivory
changed
Less herbivory
Not known
Gunnera
magellanica
(devil’s strawberry)
toward Indirect effect. (NC)
Trifolium
repens Tendency
(white clover)
slight reduction in Slight N increase,
herbivory
larger carbohydrate
decrease, populationspecific changes in
cyanogenesis
Mechanism
not
Betula pubescens More herbivory
(mountain birch)
known.
(NC).
Laboratory
study
indicated direct UV-B
preference
Precis - no effect
Direct
inhibitory
Plantago
lanceolata (English Trichoplusia - more effect of UV-B on
plantain)
growth from eating insect
growth;
treated material but indirect effects. (NC)
direct UV-B growth Reduced crown and
inhibition
reproductive growth;
some increase in leaf
N and verbascosides
c
Quercus
robur No UV-B effect
(pedunculate oak)
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Insect

Type
of
expt

Plant spe cies

UV-B effect on Possible mechanism Study
e
herbivory/insects

a

Caliothrips
phaseoli
(thrips)
Lepidoptera:
Noctuidae
(moth larva)
Strophingia
ericae
(psyllid)
Operophtera
brumata
(moth larva)

Glycine
(soybean)

E

Less herbivory
Gunnera
magellanica
(devil’s strawberry)
insect Not known. Reduced
Calluna
vulgaris Reduced
(heather)
populations
amino acid isoleucine

42

Betula
pendula More herbivory
(silver birch)

Indirect effect. (C)
Leaf
flavonoids
increased,
but
flavonoids added to
an artificial diet did
not increase feeding.
More herbivory in V. Mechanism
not
Vaccinium
myrtillus,
V. myrtillus, less in V. known
uliginosum, V. vitis- uliginosum, no effect
idaea
(heathland in V. vitis-idaea
shrubs)
Pieris: less herbivory Indirect effect. (NC)
Arabidopsis
and less insect weight Leaf
flavonoids
thaliana
gain
increased

44

Datura
ferox Less herbivory
(summer annual)

48

F

G

Insects
not F
identified

Pieris rapae, C
(butterfly
larva)
Trichoplusia
ni
(moth
larva)
E
Coleoptera
(leaf beetles)

max Less herbivory

Indirect effect (C)
and direct UV-B
avoidance
Indirect effect. (C)
Increase in leaf N

33, 34

E

Indirect effect. (C)
Mechanism
not
known

43

45, 4 6

47

49
F
Acronicta,
Quercus
robur No specific UV-B
c
Nycteola,
(pedunculate oak) effect
Orthosia,
Ptiloden
(moth larva)
50
C
Autographa
Pisum
sativum Less herbivory, but Indirect effect. (NC)
(pea)
greater insect growth Higher phenolic and
gamma
(moth larva)
N contents
d
E
Zea
mays
(corn)
Less
herbivory
Indirect effect. (NC) 51 , b
Ostrinia
More cell-wall-bound
nubilalis
(European
truxillic and truxinic
corn borer)
acids
in UV-B
increased 52
Trichoplusia G
Citrus
jambhiri Decrease
ni
(moth
(rough lemon)
survivorship
and furanocoumarin
larva)
growth
levels
a
C = controlled environment chamber, G = greenhouse, F = field UV-B supplement from lamps, E = field
UV-B exclusion
b
Field-treated material used in la boratory feeding trials.
c
More herbivory under UV-A and UV-B lamps compared to controls, but no specific UV-B effect.
d
UV-A and UV-B responses cannot be separated
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“Indirect effect” implies that an UV-B effect mediated by changes in the plant was demo nstrated in
a bioassay, even if the nature of the changes was not identified. (C), “choice” bioassay, (NC) “no
choice” bioassay.

Bacteria and Fungi
Fungi and bacteria play crucial roles in ecosystem function including decomposition of dead
biological material, mineral nutrient cycling and as pathogens of plants and animals. In the last few
years, more attention has been paid to direct UV-B effects on these microbes if they are exposed to
sunlight (such as on foliage surfaces or litter). Changes in specie s composition and biodiversity of
these microbes in response to UV-B have been documented and many of these changes appear to be
related to how well species and strains of these fungi and bacteria tolerate UV. 53-56 Beneficial fungi
that infect plant roots and assist in absorption of nutrients (termed mycorrhizae), although not
exposed to solar radiation, might be indirectly affected by UV-B exposure of the host plant shoots.57,
58
This would need to be mediated by systemic tissue changes in the roots caused by UV-B exposure
of the shoots.
Bacteria and fungi can also be pathogenic for both plants and animals, although plant pathogens
have received more attention than animal pathogens with respect to UV-B radiation. As compiled
by Paul59 , plant disease incidence can be increased or reduced by UV-B radiation. Increasing disease
severity is thought to primarily involve modifications in the host plant tissues, while decreased
severity appears due either to host plant changes or direct UV-B damage to the pathoge n (Table 3-2).
Table 3-2. Effects of UV-B radiation on plant- microbe interactions for living plants and plant litter.
Microbe genus

Type
of
expt.

Plant Species

Fungal response to Plant response to Study
UV-B
UV-B

a

A. Experiments on live plants
Aureobasidium
(phylloplane
yeast)

E

bacteria (e.g.
Clavibacter)
Microsphaera
(powdery
mildew
pathogen)
Neotyphodium
(leaf
endophyte)
Septoria
(leaf
blotch
pathogen)

E
F

Proportionately less none
on upper leaf surface,
several other plantmicrobe systems not
affected
species none
Arachis hypogene altered
(peanut)
composition
photosynthesis
Quercus
robur increased infection
decreased due
(pedunculate
increased mildew
oak)

F

Lolium perenne no effect
(rye grass)

C

Triticum aestivum fewer lesions on plant
(wheat)
(a direct response to
UV-B) or no effect
depending on time of
year
infection not assessed
Camellia sinensis reduced
(tea)
sites; no effect on
sporulation

E
Exobasidium
(blister blight
pathogen)

53

Nothofagus
antarctica
(southern beech )
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to

reduced yield in the
presence of the leaf
endophyte
not
assessed.
If
changes
occurred,
they did not affect the
pathogen
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Microbe genus

Type
of
expt.

Plant Species

Fungal response to Plant response to Study
UV-B
UV-B

a

Aureobasidium, F
Sporobolomyces
(phylloplane
yeasts)
Fusarium
(damping-off
pathogen)
Bullera
(phylloplane
yeasts)

C

E

G
Pyricularia
(also known as
Magnaporthe)
(rice
blast
pathogen)
C
Cercospora
(leaf
spot
pathogen)

Quercus
robur abundance on the not assessed
upper; but not lower
(pedunculate
leaf surface affected
oak)
for some sampling
dates. Several other
fungi not affected
Spinacia oleracea more damping off decreased
(spinach)
evident
growth
Vicia faba (faba
bean),
Malus
domestica
(apple), Quercus
robur
(pedunculate
oak),
Pisum
sativum (pea)
Oryza
sativa
(rice)

Cucumis sativus increased infection in
(cucumber)
some
cases
(an
indirect UV-B effect
mediated through the
plant)
Triticum aestivum increased infection
(wheat)
with results varying
some
by
wheat
cultivar
G
Rosa (rose)
inhibition only when
Diplocarpon
(blackspot
conidia
were
pathogen)
germinating
potato virus S
G
fewer lesions
Chenopodium
quinoa
B. Experiments on plant litter
Cladosporium,
Cystodendron,
Phoma
Aspergillus,
Cladosporium,
Epicoccum

64

shoot

less colony forming not assessed
units isolated from
leaves

greater lesions on
plant in a few cases
(an indirect UV-B
effect
mediated
through the plant)
Beta
vulgaris not assessed
(sugar beet)

Colletotrichum, G
Cladosporium
(anthracnose
and
scab
pathogens)
F
Puccinia
(leaf
rust
pathogen)

64

65

66

reduced plant height,
leaf area, dry weight
in a few cases

67

reduced dry weight of
leaf laminae and
other plant parts in
the presence of the
pathogen
reduced plant height,
leaf area, dry weight;
increased leaf mass
per area

68

little;
if
any,
reduction
in
dry
weight and seed yield

70

no response

71

no response

72

69

F

Betula pubescens
(mountain birch)

changes in fungal live plants received
community structure no treatments

73

Fb

Brassica napus
(oil seed rape)

direct and indirect increased flavonoids
effects on fungal
competitive ability

74
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Microbe genus

Type
of
expt.

Plant Species

Fungal response to Plant response to Study
UV-B
UV-B

a

reduced
fungal some transitory UV-B 75
colonization
of effect on mass loss of
decomposing leaves; decomposing litter
change in fungal
species composition
b
F
reduced
fungal altered leaf litter 76
Mucor,
Vaccinium
uliginosum
(a colonization
of quality
Truncatella,
heathland shrub)
decomposing leaves;
Penicillium
(saprotrophs)
change in fungal
species composition
a
C = controlled environment chamber, G = greenhouse, F = field UV-B supplement from la mps, E = field
UV-B exclusion.
b
All or some decomposition conducted in laboratory.
Cladosporium, F
Acremonium,
and
others
(saprotrophs)

Quercus robur
(pedunculate
oak)

Pathogens of insects and other animals may also be influenced by solar UV radiation. Studies
involving biological control of insect pests using pathogens provide some ind ication of how solar
UV may influence insect pathogens. For example, Braga et al.77, 78 showed that fungal strains of an
insect pathogen were sensitive to solar UV-B radiation and to lamp UV-B in a range corresponding
to that in sunlight. These particular fungi commonly used in biological control of insects such as
grasshoppers were isolated from soil fungi that would not normally be exposed to sunlight.
However, if strains isolated from locations at different latitudes were exposed to UV-B, their relative
UV-B sensitivity corresponded to the respective latitudinal differences in solar UV-B at their sites of
origin. Viral pathogens of insects are also inhibited by UV-B radiation79 Thus, as used for
biological control, attention to UV-B sensitivity is necessary and enhanced UV-B stemming from
ozone reduction would further limit their usefulness.

Global Environmental Changes
The changing environment we are now witnessing and will likely experience in the coming decades
involves both global climate change and broad regional changes. Both the predictability and the rate
of these environmental changes vary widely. Solar UV-B has increased at higher latitudes, and CO2
and temperature are continuing to increase globally. Regionally, nitrogen deposition and
tropospheric ozone have increased. Changes in regional precipitation frequency and weather systems
are driven by global climate change and are highly important, but less well understood and
predicted.
Thus, all the foregoing changes need to be considered as acting in concert with stratospheric ozone
reduction. Experimental work is progressing, usually with two- factor interactions, e.g., elevated
CO2 and UV-B. However, the complications and costs of two- or multi- factor experiments clearly
limit how representative and comprehensive such experiments can be.
Drawing on the existing experimental data base, we attempt to generalize how elevated UV-B might
interact with each of the other factors with respect to vegetation and ecosystem responses. For
example, some combinations of factors appear to have largely additive effects, although these can
operate in opposite directions. There can also be significant interactions, i.e., at different levels of
one factor there is a non-additive response to a second factor (synergistic). The following sections
contain such generalizations.

The Environmental Effects Assessment Panel Report for 2002

65

Terrestrial ecosystems, increased solar ultraviolet radiation and interactions with other climatic change factors

Elevated CO2 and UV-B
Several studies are now available in which plants, and sometimes combinations of plants and insect
herbivores, were subjected to combinations of two or more levels of CO2 and UV-B. Typically,
elevated CO2 treatments involved a doubling of CO2 and elevated UV-B treatments corresponded to
a simulated 15 to 30% ozone depletion (assuming the generalized plant spectrum10 as explained
earlier). Generally, if either elevated CO2 or UV-B exerted effects, the CO2 influence was more
pronounced than that of the enhanced UV-B. Also, the effects of elevated CO2 and enhanced UV-B
caused responses in opposite directions, e.g., additional CO2 stimulated plant growth and enhanced
UV-B tended to depress growth. 46, 69, 80-89 In all these studies, the effects of the two factors were
usually counteractive, as just described. Synergistic effects were rare.
Combined application of UV-B and elevated CO2 followed by short exposures to ozone, as would be
experienced from regional air pollution, resulted in interesting interactions. The stimulating effect of
elevated CO2 on plant growth was apparent when plants were exposed to ambient (normal) UV-B. If
given both elevated UV-B and high CO2 , the stimulating effect of the high CO2 was reduced. These
patterns are typical of the combined effects of elevated UV-B and high CO2. Application of a high
ozone exposure following growth in the combinations of UV-B and CO2 eliminated the stimulating
effect of high CO2 if the plants had been exposed to low UV-B, but did not if the plants had been
given elevated UV-B along with the elevated CO2 .86
Apart from plant growth and related processes like photosynthesis, the attractiveness of plant foliage
to insect herbivores may vary under a combination of elevated CO2 and enhanced UV-B. Lavola et
al.90 found that insects preferred plants grown with enhanced UV-B, contrary to the general trend
described above, and the combination of high CO2 and enhanced UV-B led to even further tendency
of the insects to consume foliage. In another study of this nature, enhanced UV-B either increased
or reduced herbivory, depending on the plant species, but if the enhanced UV-B were combined with
high CO2, or if the plants were given just high CO2 by itself, there was no effect on herbivory relative
to controls (low UV- B and normal CO2 ).46
UV-B, Water and Nitrogen Supply
Climate change will likely result in modifications in the timing and amount of precipitation on a
regional scale, although predicting these changes is difficult. Experiments to date largely suggest
that if enhanced UV-B is applied to plants undergoing drought stress, the UV-B response seen with
adequately watered plants is usually dampened (e.g. 91-93 ), at least where cultivated plants are
concerned. However, some species native to the Mediterranean seemed to thrive during periods of
water limitation if exposed to elevated UV-B.94
Atmospheric nitrogen (N) deposition in many regions leads to N fertilization of vegetation. Nitrogen
supply to vegetation has received relatively little attention in relation to UV-B radiation. One study
involving a combination of different levels of N supply and two levels of UV-B showed that as
cucumber plants received more N, their growth was depressed to a greater degree by elevated UVB.95 If N deficient, these plants were not responsive to UV-B in that study.
Warming and UV-B
The Earth is warming and this is especially apparent in many regions at higher latitudes. These are
also the latitudes where ozone depletion is more pronounced. Some responses to the combination of
these factors might be rather predictable, such as increased repair (an enzymatic process) of DNA
damage at higher temperatures. This has been experimentally demonstrated in terrestrial plants for
DNA damage (manifest as DNA dimers). There was little repair of DNA damage at low
temperatures and very adequate repair in a temperature range of 24 - 30°C.96, 97 The effectiveness of
DNA repair was low at relatively high temperature.97, 98
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Of course, temperatures that are above or below the optimum for a particular organism can limit
performance and, in the extreme, cause direct damage. Interactions among factors can occur such
that the limits of temperature tolerance are altered. A study on Subarctic heath species showed that
enhanced UV-B considerably increased the frost sensitivity in three of four species tested.99 In one
species, this meant that the lower temperature limit of frost tolerance for some plants was 5°C higher
than for plants not given elevated UV-B. Furthermore, elevated CO2 led to an increase in frost
sensitivity of these species and if both elevated CO2 and enhanced UV-B were applied, there was a
further increase in frost sensitivity. Thus, even with warming at high latitudes, the frost damage to
some of the plant species may be increased at higher CO2 and UV-B.99
When low temperatures are generally limiting growth or other processes, but not causing damage,
warming should render a benefit to growth, but the degree to which this interacts with different
levels of UV-B is not well understood. As appears to be the case with combinations of elevated CO2
and enhanced UV-B, the effects of warming and UV-B usually exhibit few synergistic effects, based
on the available experiments. This is the case for the response of Antarctic plants to combinations of
warming and UV-B manipulations.100, 101 However, at high temperatures, some synergistic effects of
enhanced UV-B and the elevated temperatures have been reported. In some tropical legumes,
enhanced UV-B reduced growth of the plants at moderate temperatures (20° to 30°C), but at 40°C,
chloroplasts in the leaves were modified and this masked UV-B depressions of growth (e.g., 102, 103).
Interaction of Global Climate Change Factors Across Trophic Levels
The interactions addressed above largely involve the effects of factor combinations on a single
trophic level, usually higher plants. However, environmental factors may also interact by affecting
different components of the same trophic chain (Figure 3-1). For example, plant- insect interactions
may be affected by the responses of both plants and insects to changes in UV-B, temperature, and
precipitation patterns. Enhanced UV-B can affect the qua lity of plant foliage as a food source for
insect herbivores and this has been shown in several studies (see earlier section). Of the climatic
change factors, insects themselves are primarily affected by temperature104 and changes in the
frequency and patterns of precipitation. 105 These factors may exert a direct influence on the insect,
and also indirect effects mediated through changes and seasonal timing of the vegetation. Thus,
factor interactions across trophic levels might involve warming, altering plant and insect seasonal
timing104 , and enhanced UV-B affecting the quality of plant tissue for insect consumption. The
micro-organisms that are responsible for decomposing dead plant and animal materials constitute
another trophic level. Warming may accelerate decomposition, given sufficient moisture, although
UV-B exposure of vegetation when alive can change the decomposability of the plant material after
senescence and death. 76 Furthermore, UV-B can also directly affect the microbes decomposing the
plant litter if they are exposed to sunlight.76, 106 Thus, climatic change factors may affect or operate
at different trophic levels, thereby complicating the analysis resulting from single trophic level
studies.
Climate change over a longer span of time will also affect the geographic distribution of vegetation
and animal populations.107 Migration of different species in response to warming can involve shifts
to higher latitudes and altitudes108-110 , which in turn would change their exposure to prevailing solar
UV-B in these new locations.

Concluding Remarks
This assessment emphasizes generalizations that can be made about the effects of enhanced UV-B
on terrestrial ecosystems and those of UV-B when interacting with other climatic factors. Clearly, as
with any generalization, exceptions are to be found and the generalizations necessarily involve
simplifications. Also, when moving from effects of UV radiation and other factors at single trophic
levels (such as higher plants) to whole-system function, numerous complications arise and
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experimentation becomes more difficult and costly. Nevertheless, progress is being made and we
feel the conclusions drawn here are realistic.
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Summary
Aquatic ecosystems are a key component of the Earth’s biosphere. A large number of studies
document substantial impact of solar UV radiation on individual species yet considerable
uncertainty remains with respect to assessing impacts on ecosystems. Several studies indicate that
the impact of increased UV radiation appears relatively low when considering overall ecosystem
response, while, in contrast, effects on individual species show considerable responses. Ecosystem
response to climate variability incorporates both synergistic and antagonistic processes with respect
to UV-related effects, significantly complicating understanding and prediction at the ecosystem
level. The impact of climate variability on UV-related effects often becomes manifest via indirect
effects such as reduction in sea ice, changes in water column bio-optical characteristics, changes in
cloud cover and shifts in oceanographic biogeochemical provinces.

Introduction
Life on Earth has developed in the absence of a stratospheric ozone layer with much higher UV
levels than today. 1-3 Surviving populations of organisms likely possessed efficient strategies and
physiological mechanisms to prevent and repair UV- induced damage 4, 5 including biosynthesis of
UV-absorbing substances, DNA repair mechanisms and enzymes that reduce photooxidative
stress.6, 7 It has been postulated that some of the first screening pigments such as scytonemin may
have evolved in cyanobacteria during the Precambrian and allowed colonization of exposed,
shallow-water and terrestrial habitats.8 However, protection is not perfect, and UV-B can cause
molecular damage to lipids, proteins and nucleic acids and it may exert indirect effects through
oxidative stress due to molecular reactions of UV-B with cellular targets.9
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Recent results continue to confirm the general consensus that solar UV negatively affects aquatic
organisms.10-13 Reductions in productivity, impaired reproduction and development and increased
mutation rate have been shown for phytoplankton, 14, 15 macroalgae,16, 17 fish eggs and larvae18, 19
zooplankton20 and primary and secondary consumers exposed to UV radiation. 21-23 Decreases in
biomass productivity due to enhanced UV-B are relayed through all levels of the intricate food web,
possibly resulting in reduced food production for humans,21 reduced sink capacity for atmospheric
carbon dioxide,24 as well as changes in species composition and ecosystem integrity. 25 However,
quantitative assessments of UV-related effects in natural waters are complex because species
respond differentially to increased solar radiation and other environmental stress factors. This, in
turn, affects physiological functions such as growth, reproduction and behavior26 and the
consequent population fitness and species interactions (Figure 4-1). Consequently, community
structure and trophic interaction will change with time and this ultimately will also alter
biogeochemical cycling. 27, 28
For many aquatic ecosystems, preozone depletion conditions are not
known; consequently effects caused
by ozone depletion are difficult to
evaluate.29 Impacts of environmental
factors are evaluated mostly on the
basis of specific species which
should be carefully selected for longterm monitoring of environmental
change.30 Species interactions and
ecosystem dynamics are more
difficult to evaluate, model and
predict.
Feedback
mechanisms
between
aquatic
ecosystems,
physical factors and atmospheric and
oceanic circulation have significant
impact on primary productivity and
ecosystem integrity, but are not well
understood and are difficult to
predict. Changing environmental Figure 4-1. Concept of the aquatic food web affected by ozone
conditions may have positive or depletion and climate change. PAR, photosynthetic active
radiation (400 – 700 nm); cDOM, colored dissolved organic
negative effects on populations and material
species responses, and interact either
positively or negatively with respect to UV-related changes,28, 31 thus confounding quantitative
assessment.32

Solar UV Radiation and Penetration in Aquatic Ecosystems
Incident solar UV radiation and the depth of penetration into the water column are key factors in
assessing the potential for damage to aquatic orga nisms. In addition to the Antarctic ozone hole,33
increasing ozone loss has been observed over the Arctic during spring and early summer months.34
Areas with reduced ozone concentrations 35 separate from the Arctic ozone hole and pass over
Northern and Mid Europe and sometimes even cross the European Alps,36 which increases the UV
stress due to gradual ozone loss over mid latitudes37 with clearly demonstrated trends of increasing
UV-B radiation. 38 Sabziparvar et al. 39 have developed a model to describe the global climatology of
the UV irradiation at the Earth’s surface to predict future UV trends on a global scale.
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Aquatic ecosystems differ tremendously in their transparency and thus the depth of solar UV
penetration. 40 Absorbing and scattering substances reduce the transparency of the water, especially
in eutrophic freshwater systems and coastal areas of the oceans,41, 42 while UV penetrates to greater
depths in clear oceanic waters. Often there is a pronounced variability and seasonal changes in the
transparency. 43, 44 In addition to inorganic particulate matter, dissolved and particulate organic
carbon (DOC and POC) and various humic substances contribute considerably to the attenuation of
short wavelength radiation. 45 DOC is only slowly degraded in the water column but is broken down
by solar UV to smaller subunits,46 which can be taken up by bacterioplankton, which consequently
increases the transparency of the water column leading to a deeper penetration of solar UV. 47 As a
consequence, the concentration of DOC and the mechanisms that influence its abundance will have
an important impact on the penetration of UV and the subsequent UV-related effects.48 Another
consequence is a shift from autotrophic (photosynthetic) to heterotrophic (consumers) organisms
under UV stress. 49 Penetration of solar UV into the water column can be measured with a number
of instruments.50 Recently, the attenuation of biologically effective UV radiation has been measured
using biochemical dosimeters based on the formation of cyclobutane dimers in isolated DNA or on
the behavior of microorganisms.51, 52 The impact of solar UV is modified by the depth and rate of
the mixing layer.53
Bacterioplankton and Picoplankton
Bacterioplankton and picoplankton are major constituents in the production and recycling of energy
and nutrients within aquatic ecosystems. Disrupting the function of these critical components would
have far-reaching impacts on organisms, including humans, many of which depend on aquatic
ecosystems for their food supply.
Bacteria and small planktonic organisms (nano- and picoplankton) usually are too small to
effectively protect themselves against solar UV by absorbing substances since there is an upper
limit of the concentration of these substances due to osmotic effects. These populations overcome
the stress of solar UV (as well as predation and other adverse effects) by fast cell division and
growth. In clear oceanic waters with high UV penetration, bacterioplankton are affected in the top
layers of the water column. Growth and survival are impaired, and the activity of enzymes is
inhibited. Solar UV damages the DNA mainly through the formation of pyrimidine dimers54 which
may cause mutagenesis and cell death. 55 As long as the repair mechanisms keep up with the
damage,56 the population is not at stake; it is only when the dimers accumulate under strong
ambient radiation, that the population will decrease.
Solar and artificial UV radiations was found to have little effect on the composition of coastal
marine bacterioplankton communities in the North Sea.57 DNA showed only minor changes under
the different radiation regimes. Some of the species were more sensitive than others, but only about
10 % of the species appeared to be affected by UV radiation. The resistance of bacterioplankton to
solar UV in these coastal areas is due to high turbidity and indicates the presence of an efficient
DNA repair system, which has made bacterial evolution possible.58
Cyanobacteria
Cyanobacteria have a cosmopolitan distribution in both aquatic and terrestrial ecosystems ranging
from hot springs to the Antarctic and Arctic regions. The significant role of these N2 -fixing
microorganisms in improving the fertility of rice paddy fields and other soils is well documented.59
Cyanobacteria are also prominent constituents of marine ecosystems and account for a significant
percentage of oceanic primary productivity.
UV-B radiation is known to impair motility and photoorientation60 and to affect a number of other
physiological and biochemical processes in cyanobacteria,21, 61 resulting in reduced overall
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productivity, germination and differentiation. 62 Photosynthetic pigments can be bleached by UV-B
and the structure of the light harvesting complexes is affected resulting in impaired
photosynthesis.63
Proteins and DNA are the main targets of UV-B.64 Enzymes of nitrogen metabolism show
differential sensitivity towards UV-B. In contrast to the inhibition of nitrogenase and glutamine
synthetase activity, there was an induction in nitrate reductase activity by artificial UV-B.62 The
primary photosynthetic reactions and CO2 uptake are affected by UV-B.65 Synechococcus resists
UV-B by rapidly exchanging alternate protein forms in the photosynthetic apparatus. This
molecular plasticity may be an important element in community- level responses to UV-B, where
susceptibility to UV-B inhibition of photosynthesis changes diurnally.66 However, photosynthesis
may be reactivated by UV-A/blue light exposure.67
Cyanobacteria have developed protective strategies to counteract the damaging effects of UV-B.
These include (a) production of photoprotective compounds such as mycosporine- like amino acids
(MAAs) and scytonemin,68, 69 (b) escape from UV radiation by migration into habitats with reduced
light exposure,21 (c) production of quenching agents such as carotenoids70 and superoxide
dismutase,71 (d) repair mechanisms such as photoreactivation and light- independent nucleotide
excision repair of DNA72 and (e) activity of a number of antioxidant enzymes.73 UV-B induces
synthesis of MAAs in a number of cyanobacteria.74 A polychromatic action spectrum for the
induction of MAAs in Anabaena sp. shows a single prominent peak at 290 nm.75 In addition to
having photo-protective functions, MAAs also play an important role as osmotic regulators and
antifreeze compounds.76 Other UV-A-absorbing compounds were found to be induced by UV-A.77
A database on photoprotective compounds in cyanobacteria and algae78 is available
(www.biologie.uni-erlangen.de/botanik1/index.html).
Cyanobacteria form large mat communities in e.g. Antarctica. A Leptolyngbya mat showed
significant photochemical inhibition under supplemental UV-B, while inhibition was less prominent
in a Phormidium mat.79 The latter contained 25 times the concentration of UV protecting MAAs
and double the concentration of carotenoids compared to the Leptolyngbya mat showing the
ameliorating action of screening pigments. Rai and coworkers80 studied the interactive effects of
UV-B and heavy metal pollution on nitrogen-fixing cyanobacteria and found synergistic effects of
the two stress factors.
Phytoplankton
Phytoplankton are by far the major biomass producers in the oceans and thus represent the base of
the food web. Their productivity matches that of all terrestrial ecosystems taken together.81 A large
number of recent studies indicate a considerable sensitivity to solar ambient UV of phytoplankton
communities distributed from polar to tropical habitats.82, 83 Satellite studies over the last decade
indicate a significant global decrease in phytoplankton. 84 The reasons for this are not known, but the
authors suggest increased stratification. Solar UV impairs photosynthesis, bleaches photosynthetic
pigments, nitrogen metabolism and induces DNA damage.85, 86 However there are efficient
protection and repair mechanisms in these organisms, including the xanthophyll cycle in
photosynthesis, screening pigment production, synthesis of antioxidants and DNA repair.87-89 While
the effectiveness of screening pigments was postulated but not demonstrated in the past, recent
experiments showed that vital physiological functions were protected by the presence of MAAs.90
Large-scale quantification and assessment of phytoplankton photochemical characteristics can be
determined by pigment analysis 91 or by airborne monitoring using laser pump-and-probe
techniques.92 Systematic monitoring revealed strong daytime declines in photosynthetic quantum
yield under ambient light in the near-surface water layer over large aquatic areas.
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Blooms of diatoms or Phaeocystis are common during Austral spring. Phaeocystis has a high UV
absorption, but there can be a 10- fold variability in the screening pigment to chlorophyll ratio. Its
sensitivity to UV is not clear: several experimental approaches have suggested that it is more
sensitive to UV than diatoms, which have a significantly lower UV absorption. 93 In contrast, other
studies show changes in species composition favoring Phaeocystis.94 Colonial Phaeocystis
antarctica produce a number of MAAs which strongly absorb in the UV. 95
The repair mechanism of the photosynthetic apparatus was studied in UV-B sensitive and tolerant
species of several alga groups.96 Application of an inhibitor of chloroplast protein synthesis
aggravated the UV-B induced inhibition of photosynthesis in UV-B tolerant species while it did not
in the sensitive species. Thus, UV-B tolerance of photosynthesis is associated with recovery
capacity and repair. Phytoplankton are also affected by changing ambient CO2 concentrations.
However, they can acclimate to a wide range of CO2 concentrations.97 It should be mentioned that
many results are based on short-term studies (days). This is quite appropriate, since the organisms
have short generation times on the order of hours or days. However, genetic adaptation to increased
UV stress is expected to occur on much longer time scales.
Models have been developed to predict the productivity of phytoplankton communities98 taking into
account the variability in exposure and differences in sensitivity. Another model evaluates the role
of 3D currents, vertical mixing and turbulence on the growth and dispersion of marine
phytoplankton. 99
Studies in Patagonia (Argentina), which is occasionally under the influence of the Antarctic ozone
hole, showed that photosynthetic inhibition in phytoplankton varies considerably between different
environments and it depends on the optical depth of the water column. The contributions to
decreased photosynthesis of UV-A and UV-B were approximately equal and maximum inhibition
was about 35 % at the surface.100 Freshwater phytoplankton seem to be more inhibited by solar UV
than marine phytoplankton. There was also significant DNA damage (cyclobutane pyrimidine
dimers, CPD), which was higher than in tropical seawater.101 However, in evaluating the impact of
solar UV it is necessary to monitor other variables such as changes in cloud cover, species
composition including cell size distribution, and depth of the mixed layer.
The importance of cloudiness has been shown by an analysis of solar irradiance measurements from
Ushuaia (Argentina) and Palmer (Antarctica). Calculations showed that the biologically effective
daily UV doses changed to a larger degree due changing cloud cover tha n with ozone depletion. 102
Sensitivity to natural UV radiation varies considerably between dominant phytoplankton species as
shown in three Arctic lakes.103 Growth of small chlorophytes, diatoms and cyanobacteria was
impaired mainly by short wavelength UV while the larger colony forming species were stimulated.
Since the latter species are not preferred food for daphnia they dominated in the end of the
experiment.
Macroalgae and Seagrasses
Macroalgae and seagrasses are important biomass producers along the coastlines and on the
continental shelves. They are exploited commercially on a large scale and form habitats for larval
stages of fish, shrimp, crustaceans and other ecologically and economically important animals. Both
short- and long-tem exposure to solar radiation inhibits growth in adult stages of several species of
macroalgae.104 Photosynthesis is seriously impaired in red, brown and green algae105-107 resulting in
reduced oxygen production. 108 Susceptibility of marine macroalgae to UV is highly variable among
species which results in a specific depth distribution of species.109 Deep-water species are generally
more sensitive to UV radiation than intertidal species.110 This can be easily demonstrated by
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transplantation experiments of algae from deep to shallow waters.111 Eulittoral and upper sublittoral
species generally tolerate or acclimate to UV. 112
In King George Island, Antarctica, biomass productivity and species diversity decreased at 20 m,
probably due to limited light conditions.113 Also in the Arctic fjords primary productivity of
seaweeds is strongly affected by the availability of solar radiation. 114 Even though the downwelling
solar UV-B radiation never exceeded 0.27 W m-2 , UV radiation deeply penetrated into the water
column and affected primary productivity to a depth of 5-6 m. The harmful effects were
ameliorated during summer following the influx of turbid fresh water from snow and glacier ice
into the fjord water, increasing the light attenuation in the top water layer.
Many macroalgae produce one or several UV absorbing substances.115 Most MAA-producing
species belong to the red algae, followed by brown algae, and only a few green algae produce
MAAs.78 Three different types of protection by UV screening pigments have been found: one group
(sublittoral algae not likely to be exposed to higher doses of solar UV) does not synthesize UV
absorbing pigments at all; another group produces high amounts of MAAs, but cannot be further
induced by exposure to any radiation. 78 This group includes supralittoral species with high natural
exposure to solar UV. In the third group, MAA production can be induced by solar radiation.
MAAs are very stable compounds and are not easily modified by heat, UV or extreme pH. 116, 117 A
polychromatic action spectrum was determined for the induction of MAAs in the chlorophyte
Prasiola stipitata showing a clear maximum at 300 nm.118 In contrast, in the red alga Chondrus
crispus blue light and UV-A radiation control the synthesis of MAAs, but the induction by UV was
not investigated.119 While most algae use MAAs, a few produce different types of UV-absorbing
compounds.120
Young developmental stages of algae (zoospores, gametes, zygotes and young germlings) are
extremely susceptible to UV radiation stress:121 Mortality of zoospores of kelp species from
southern Spain was induced by UV radiation (more by UV-B than by UV-A).122 In kelp zoospores
there is loss of viability, cellular disintegration and impairment of motility and phototaxis.123 DNA
damage (pyrimidine dimers) increased linearly with UV-B dose.122 Zoospores of the shallow water
species Chordaria flagelliformis need higher UV doses than the mid-sublittoral species Laminaria
saccharina to suffer mortality. 122 Polarity formation, mitosis and cytokinesis during development of
brown algae zygotes are affected.
The green alga Chara is regarded as a link to higher plants, which makes it interesting for research
on UV-related responses. Under elevated UV-B there was an increased vegetative reproduction
while generative reproduction was suppressed. UV-B did not induce the synthesis of protective
pigments in this alga.124
Zooplankton
Zooplankton are primary consumers in the aquatic food web, providing a vital link to populations,
including humans, that depend upon aquatic ecosystems for their food supply. In earlier research
the vertical migration of zooplankton into lower and darker water layers was explained by the
avoidance of visually oriented predators (e.g., fish). Today UV exposure is assumed to be a
contributing, hazardous factor.125
The sensitivity of zooplankton to UV radiation was tested for several species of Daphnia that
differed in their pigmentation. 126 Both melanin and carotenoid pigments protect these organisms
from UV. Under UV, all Daphnia species moved deeper into the water, but the extent of the
response was inversely correlated with the pigmentation - the lighter pigmented species migrating
deeper into the water column.127 In another experiment Daphnia was found to migrate away from
the surface at midday and in late afternoon, while animals in UV shielded controls remained closer
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to the surface. However, the vertical swimming behavior itself, as well as their phototactic
orientation, is impaired by exposure to full spectrum solar radiation. 128, 129
Large variability was found in the concentration of the photoprotective compounds, MAAs, among
zooplankton from lakes located along an elevation gradient.130 The concentration of these
photoprotective compounds was inversely related to the attenuation coefficient of the water and in
the lakes. MAAs, together with other photoprotective compounds, play a major role in minimizing
the damaging effects of solar UV radiation in zooplankton from transparent lakes. UV-B is a major
stress factor for zooplankton, particularly in high mountain lakes, which have high transparency,
especially above the tree line.40
The copepod Calanus is a key component in
marine zooplankton communities in the Gulf of St.
Lawrence (Figure 4-2). Eggs are released in spring
and summer in shallow water and incubate for 1 –
3 days. At current levels, UV radiation has a
negative impact on eggs residing in the first few
meters of the water column.131 Again, variability
in cloud cover, water transparency and vertical
distribution may have a greater effect on UV-B
exposure than ozone depletion. Kuhn and
coworkers132 have modeled the UV induced
mortality in the early life stages of Calanus
finmarchicus. The lowest modeled daily
survival was 59% under ambient ozone and
under simulated 50% ozone loss.

Figure 4-2. Photograph of the fifth copepodite of
Calanus marshallae Frost. (Photo by Jaime GomezGutiérrez).

49%

The copepod Diaptomus showed no
increased mortality during food shortage when incubated at 0.5 m in a clear-water lake, but foodreplete animals did. These results show that UV tolerance is not affected by short-term lack of
energy or nutrients. Under artificial UV the animals showed high mortality, which could not be
improved by feeding. 133
Usually organisms tolerate damaging UV better if they are exposed to low irradiances for a longer
time (in the presence of UV-A or visible light) than to high irradia nces for a short time (indicating
the lack of reciprocity), because their photorepair system keeps up with the damage.134 However, in
some strains there is reciprocity, due to a lack of photorepair. In Asplancha and Daphnia the
offspring died if no photorepair- inducing radiation was provided.
Secondary Consumers
Although humans use about 8% of the productivity of the oceans, that fraction increases to more
than 25% for upwelling areas and to 35% for temperate continental shelf systems. For about onesixth of the world’s population (primarily developing nations), the oceans provide more than onethird of their animal protein. Many of the fisheries that depend upon the oceanic primary
productivity are unsustainable. Although the primary causes for a decline in fish populations are
predation and poor food supply for larvae, overfishing of adults, increased water temperature and
pollution and disease; exposure to increased UV-B radiation may also contribute to that decline.
The eggs and larvae of many fish are sensitive to UV-B exposure. However, imprecisely defined
habitat characteristics and the unknown effect of small increases in UV-B exposure on the naturally
high mortality rates of fish larvae are major barriers to a more accurate assessment of ozone
depletion on marine fish populations.
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In the Gulf of Maine, UV-A penetrates to 23 m and UV-B to 7-12 m where the embryos and larvae
of the Atlantic cod develop. Exposure to UV equivalent to 10 m depth resulted in a significant
mortality of developing embryos and a significant decrease in length of larvae.135 These irradiances
occur in many temperate latitudes where these ecologically and commercially important fish spawn.
After exposure to solar UV larvae had lower concentrations of UV absorbing compounds and
greater DNA damage. However, they had higher activities of the antioxidant superoxide dismutase
and transcriptional activator p53. p53 is expressed in response to DNA damage and can result in
cellular growth arrest during the cell cycle or to programmed cell death (apoptosis). Cellular death
caused by apoptosis is the most likely cause of mortality in embryos and larvae in these
experiments, while the smaller size at hatching in those larvae that survived is caused by permanent
cellular arrest in response to DNA damage.
In another experiment, the effect of UV on the success of early life history stages of bluegills was
tested for fish from two lakes with different underwater UV environment. Survival was as low as
20% at 0.1 m, but higher at 1 m depth. Embryos responded similarly to UV exposure regardless of
the lake of origin. UV-B is an important factor in the success of early life history stages especially
in high transparency lakes. Bluegills constructed their nests deeper in a lake with high UV
transparency than in a less transparent lake.136
Fingerling channel catfish were found to be quite sensitive to solar UV-B.137 After a 24-h exposure,
thinning of the dorsal epidermis was observed accompanied by edema and sunburn cells. After 48-h
exposure, cell death and sloughing of the outer epidermal layer were widespread.
The impact of UV on Atlantic cod eggs and larvae was studied in the estuary and Gulf of St.
Lawrence22 in comparison with the ambient levels of UV radiation and penetration in this subarctic
marine ecosystem. Exposure to UV-B produced a significant negative effect; however, these direct
effects are likely to be minimal within the context of all the other environmental factors that
produce the very high levels of mortality typically observed in the ir planktonic early life stages.
Also in the Gulf of St. Lawrence, certain larval stages of the American lobster spend the daylight
hours in the top two meters of the water column throughout the breeding season. Lobster larvae
may therefore be exposed to heavy doses of UV radiation; yet larvae exposed to radiation had a
mortality rate comparable to that of protected larvae.138 This outcome suggests that lobster larvae
are tolerant to UV radiation. A combination of adaptations to planktonic life near the surface, such
as production of light-blocking pigments and other effective mechanisms, may account for the
relative resistance of lobster larvae to UV radiation.
There is quantitative evidence for global amphibian population declines.139 One extensive study
was based on large-scale temporal and spatial variations in amphibian population trends from 936
populations in North America and Western Europe.140 On a global scale, the data indicate rapid
declines from the late 1950s to the late 1960s with subsequent slower declines. These declines have
complex causes, including pathogen outbreaks, interannual variability in precipitation, climateinduced changes and possibly UV-B exposure.141 Climate- induced reductions in water depth at sites
where eggs are laid have caused high mortality of embryos due to increased exposure to solar UV-B
radiation and subsequent vulnerability to infection. Precipitation is strongly linked to El Niño
events underscoring the role of large-scale climatic patterns. Elevated surface temperatures affect
the climate over much of the world and if warming continues this could be responsible for future
pathogen-mediated amphibian declines in many regions. While a number of studies have not found
evidence for negative effects of UV radiation on amphibian early embryonic development,142
sublethal effects that can manifest themselves at later developmental stages can occur.143 In
addition, another study on frogs did not find clear evidence for reduced hatchability or increased
frequency of developmental anomalies of embryos exposed to ambient UV-B.144 However,
hatchling size was significantly larger when UV-B was blocked, indicating that solar UV-B has a
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negative effect on early hatchling growth. In yet another study, enhanced UV-B was found to
induce high mortality and damage to the skin and ocular system of two other species of tadpoles.145
After 1 month of hatching only 3-18% survived under enhanced UV-B as compared to 52-55% at
ambient radiation and 44-65 % in the controls. A series of careful studies tried to assess the risk of
solar ultraviolet radiation to the northern leopard frog (Rana pipiens) in 26 North American
wetlands.146, 147 Full sunlight caused approximately 50 % mortality of the frogs during early larval
development and about 97 % hind limb malformations. 146 Filtering the UV-B wavelengths out
almost completely eliminated the effects. The difficulty arises when one tries to evaluate the
radiation doses perceived by the organisms in their natural habitat. This depends on shading, the
attenuation in the water column and the behavior of the animals.147 On the basis of radiation
monitoring over the year and behavioral observations, the authors conclude that estimated UV-B
doses never exceeded detrimental levels in 21 of the 26 wetlands in Minnesota and Wisconsin. 147
However, continued reduction of ozone and other climate change effects may increase UV doses
above the damage threshold.
The catastrophic declines in corals and sea urchins on a global scale are only partially offset by
some local recoveries.148, 149 Multiple factors seem to be responsible for these declines, including
rising temperatures, pollution and other anthropogenic causes. While protection by UV absorbing
pigments has been proven for many species,150 a primary effect of increased solar radiation on
survival and growth is still uncertain.

Ecosystems
All ecosystems are affected by gradual changes in important environmental factors including
climate, nutrient loading, habitat fragmentation or biotic exploitation. 151 In addition, ecosystems are
now being subjected to relatively rapid anthropogenic climate and UV-related changes which may
lead to large shifts in the system. 148 Also, it is at the ecosystem level where assessment of
anthropogenic climate change and UV-related effects are confounded and where there is the
potential for both synergistic and antagonistic effects. Recent studies have shown that these changes
may lead to loss of ecosystem resilience that often drives the system into a different structure. This
is particularly important when strategies for sustainable management of ecosystems are developed.
The seasonal timing of anthropogenic changes is critical. For example, in the Arctic and the
Antarctic ecosystems as well as many temperate freshwater biotopes the onset of spring
phytoplankton blooms and spawning in invertebrates as well as vertebrates coincides with ozone
depletion as well as shifts in several climate-related parameters. Ozone monitoring and groundbased measurements show a clear downward trend of stratospheric ozone, with attendant increases
in UV-B, over both polar regions.
Freshwater Ecosystems
Olesen and Maberly152 have measured oxygen production in natural phytoplankton populations from
a freshwater lake in situ at mid-summer. They show that fluxes of PAR, UV-A and UV-B
accounted for 81 % of the variation in gross photosynthesis and that UV-A was more inhibitory
than UV-B radiation. In another study the impact of UV-B on food qua lity in four western boreal
toad breeding ponds was carried out.153 These workers found that ambient solar UV-B exposure
decreased protein concentration, shifted the community composition of algae and reduced the food
quality within the ponds.
Williamson and co-workers have shown that in order to evaluate anthropogenic impacts on lakes a
variety of parameters need to be assessed. These parameters should include acid precipitation,
heavy metal and toxic organic contaminants, and the concentration of cDOC (colored dissolved
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organic carbon), in addition to increased UV radiation and changes due to global warming.154
Further, the anthropogenic acidification often causes changes in zooplankton community structure,
which in turn also affects zooplanktivorous predators.155
The Antarctic Aquatic Ecosystem
An assessment of UV-B effects for polar aquatic ecosystems is complex and requires consideration
of the ecosystem as a whole (Figure 4-3). In particular, climate variability has been shown to have
important synergistic influences on UV-B. Because of being close to freezing temperatures, polar
ecosystems are particularly sensitive to change because the freeze/thaw boundary applies critical
limits to subsequent environmental responses including: air and water temperature, the timing,
extent and duration of ice and snow cover, changes in the surface albedo, changes in water column
cDOM concentrations and the level of solar radiation and its penetration depth. Such changes,
driven by climate variability, may be more important for UV-B exposure levels and spectral balance
between UV-B and PAR than ozone depletion. In addition, the known increases in UV-B from
reduction of stratospheric ozone may be augmented or reduced by changes in cloud cover related to
climate variability. A summary of nearly a decade of ship and satellite observations along the
western Antarctic Peninsula showed a very large (nearly an order of magnitude) interannual
variability both spatially and temporally.156 From the perspective to trying to understand the
possible influence of a multitude of environmental factors, such as ozone-related enhanced UV-B,
cloud cover and sea ice season, this large interannual variability makes it difficult do attribute cause
and effect.
Recent work confirms changes in UV effects consistent with the physiological effects of
temperature, both directly on photosynthesis as well as indirectly through the enzymes involved in
repair of UV damage.98 These authors concluded that changes in temperature can have strong
effects on UV sensitivity, and point out the importance of repair processes. Thus, ecological
response to climate variability with attendant indirect UV-related effects may mask direct ozonerelated UV effects.
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Figure 4-3. Antarctic ecosystem with research vessel Tangaroa, New Zealand, in the background.

While the ecological significance of enhanced ozone-related UV radiation continues to be debated,
the ecological response to a statistically significant warming trend in the western Antarctic
Peninsula region over the past half century, with corresponding reduction in sea ice extent, has been
demonstrated for several trophic levels.157, 158 It is well documented that changes in underwater UV
exposure have the capacity to directly affect the species composition of aquatic biota at various
trophic levels and to cause effects that may cascade throughout the trophic structure.159 It is also
clear that this complex combination of direct and indirect effects will result in future changes in
aquatic ecosystem structure. However, the individual contribution of climate variability and ozonerelated increases in UV radiation are extremely difficult to untangle and/or predict.
Marine plankton can be used as sensitive indicators of UV-B fluctuations at the Earth’s surface.
Significant UV-B penetration occurs to 20 – 30 m.160 A first report indicated a close correlation
between DNA damage and UV-B irradiance in Antarctica.161 DNA dosimeters were 2 – 4 times
more sensitive than small phytoplankton indicating that photoprotective and DNA repair
mechanisms reduce DNA damage in bacterioplankton and phytoplankton. However, phytoplankton
had higher DNA damage levels after daily exposure than bacterioplankton. This is in contrast to the
findings by Jeffrey et al. in the Gulf of Mexico.162 This could indicate a more efficient photorepair
in bacteria, depending on temperature.
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The Arctic Aquatic Ecosystem
Ozone monitoring and ground-based measurement s show a clear downward trend of total column
ozone of -6.1 % per decade for April and -3 % per decade for June (1979-1999); however, there is
large variability. 163 Calculations using a multiple scattering radiation transfer model for the period
from 1979 to 1999 predict increases in ground-based UV of 8 % per decade (April); however, high
surface albedo and cloud cover may strongly affect the UV level.
Aas and co-workers have characterized the attenuation of solar radiation both in Atlantic and
coastal waters of the Barents Sea and Nordic Seas.164 They have documented both the spatial and
seasonal variability of water transparency and the attenuation of UV radiation for these waters.
Available data suggest that Arctic marine phytoplankton populations may be more sensitive to solar
UV radiation than their Antarctic counterparts;165 however, the role of long term acclimation
processes is not clear. In both areas there was a shift in species composition to diatom-dominated
assemblages, which are capable of synthesizing UV screening compounds. Available results
indicate that currently measured UV levels do not seriously affect macroalgal communities in high
Arctic coastal ecosystems. While growth and photosynthesis are affected by solar UV-B, all species
studied so far have sufficient acclimation potential to cope with moderately increased UV levels.166
Sea ice and snow are highly scattering and absorbing and therefore their presence or absence has a
very large influence on the penetration of UV radiation. Perovich has measured the spectral
transmittance of snow and sea ice.167 He shows, for example, that 10 cm of snow reduces UV-B
transmittance by about a factor of 40, which protects the biota from UV but which allows a
substantial amount of visible radiation to penetrate. The potential risk is that there is a large step-up
in UV impact on non-adapted organisms when the ice melts. UV albedos can range from above 0.9
for fresh snow to 0.7 for ice and 0.2 for ice with melted surface areas (ponded ice).
Due to the extreme climatic conditions in combination with anthropogenic contamination, increased
solar UV-B may have a considerable impact on freshwater ecosystems.168 Most Arctic freshwater
ecosystems are characterized by low nutrient concentration, low temperature - and consequently
low productivity and low DOC - making them particularly vulnerable to UV stress. These
characteristics are also found in high alpine lakes.169 Changes in underwater UV exposure directly
affect species composition of the biota at each trophic level. The abundance of cyanobacteria in
microbial mats indicates their efficient defense mechanisms including absorbing pigments and
vertical migration. 170 In the future the largest changes in UV exposure in the Arctic may be
associated with changes in water quality and vegetation linked with climate change, and there is
evidence of substantial warming over the last 30 years in some regions of the Arctic.171 In addition,
this warming has lead to a statistically significant reduction in the temporal period of ice cover in
many circumarctic lakes which results in increasing periods of UV exposure in the water column.172
Changes in UV exposure may influence not only species composition but also cause a shift in the
balance between benthic and pelagic primary production as has been shown by paleo-optical studies
of subarctic lakes during the Holocene.173
The zooplankton food chains are rather simple with only few species dominated by melanic
(pigmented) morphs of Daphnia species.174 While a number of potential effects can be deduced
from laboratory and field studies, well founded conclusions on UV-induced community effects are
premature at this stage. Synergistic effects of UV and other stress factors as well as lack of food due
to low primary productivity or change in food quality under increased UV radiation may make
zooplankton more vulnerable.175
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Interactions Between UV-B Increases and Other Environmental Factors
In addition to higher levels of solar UV-B radiation, aquatic ecosystems are confronted with other
environmental stress factors including increased nutrient input, pollution, acidification and global
climate change. In turn, climate change will result in water temperature and sea level change; shifts
in the timing and extent of sea ice cover; changes in salinity and altered stratification of the water
column, wave climate and ocean circulation; and these effects will be linked by feedback
mechanisms which are not yet completely understood.176 These complex changes are likely to have
significant impacts, that will vary both spatially and temporally, including biological production
(including human marine resources) as well as changes in the global hydrological cycle, vertical
mixing and efficiency of CO2 uptake by the ocean. Ozone-related increases in UV-B are an
important additional ecological stress that will have both positive and negative impacts in
association with the other factors.
Several recent reviews have tackled the interaction between climate change and ozone depletion. 174,
177-179
Ozone depletion has occurred only during the last few decades,180 exceeding 50 % of the preozone hole concentrations at some locations. Because of the strict control measures imposed, the
concentrations of ozone depleting substances will decrease during the next decades.181 However,
increasing CO2 concentrations will result in warming of the troposphere and simultaneous cooling
of the stratosphere, which favors further ozone destruction. 182, 183 One of the possible feedback
mechanisms is changes in cloud cover and increased rainfall, but this is not well understood.
Direct monitoring of the ambient and yearly average temperatures are restricted to about 120 years
in Europe and much less in other parts of the world,184-186 although information on past
temperatures can be extracted from ice core and sediment records.187 Non-anthropogenic changes of
ambient temperature fluctuated over millennia, while the recent global climate change has occurred
on the order of a few decades. Expected and already measured temperature changes are not uniform
over the surface of the earth. While on the Antarctic Peninsula a decrease in sea ice was observed
over the last two decades,188 increases in ice cover were monitored over most of the Antarctic
continent.189 Temperature change s significantly affect carbon assimilation, and even small changes
could alter species competition, timing of reproduction and hatching success.190-192
Changing temperatures can lead to sea ice variability, altered nutrient cycling, food availability and
trophic interactions.32 Melting of sea ice, with relatively fresh water, provides water column
stability, thus enhancing springtime phytoplankton blooms. Recent work has shown that glacial
melt water (enhanced due to the past century’s warming trend in the Antarctic peninsula) is
associated with enhanced productivity, extending over 100 km offshore. 193 Field experiments have
shown that higher temperatures increase colonization by cyanobacteria and increase arthropod
populations. Changes in species composition and expansions of macroalgae populations have been
reported in response to local temperature increases.194 Changes in ice cover will modify gas and
heat exchange between the ocean and the atmosphere,195, 196 and incident light and UV penetration
into the water column will be affected. Consequently carbon fluxes and photosynthesis of
phytoplankton and ice communities will be affected.29 Thus, changing temperatures affect primary
consumers as well as secondary consumers, trophic dynamics and biogeochemical cycling.197-200
There are major feedback loops between climate change and other environmental variables and
primary productivity. The primary producers are responsible for large uptake of atmospheric CO2,
part of which is sunk into the marine sediments as oceanic snow. Because of physiological
differences in the substrate affinity of the CO2 fixing enzymes in different organisms changes in the
partial pressure will alter autotroph diversity. 201 With phytoplankton productivity being affected by
climate change, this will simultaneously modify the degree of climate change.199, 202-204 Increasing
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temperatures enhance rainfall and melting of glaciers and ice shelves augmenting the runoff of melt
water and stabilizing the stratification of the water column, which in turn increases the
sedimentation of particulate organic matter. Pronounced stratification decreases nutrient
concentrations of coastal waters and increases UV-B exposure of phytoplankton. 205, 206

Conclusions and Consequences
All ecosystems are likely to be affected by gradual changes in important environmental factors,
including climate, nutrient loading, habitat fragmentation or biotic exploitation. As with other
environmental stress factors, UV-B elicits species-specific responses with a high degree of
intraspecies variation. Potential consequences of enhanced levels of exposure to UV-B radiation,
demonstrated in recent experiments, include loss of biomass, including food sources for humans;
changes in species composition; decrease in availability of nitrogen and other nutrients; and
reduced uptake capacity for atmospheric carbon dioxide, resulting in the potential augmentation of
global warming. Temperature changes in Antarctica can, for example, significantly affect carbon
assimilation, and even small changes could alter species competition, timing of reproduction, and
hatching success. Changing temperatures also have indirect effects, such as changes in sea ice
variability, and altered nutrient cycling and food availability within the food web. In addition, there
is emerging evidence that global warming and acid precipitation may allow increased penetration of
UV-B and UV-A radiation into aquatic environments, predominantly through decreases in
attenuation of radiation by dissolved organic carbon. Although there is significant evidence that
increased UV-B exposure is harmful to aquatic organisms, damage at the whole ecosystem level is
still uncertain. In the Arctic, however, while growth and photosynthesis are affected by solar UV-B,
all species stud ied so far have sufficient acclimation potential to cope with moderately increased
UV levels. One of the most important concepts for assessing the impacts of enhanced levels of UVB exposure on aquatic ecosystems is that complex rather than simple responses are likely to be the
rule. Responses will not be limited to simple decreases in primary production. In fact, shifts in
community structure may initially be more common and result in small, yet detectable differences
in ecosystem biomass.
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Summary
The effects of ozone depletion on global biogeochemical cycles, via increased UV-B radiation at
the Earth’s surface, have continued to be documented over the past 4 years. In this report we also
document various effects of UV-B that interact with global climate change because the detailed
interactions between ozone depletion and climate change are central to the prediction and
evaluation of future Earth environmental conditions.
There is increasing evidence that elevated UV-B has significant effects on the terrestrial biosphere
with important implications for the cycling of carbon, nitrogen and other elements. Increased UV
has been shown to induce carbon monoxide production from dead plant matter in terrestrial
ecosystems, nitrogen oxide production from Arctic and Antarctic snowpacks, and halogenated
substances from several terrestrial ecosystems. New studies on UV effects on the decomposition of
dead leaf material confirm that these effects are complex and species-specific. Decomposition can
be retarded, accelerated or remain unchanged. It has been difficult to relate effects of UV on
decomposition rates to leaf litter chemistry, as this is very variable. However, new evidence shows
UV effects on some fungi, bacterial communities and soil fauna that could play roles in
decomposition and nutrient cycling. An important new result is that not only is nitrogen cycling in
soils perturbed significantly by increased UV-B, but that these effects persist for over a decade.
As nitrogen cycling is temperature dependent, this finding clearly links the impacts of ozone
depletion to the ability of plants to use nitrogen in a warming global environment. There are many
other potential interactions between UV and climate change impacts on terrestrial biogeochemical
cycles that remain to be quantified.
There is also new evidence that UV-B strongly influences aquatic carbon, nitrogen, sulfur, and
metals cycling that affect a wide range of life processes. UV-B accelerates the decomposition of
colored dissolved organic matter (CDOM) entering the sea via terrestrial runoff, thus having
important effects on oceanic carbon cycle dynamics. Since UV-B influences the distribution of
CDOM, there is an impact of UV-B on estimates of oceanic productivity based on remote sensing
of ocean color. Thus, oceanic productivity estimates based on remote sensing require estimates of
CDOM distributions.
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Recent research shows that UV-B transforms dissolved organic matter to dissolved inorganic
carbon and nitrogen, including carbon dioxide and ammonium and to organic substances that are
either more or less readily available to micro-organisms. The extent of these transformations is
correlated with loss of UV absorbance by the organic matter. Changes in aquatic primary
productivity and decomposition due to climate-related changes in circulation and nutrient supply,
which occur concurrently with increased UV- B exposure, have synergistic influences on the
penetration of light into aquatic ecosystems. New research has confirmed that UV affects the
biological availability of iron, copper and other trace metals in aquatic environments thus
potentially affecting the growth of phytoplankton and other microorganisms that are involved in
carbon and nitrogen cycling. There are several instances where UV-B modifies the air-sea
exchange of trace gases that in turn alter atmospheric chemistry, including the carbon cycle.

Introduction
Former UNEP reports have assessed the impacts of UV-B on biogeochemical cycling in terrestrial
and aquatic ecosystems.1, 2 The term "biogeochemical cycles" is used here to refer to the complex
interaction of biological, chemical, and phys ical processes that control the exchange and recycling
of matter and energy at and near the Earths surface. Research on biogeochemical cycles focuses
on the transport and transformation of substances in the natural environment. Here, we report on
new findings that highlight the importance of UV-B impacts on biogeochemistry or modify our
earlier understanding. UV effects on biogeochemical cycling also have the potential to interact
with effects on carbon and nutrient cycling mediated through current climate changes and
predicted changes in climate (IPCC)3 . We present evidence here for such interactive effects as well
as the basis for expecting potentially important effects that have not yet been demonstrated.

Terrestrial ecosystems
Changes in solar UV radiation can affect terrestrial biogeochemistry in at least two important
interconnected ways. Firstly, the effects can involve the cycling of carbon including its capture
(photosynthesis), storage (biomass and soil organic matter content) and release (plant and soil
organism respiration). Secondly, UV exposure can affect the cycling of mineral nutrients such as
nitrogen upon which plant production and ecosystem productivity are dependent (Figure 5-1).
A review of UV effects on biogeochemical cycles4 published since the last UNEP report1 ,
demonstrated the complexity of UV impacts on decomposition processes which are species and
system-specific, and suggested that, overall, the effects were small and transient. However, there
have been new studies, some of which show that particular effects of UV-B on carbon and nitrogen
cycling, that are likely to be important in the long term. The implications of this recent research
are presented here.
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Figure 5-1. Conceptual model illustrating the potential effects of enhanced UV radiation and climate
change on biogeochemical cycles in terrestrial ecosystems. The evidence and bases for numbered
hypotheses and processes relating to specific effects are discussed in the text. Key: CO = carbon monoxide,
NOx = oxides of nitrogen, CH4 = methane, CO2 = carbon dioxide, VOC = volatile organic compounds

UV Effects on Terrestrial Biogeochemistry
Carbon cycling
The capture of atmospheric carbon dioxide by green plants in photosynthesis and its storage in
plant tissues (phytomass) is the fundamental process that supports life in the biosphere. The
accumulation of dead organic matter in soils also stores carbon, making it less available as a
greenhouse gas in the atmosphere. In contrast, the microbial respiration of organisms that
decompose dead organic matter in the soil, together with the respiration of other organisms in the
biosphere, return carbon to the atmosphe re where it adds to existing greenhouse gases. Sometimes
the gases released, such as methane and carbon monoxide, are chemically active and could alter
atmospheric chemistry.
A quantitative review by Searles et al.5 of experiments seeking to identify the effect of UV on
plants showed that shoot biomass and leaf area were decreased modestly by UV-B enhancement.
However, shoot biomass was reduced only under very high levels of UV-B. Increased UV-B
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radiation was suggested to have little direct impact on carbon capture and storage in phytomass.
Specific systems might, however, deviate from this general trend. Shoot density (number per m2 )
and height of a bog moss (Sphagnum fuscum) in a Subarctic mire were reduced, although
productivity was not affected over a two year period, probably due to high variability in the
biomass data.6 However, changes in the number of shoots could have long-term implications for
biomass.
Microbial decomposition controls carbon and nutrient storage in soils, release to the atmosphere
and availability to plants. Decomposition is controlled by numerous physical and biological
parameters. Among the most important are temperature, soil moisture and the chemistry of the
dead organic matter substrate. UV-B affects the chemistry of living leaves and these changes are
often inherited by litter (dead organic material that falls to the ground).1 Paul et al.4 showed that
the chemistry of leaf litter as influenced by UV-B are chemical and species specific.
Carbohydrates, cellulose, nitrogen, tannins and lignin vary greatly in both magnitude and direction
in response to UV-B treatments. UV- B usually decreased the concentration of nitrogen in litter,
although the effect is variable and often insignificant.4 As nitrogen content of litter is usually
positively correlated with decomposition rate, increased UV would be expected to reduce
decomposition rates in those litters where nitrogen concentrations are decreased. This expectation
is supported by general increases in the carbon:nitrogen and carbon:lignin ratios under elevated
UV-B as these parameters are generally good predictors of decomposition rate. In addition,
increases in soluble phenolics in Scots pine seedlings under ambient UV, compared with exclusion
treatments (where UV is filtered out),7 suggest another mechanism for expected decreased
decomposition rates under higher UV-B levels in some species.
The soil flora and fauna also determine the rate of decomposition and the transformations and
cycling of carbon and mineral nutrients. Early results showing that UV-B radiation can directly
affect fungal and faunal communities associated with plant litter have been confirmed by recent
studies. These show species-specific responses of soil fungi,8 litter and leaf surface fungi9 and
fungi that are symbionts with oak. Overall, leaf surface fungi and the oak symbiont were more
tolerant of elevated UV-B than soil and litter fungi. UV-B can also affect soil microfauna:
amoebae were more numerous at near-ambient than in attenuated UV-B levels in UV filtration
experiments on a southern Argentinian heathland.5, 10 Soil microorganisms can also be affected
indirectly. 11 After 5 years exposure of a subarctic heath to enhanced UV-B radiation, alone and in
combination with elevated CO2, there were striking changes in microbial carbon and bacterial
community structure. Microbial carbon was decreased by 50% in the UV-B treatment. The use of
various carbon sources exposed to soil microorganisms suggested either a lower or less active
population of bacteria in the enhanced UV treatments. Also, sole carbon source utilization tests, in
which a range of individual carbon sources are made available as bacterial substrates, showed that
UV-B caused a change in the soil microbial community structure, resulting almost certainly from a
change in the dominant bacterial species.
Recently, a coordinated series of field experiments decomposed standard birch leaf litter under
ambient and elevated UV-B at sites ranging from 38o N in Greece to 78o N on Arctic Svalbard12 .
Transient changes in the fungal community decomposing the litter were found at a Subarctic site12
and were similar to those recorded by Newsham et al.13 on oak litter. Significant reductions in the
mass loss of litter decomposing under enhanced UV-B occurred at two of the four sites.
UV-B can accelerate litter decomposition by photochemical processes. Although Moody et al.9
showed no photodegradation of leaf litter by weight loss, other results have demonstrated that
senescent and dead leaves from temperate deciduous plants and tropical grasses produce CO on
exposure to solar UV radiation. 14 A recent study in Brazil provided additional evidence that CO is
photoproduced from litter. Highest fluxes were late in the dry season, especially following burning
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of the Cerrado.15 A recent estimate indicated that about 60 teragrams (1 teragram equals 1012 g) of
CO may be produced annually from this process on a global basis.16 This is similar to earlier
estimates and is sufficiently large that it should not be neglected when considering the global CO
budget, particularly as CO reacts in the troposphere to influence ozone, other oxidants and
aerosols.
Nitrogen oxides can also be produced from photodegradation processes in polar snowpacks in
Greenland 17 , Michigan18 and the Antarctic.19 The process could result in destruction of
tropospheric ozone in the snow pack but the extent and speed of ozone destruction probably also
involve a catalytic destruction by bromide.17 Experiments20 and field observations 19 have shown
that UV-B radiation induces the photochemical transformations of a variety of organic and
inorganic substances containing nitrogen.
The release or storage of carbon and mineral nutrients depends on the final outcome of the indirect
and direct effects of UV-B on decomposition. 21 New studies, since those reported by Zepp et al.1
and Paul et al.,4 confirm that UV-B effects are species and system-specific, with both increases2124
, decreases8, 12 (two of four sites) and no change in decomposition rates recorded12 (two of four
sites)24 or inferred from lack of UV-B effects on leaf litter chemistry. 25 UV-B modifications of
dead plant material of pine are not only vary from species to species, but also from seed source to
seed source.24 Overall, studies that show effects of enhanced UV-B on decomposition suggest that
these effects are small and confined to initial stages of decomposition according to Moody et al.12
Even so, small effects over large areas are likely to be important. Recent findings that UV-B
affects microbia l immobilization of nitrogen and the structures of microbial communities after 5
years11 , and that UV-B effects on oak litter decomposition rate are maintained after four years23 ,
emphasize that our understanding is limited by the low number of long-term UV-B field
experiments.
Nutrient Cycling
In most natural and semi- natural terrestrial ecosystems, the availability of nitrogen in soil strongly
constrains plant growth and productivity. In unmanaged and, to a lesser extent, managed
ecosystems, the input of nitrogen to ecosystems by the fixation of atmospheric nitrogen is
important. This process commonly occurs by the activity of cyanobacteria that are free living or
grow in symbiotic relationships with plants such as algae and lichens, and symbiotic rhizobia that
are symbionts of higher plants. It has been known for some time that UV-B radiation reduces the
fixation of nitrogen by cyanobacteria in rice paddy fields and other aquatic environments,26 and the
activity of N-fixing rhizobia bacteria.27 Recently, work in the Arctic where nitrogen availability to
plants is particularly limiting, has shown that UV-B radiation can constrain potential N2 fixation
there. Nitrogen fixation potential by cyanobacteria associated with one moss exposed to enhanced
UV-B in the Northern Arctic was reduced by 50% compared with natural conditions, whereas that
associated with a Subarctic moss was not affected.28 In addition, there was a 50% reduction in
nitrogen fixation potential of a lichen exposed to enhanced UV-B in the Subarctic.28
UV-B induces changes in the assimilation and allocation of mineral nutrients and other chemicals
within the tissues of some plant species (Chapter 3).29 Changes in tissue chemistry that are
inherited by litter affect decomposition24 and nutrient cycling. However, not all species show
changes in tissue chemistry when exposed to UV-B. Little impact of UV-B was expected on
decomposition and nutrient cycling in mid- latitude dune grasslands30 and oak woodlands25 based
on UV supplementation experiments that showed insignificant changes in plant tissue chemistry.
Despite lack of change in tissue chemistry, however, decomposition was accelerated in the oak
system. 22, 23 In contrast to studies showing no change, nitrogen concentrations in dead plant matter
from several European heathlands, when decomposing under enhanced UV-B, were decreased.4
Although the fate of this nitrogen (i.e. subsequent uptake by plants, microbial immobilization or
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leaching) was not investigated, a recent long-term study showed that enhanced UV-B resulted in a
significant immobilization of nitrogen in microbial biomass in a subarctic heath soil.11 Microbial N
increased over 100% in UV-B exposed field plots compared to control plots and microbial biomass
C:N ratio decreased by 320%. These effects could possibly be the result of UV-B impacts on
exudation of microbial resources from roots of plants irradiated with enhanced UV-B as suggested
by Klironomos and Allen31 . Many plants increase their ability to take up nutrients by having a
symbiotic relationship with a fungus (a mycorrhiza) that provides an efficient nutrient foraging and
capture system for the plant. However, exposure to enhanced UV-B can reduce this potential by up
to 20%.27 The processes of microbial immobilization of nitrogen and reduced mycorrhizal
infection are expected to further limit nutrient availability and plant productivity.

Interactions between Climate Change and UV-B Impacts on Terrestrial
Biogeochemical Cycling
Models of future climate change predict significant changes in variables that are important to terrestrial
ecosystems such as temperature, precipitation, radiation reaching the Earth’s surface and increases in
atmospheric CO2 concentration. There are several areas where interactions between climate change and
UV-B that are non-additive and complex in nature can lead to non-linear changes in the behavior of
biogeochemical cycles. UV exposure may induce changes in biological systems that moderate or enhance
species responses to changes in climate and their roles in element cycling. Also, changes in climate, such
as earlier snow melt in spring, might increase the exposure of species and biogeochemical processes to
potential damage from UV-B.

Carbon fluxes and pools in phytomass
Changes in climate and/or climate variability have already had significant effects on carbon
dynamics in terrestrial ecosystems32, 33, in that “greenness” of vegetation, length of the growing
season and biomass have increased in middle and northern latitudes of the northern hemisphere.
Such changes could potentially interact with UV-B effects. If moisture remains unaffected,
climatic warming and increased atmospheric concentrations of CO2 will increase carbon pools in
phytomass, particularly in northern forests and tundra, due to increased growth of existing
vegetation (Figure 5-1, pathway 1) and displacement of this existing vegetation by more
productive vegetation (Figure 5-1).34-37 Increased biomass production has already occurred in
northern areas due to recent warming.32 However, UV-B has the potential to reduce biomass in
some ecosystems and should to some extent modify the increase in carbon in phytomass due to
warming.
Climate change induces disturbance of vegetation, which is important because it increases forest
fires (Figure 5-1, pathway 2), forest pest outbreaks, over- grazing, drought, and thawing
permafrost. For example, defoliation of forests due to increased insect pest outbreaks resulting
from greater pest survival in milder winters38, 39 could interact with UV-mediated cha nges in food
quality that increase 40-42 or decrease grazing5 leading to changes in carbon and nitrogen pools over
large areas. Earlier snow melt has been exposing plants in the Northern Hemisphere to higher UV
levels in Spring33 (Figure 5-1, pathway 3), and thawing permafrost and methane-containing
clathrates have the potential to release large quantities of CH4 (Figure 5-1, pathway 8).43
Plants of some ecosystems, particularly those of salt marshes, but also peatlands and forest floor
vegetation, are important in enhancing fluxes of halogenated hydrocarbons from the biosphere to
the atmosphere (Figure 5-1, pathway 5).44 This is important in contributing to the global pool of
these chemically reactive substances.45, 46 Some plant species are particularly efficient at
transporting halomethanes into the atmosphere. As this is an active physiological process,
emissions should increase in response to warming. The emissions of halogenated compounds from
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coastal salt marshes also are likely to be affected by sea level rise associated with global warming.
Any impact of elevated UV-B on plant species that emit halocarbons would modify expected
responses due to global warming. Warming also induces significant changes in the production and
emission of VOCs that are derived from terrestrial vegetation, resulting in an alteration in the
tropospheric production of ozone and a resulting perturbation of the oxidative capacity of the
troposphere47 (Chapter 6)48 (Figure 5-1, pathway 6).
Changes in the production of CO by UV- induced oxidation of plant matter could be affected by
climate change in several ways. Climate-sensitive parameters such as humidity and temperature
have important effects on the efficiency of CO photoproduction (Figure 5-1, pathway 6).14-16 The
efficiency increases as temperature and humidity increase. Also, CO production efficiencies
increase sharply as plants start to senesce and die and so increased drought frequency associated
with climate change in some regions could increase UV- induced CO emissions.14
Carbon pools and fluxes in soils
If moisture remains unaffected, climatic warming will lead to decreased carbon pools in soils,
particularly in northern forests and tundra where global warming is amplified, and in peatlands and
wetlands where carbon storage is most pronounced.49-51 The mechanism involved increased rates
of microbial decomposition and an increased flux of carbon as CO2 from dryer areas (Figure 5-1,
pathway 7) and CO2 and CH4 from wetter areas (Figure 5-1, pathway 8). Methane is an important
greenhouse gas and a major source of hydrogen for the production of water vapor via reaction with
hydroxyl radicals in the stratosphere. Thus, increased CH4 may enhance ozone depletion on polar
stratospheric clouds (PSCs). In contrast, higher UV-B should increase carbon storage in soils in
which nutrients are particularly limiting to plant growth by changing litter quality and influencing
decomposer organisms (Figure 5-1, pathway 7), although in some ecosystems, higher UV-B may
reduce carbon storage in soil or remain neutral. Paul et al. 4 suggest that any changes in carbon
storage will be small and they imply that small changes will be insignificant. However, even small
changes in carbon storage in peatlands, northern boreal forests and tundra, where most of the
earth’s organic carbon is stored,52 could be at least regionally important. In wetland ecosystems,
e.g. rice paddies, the magnitude of emissions of CH4 to the atmosphere depends on the particular
plant species present.53 Global methane emissions are likely to increase by 45% for a global 2OC
average warming (Figure 5-1, pathway 8).54 Any negative impact of UV on the activity of those
plants that efficiently transport CH4 to the atmosphere could be important in reducing the impact of
warming on CH4 emissions as shown by Niemi et al55 . In drier ecosystems, such as arid lands, with
high UV-B, storage of soil carbon during warming will be reduced by increased UV-B and
warming together, because of photodegradation of litter and reduced litter production through
increased water stress. On the other hand, warming will result in increased carbon storage due to
reduced microbial activity limited by water. The balances between these complex interactions are
unknown.
Increased atmospheric CO2 56, 57 and UV-B radiation (see above) both result in a change in litter
chemistry that would suggest additive or even synergistic decreases in decomposition and
increased carbon storage in soils (but see Norby and Cotrufo 58 for a cautionary viewpoint).
Experimentally inc reased UV-B and CO2 together are likely to increase microbial immobilisation
of nitrogen that is, in turn, expected to reduce nitrogen availability for plant production. 11
Fire reduces short term carbon storage but enhances the storage of a fraction for millennia by
producing charcoal (Figure 5-1, pathway 9), a persistent form of carbon59 , but it also results in loss
of nitrogen to the atmosphere60 , reducing productivity over the long term in nitrogen-limited
ecosystems. Fires also increase the UV- mediated release of CO from vegetation and litter15 . Fire
frequency is increasing in some areas such as the boreal forests of North America and is expected
to increase further as a result of global warming: this could affect atmospheric ozone chemistry. 47
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(Chapter 6) 48 Moreover, since many forest fires occur in the mid- to high-Northern latitudes,
these burned regions are particularly subject to ozone depletion and increases in UV.
Effects of warming through impacts on surface energy and water balances
Increased atmospheric CO2 concentrations result in less water use by plants which leads to less
evaporative cooling and thus warming of the earth’s surface in daytime.61 Increased UV-B might
also restrict water loss by plants through stomata (small pores in leaves)62 and together with
increased CO2 , there is potential to increase surface temperature additively. In addition, models of
feedbacks from vegetation to the climate system calculate that decreases in albedo (reflectivity)
associated with the displacement of tundra by evergreen forest will dominate over the negative
feedback of increased carbon sequestration (Figure 5-1, pathway 10).35, 36 If UV-B affects the
optical properties of leaves, there could be an effect on albedo (reflectivity).
Nitrogen cycling
Climatic warming, assuming a constant moisture content, will stimulate nitrogen cycling rates in
soils as a result of increased microbial decomposition of litter51 and possibly increased activity of
free- living and symbiotic nitrogen fixers. UV-B can reduce or increase nitrogen cycling rates
through its effects on litter decomposition (overall the effect is to reduce nitrogen cycling) and it
can also reduce nitrogen fixation by cyanobacteria directly. Again, the balance between the
processes is unknown but warming effects are likely to dominate over UV effects (Figure 5-1,
pathway 7). The results of changes in nitrogen cycling are two-fold. Firstly, there will be changes
in the amount of N2 O, which participates in chemical reactions that affect stratospheric O3 , emitted
from soil to atmosphere. Secondly, plant productivity will increase in response to increased
temperature caused by greenhouse warming and to enhanced nitrogen availability in most mesic to
dry terrestrial ecosystems. Also, NOx production by snowpacks will be reduced because of reduced
snow duration (Figure 5-1, pathway 11).3
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Aquatic Ecosystems
Changes in UV can have significant effects on aquatic carbon cycling, nutrient cycling, and waterair trace gas exchange. In this section we discuss results on UV-aquatic biogeochemistry
interactions that were obtained since our last report1 , taking into account the fact that co-occurring
climate change can influence the UV effects (Figure 5-2). UV effects on aquatic ecosystems are
further treated in Häder et al.26 and Kerr et al.63 provide additional updates on recent
measurements of UV radiation in aquatic systems.
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Figure 5-2. Aquatic biogeochemical cycles affected by UV radiation and their interaction with other co-occurring
environmental changes such as global warming and land use change. Key: DMS dimethyl sulfide; CDOM colored
dissolved organic matter, the primary UV absorbing substance in aquatic environments; DOC dissolved organic

UV Effects on Aquatic Biogeochemistry
Carbon cycling
Phytoplankton communities are primarily responsible for the production of biomass in large lakes
and the ocean. Direct DNA damage caused by UV-B has been observed in Antarctic marine
phytoplankton and bacterioplankton during mid-summer, especially under stratified conditions
related to melting shelf ice.64 A recent study has shown that the UV sensitivity of mid- latitude
estuarine phytoplankton photosynthesis is remarkably similar to that previously observed for
Antarctic phytoplankton. 65 These results provide further evidence that UV reduces phytoplankton
productivity globally in the ocean, although the UV sensitivity of open ocean phytoplankton is still
poorly defined. On the other hand, UV photoinhibition of productivity may be partially offset by
other indirect effects of UV on iron in the ocean. Photoreactions of complexed iron enhance its
biological availability, 66 a process that may stimulate productivity in parts of the sea that are iron
limited, such as the Southern Ocean. 67 Atmospheric iron deposition correlates closely with
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observed productivity in parts of the sea.68
Thus, the net impact of increased UV on
phytoplankton productivity is unclear at this point. However, a recent study based on remote
sensing indicates that global oceanic chlorophyll has decreased globally between the early 1980’s
and the late 1990’s.69
The overall decrease was attributed to changes in upper ocean mixing,
mixed layer depth, sea surface temperature and nutrient supply caused by climate change. 69 Based
on other research that is discussed below, the decreases could have been partly attributable to
increases in UV exposure in the upper ocean caused by ozone depletion and by climate- induced
changes in mixing, stratification and UV penetration.
As discussed in this volume26 and in the UNEP 1998 report1, 70 , other indirect effects involving
trophic level interactions may also affect ecosystem productivity. For example, recent research
indicates that the vertical migration of zooplankton is sensitive to UV radiation. 71, 72 This finding
has important implications for the flux of carbon through the microbial food web, which involves
transfer of biomass from the primary producers to metazoa and bacteria. Thus, the net impact on
carbon capture is clearly not a linear function of UV exposure.
UV effects on decomposition of aquatic organic matter are caused by inhibition of microbial
activity, by direct photodegradation of colored dissolved organic matter (CDOM) and particulate
organic carbon (POC) to CO2 and other gases, and by UV- induced photodegradation of CDOM to
readily decomposable compounds that are referred to here as biologically- labile photoproducts
(BLPs). Bacterial activity is inhibited by UV-B radiation and direct DNA damage has been
demonstrated in field studies.64, 73, 74 The greatest damage to bacterioplankton is observed in the
upper layer of poorly mixed, stratified waters. However, observations showed that the reduction in
microbial activity is attenuated with increased winds and surface layer mixing and the activity is
rapidly restored in the dark via repair and regrowth. 73, 74 A modeling study concluded that
changes in UV radiation caused by ozone depletion could have a more serious net impact on
bacterial activity than UV increases attributable to decreased CDOM concentrations.75 Viruses can
influence microbial diversity and activity, inc luding decomposition, and viral activity is sensitive
to UV-B exposure.76
In freshwaters and the coastal ocean, a large part of the CDOM is “terrestrially-derived”, i.e. it is
derived from the decomposition of terrestrial plant matter that is transported from the land (Figure
5-1, pathway 2). Microorganisms do not readily decompose terrestrially-derived CDOM, but its
transformation can be accelerated when it is exposed to solar ultraviolet radiation. Recent research
has provided additional evidence that the two major decomposition processes induced by solar UV
are direct photoproduction of both dissolved inorganic carbon (DIC)77-79 and labile organic
substances that are readily assimilated by microorganisms.80-87 UV exposure also enhances the
decomposition of particulate organic carbon in freshwaters.88 Other recent results seem to
indicate that the net effect of UV exposure on algal- or some plant-derived DOC is a reduction in
biological lability. 83, 89-92 Exposure to solar UV radiation also causes changes in CDOM isotopic
content,93, 94 that are useful in understanding the fate and transport of carbon and oxygen in the
environment.77, 95
The direct photodegradation processes involve, in part, reactive oxygen species (ROS) such as
hydrogen peroxide, superoxide ions and hydroxyl radicals, as well as short- lived reductants such as
hydrated electrons that are produced on absorption of UV radiation. 96-103 Complex interactions of
the ROS with iron and copper complexes that are present in surface waters and in precipitation103,
104
help control the nature and extent of carbon cycling in aquatic environments.77, 100, 105
Marine scientists have long debated the fate of terrestrially-derived organic matter on entry to the
ocean. Experimental studies indicate that the DOC in the open ocean is primarily of marine origin,
although some terrestrial character would have been expected.87, 93, 106 Recent experimental and
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modeling research indicates that UV-stimulated decomposition can potentially consume all of the
input of CDOM from land.95, 107 Most of this decomposition potentially occurs in coastal areas of
the Northern Hemisphere, with substantial contributions from high- latitude coastal regions.
Recent studies of a wide range of freshwater and marine environments have shown that CDOM, and, to a
lesser extent in the open ocean, organic colloids, play an important role in the attenuation of solar UV and
blue radiation. 108-111 CDOM effectively protects aquatic ecosystems from harmful UV-B radiation while
permitting beneficial photorepairing (UV-A) and photosynthetically active radiation to be much more
efficiently transmitted into the water. Changes in CDOM concentrations occur seasonally in freshwaters112,
113
and the ocean108, 111 and they also likely are linked to climate change, acid deposition114 and land use
changes. The UV absorbance and fluorescence of CDOM decreases with exposure to solar UV radiation
and recent research has demonstrated that this “photobleaching” process is induced most efficiently by
UV-B radiation. 115-117 A combination of photochemical and microbial processes is responsible for the
photobleaching77, 85, 99, 107, 115, 117 and the efficiency is affected by factors such as oxygen concentration77, 95
and temperature. 93 Although one study in U.S. freshwaters has indicated that photobleaching rates are
related to acid-neutralizing capacity118 , other investigations in Chilean, Argentinian and Antarctic
freshwaters indicate that alkalinity has no detectable effect (H. Zagarese, personal communication, 2002).
The UV-induced changes in CDOM concentrations can influence remote sensing of oceanic productivity,
which is based on observations of ocean color. New results indicate that CDOM makes a major
contribution to remotely-sensed ocean color.108

Nutrient cycling
UV radiation can affect nitrogen cycling in various ways: through effects on nitrogen-related enzymatic
activity by microorganisms such as photoinhibition of nitrogen-fixing microorganisms 26 and, indirectly,
through effects on the biological availability of essential trace elements, such as iron, that stimulate the
growth of nitrogen fixers; and through enhanced decomposition of persistent dissolved organic nitrogen to
biologically labile nitrogenous photoproducts. Nitrogen is a limiting nutrient in remote parts of the open
ocean and thus impacts of UV radiation on important nitrogen fixing cyanobacteria such as
Trichodesmium119 or the newly discovered N-fixing marine nanoplankton120 potentially could be
ecologically significant. Iron plays a role in stimulating the growth of Trichodesmium. 121 It has been
proposed that the iron deposited in the sea via long range transport of terrestrial dust68 can stimulate rapid
growth of this organism and that related increases in biologically-available nitrogen can trigger growth in
toxic organisms such as Gymnodinium breve.122 UV-induced photoreactions of iron are known to affect its
biological availability in the sea.66

Biologically labile nitrogen compounds such as nitrate, ammonium and amino acids are rapidly
recycled by the biota in aquatic systems, while N-containing substances whose structures are too
complex or randomized to be readily assimilated accumulate in the water column. In aquatic
environments with limited N fixation or low external inputs of labile N, the labile compounds drop
to almost unmeasurable levels in the photic zone where productivity occurs, while the persistent
dissolved organic nitrogen (DON) accumulates. Interactions of UV radiation and DON provide a
pathway for the conversion of persistent DON to compounds that are more easily assimilated by
aquatic microorganisms. Recent results suggest that photochemically-produced labile nitrogen
compounds can be an important source of biologically available nitrogen in coastal regions.123-125
Phosphorus cycling can potentially also be affected by exposure to UV. The changes in microbial
consortia that are discussed in the carbon cycling section likely influence phosphorus cycling as
well. In addition, recent research has provided additional evidence that UV photolysis of
phosphatase- humic substance complexes can enhance phosphorus cycling in aquatic
environments.126, 127
UV-B and trace gas exchange
The aquatic environment is an important atmospheric source and sink of trace carbon, sulfur and
other gases. Recent research on the air-sea exchange of trace gases has provided evidence that
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the sources and sinks of certain carbon and sulfur gases are strongly influenced by solar UV
radiation. 128
New research has appeared on the effects of UV radiation on the emissions of volatile organic
compounds (VOC) and carbon monoxide from aquatic environments. These gases participate in
chemical reactions that change air quality in the atmosphere. Isoprene emissions correlate with
chlorophyll concentrations, indicating that phytoplankton or reactive DOM released by
phytoplankton is the source128, 129 and thus that phytoplankton inhibition by UV likely alters
isoprene emissions. The sea is thought to be a net source of CO, but this source has been subject to
a wide range of estimates. A recent study estimated a much lower CO photoproduction in the
ocean than previously reported and that most of this CO production was consumed by
microorganisms rather than escaping to the atmosphere.130 CO is photoproduced most efficiently
by UV-B radiation and the efficiencies for CO photoproduction from terrestrially-derived CDOM
are much larger than those observed with open ocean CDOM. This difference in efficiencies,
which largely accounts for the lower estimated CO photoproduction in the open ocean, suggests
that the photoreactivity of open-ocean CDOM derived from algae may be quite different from that
of terrestrially-derived CDOM.
Atmospheric sulfur plays an important role in the radiative balance of the atmosphere.
Anthropogenic sources are dominant in highly industrialized regions and are reasonably well
defined. Natural sources and sinks of sulfur gases are much less well defined than anthropogenic
sources, but have received greater scrutiny in recent years due to their potential involvement in the
regulation of climate in remote parts of the ocean. The major source of natural sulfur gases is the
sea. Of particular interest are the sulfur gases, dimethylsulfide (DMS) and carbonyl sulfide (COS).
Both of these compounds are formed predominantly in aerobic marine environments, i.e. the upper
layers of the ocean, and their sources and sinks are affected by solar UV radiation.
DMS, the predominant volatile sulfur compound in the open ocean, is believed to be involved in
the formation of marine aerosols. Thus, DMS emissions may lead to modification of the
reflectivity of marine clouds and have a cooling influence on the atmosphere. One might expect
that, since DMS is closely related to primary productivity of certain phytoplankton species and that
phytoplankton photosynthesis is inhibited by UV, DMS concentrations may decrease as surface
UV increases. This has indeed been found to be the case in Antarctica under the ozone hole.128 On
the other hand, a recent report provided evidence that DMS and dimethylsulfoniopropionate
(DMSP), the oceanic precursor of DMS, has an antioxidant function in marine algae131 . Thus,
exposure of certain algae to UV, an important driver of cellular oxidant production, presumably
would stimulate DMS production. The highest concentrations of DMS occur in the Southern
Ocean during early to mid spring as the sea ice melts132 , a time in which that region also
experiences high UV exposure due to ozone depletion. This indicates that the Southern Ocean
may be a region of intense interactions between sulfur biogeochemistry and ozone depletion.
Other recent research on the sensitivity of zooplankton to UV radiation71, 72 suggests a potentially
significant role of UV- zooplankton interactions in DMS production, whereby DMS emissions
increase when the phytoplankton are stressed by zooplankton grazing. Recently it was also shown
that changes in physical quantities such as mixed layer depth also influence DMS sea-to-air fluxes
via UV-related biogeochemical interactions.133 Photooxidation of DMS in the upper ocean is
another significant sink that is induced by solar UV radiation. 134-136
COS is the most concentrated sulfur gas in the troposphere and it is believed to play a role in the
maintenance of the stratospheric sulfate layer, although this role may be more limited than was
originally believed.1, 128 COS is primarily produced in surface seawater by the UV-related
degradation of dissolved organic matter and it is degraded mainly by hydrolysis. In a modeling

114

The Environmental Effects Assessment Panel Report for 2002

Interactive effects of ozone depletion and climate change on biogeochemical cycles

effort to describe global air-sea fluxes of COS based on known information about its sources and
sinks, it was estimated that the open ocean was a net source of COS.137

Interactions between Climate Change and UV-B Impacts on Biogeochemical
Cycles in Freshwater, Estuarine and Coastal Systems
UV penetration and global warming
Aquatic biogeochemical cycles can be affected in several ways through effects of various global
environmental changes on UV exposure. Climate and land use change affect the movement of UVattenuating dissolved and particulate substances from land into water (Figure 5-1, pathway 12,
Figure 5-2). Such substances, particularly CDOM, control the penetration of UV-B into many
aquatic environments.26, 112, 113, 138-140 Microorganisms that are often exposed to UV-B radiation
can develop cellular UV-protective substances such as mycosporine- like amino acids that absorb
in the UV region. 26 Such organisms or detritus derived from them can contribute significantly to
UV attenuation in ecosystems that have low concentrations of DOC.141 Observed seasonal
changes have provided evidence for the important influence of climatic change on UV penetration
into freshwaters112, 113, 138, 142, 143`and the ocean. 110, 111 Droughts, for example, reduce terrestrial
inputs of CDOM and sediments into aquatic environments.138, 142
In contrast, increased
precipitation may reduce UV penetration by enhancing runoff (see Figure 5-1, pathway 12 and
Figure 5-2). Shifts in soil moisture content and related changes in oxygen content affect the
microbial production of soil humic substances and thus can alter inputs of this important source of
CDOM in freshwaters. Moreover, global warming, through changes in atmospheric circulation,
precipitation patterns, temperature, and length of warm season, can affect stratification and vertical
mixing dynamics in freshwaters and the sea.144 Stratification can result in increased UV
penetration and exposure in the upper water column, a phenomenon that is driven in part by UVinduced decomposition of UV-absorbing substances in the surface water.109-111, 139, 143 Changes in
vertical mixing dynamics also can affect phytoplankton photosynthesis.145 Reductions in oceanic
primary productivity over the past decade have been attributed to climate change effects on the
upper ocean69 and this effect may be caused in part by increased UV penetration. The interactions
of bacteria, organic matter, temperature and UV changes are complex and it is impossible at this
point to predict how climate warming might affect UV penetration into aquatic environments.
However, recent observations have shown that the warm upper layers of freshwaters and the ocean
that develop under stratified conditions are generally much more UV transparent than deeper,
cooler waters.109-111, 113, 139, 143
The past effects of climate change on UV exposure have had an impact on freshwater sedimentary
records in a remarkable way. Careful analysis of fossil diatom assemblages in Canadian subarctic
lake sediments has provided clear evidence of the impacts of climate change on UV penetration in
Canadian lakes during the Halocene.146, 147
Carbon and nitrogen cycling
The possible effects of climatic warming on carbon capture and decomposition have been recently
discussed in several reviews of freshwater138, 148, 149 and oceanic ecosystems.144 Increasing
temperatures tend to increase the rates of biological production and decomposition, but other
factors such as reductions in nutrient concentrations in freshwaters related to altered hydrology
could limit the increases. In the case of the oceans, the expected increase in the efficiency of
phytoplankton photosynthesis and biological carbonate production due to warming may be
counteracted by the effects of increased stratification that likely will lead to reduced CO2 uptake.69,
144
Stratification can affect CO2 air-sea exchange by reducing uptake caused by the “solubility
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pump,” i.e. the transport of carbon from the upper ocean to the deep ocean, and it also may result
in decreased photosynthesis and changed microbial decomposition caused by reduced nutrient
upwelling69 and increased exposure of microorganisms to UV-B. Vertical transport is the primary
determinant of what chemical constituents and organisms are brought into the UV- illuminated
layer and how long they stay there and stratification greatly slows vertical transport. Transport can
be important when certain biogeochemical processes are slow compared to movement into and
back out of the photic zone, e.g. for processes in which the overall impact depends on the sequence
and timing of UV exposure. An example of processes likely to be affected by climate-related
changes is decomposition by bacteria that are susceptible to strong UV damage but have weak
repair capability.
Other UV interactions with co-occurring environmental changes can include: (1) pH related
changes on productivity caused by increases in atmospheric CO2 or acid deposition114, 138 (2)
increased UV phototoxicity caus ed by pollution of aquatic environments by substances such as
polycyclic aromatic hydrocarbons (PAH) derived from the usage of fossil fuels,150, 151 (3) largescale changes in organic carbon movement from land to the sea caused by climate change, such as
the increased Arctic inputs of CDOM to the coastal ocean that will affect UV induced carbon
cycling in this region152 and climate-related and UV- induced changes on the decomposition of the
CDOM in the Arctic Ocean. 95, 107, 152
Sulfur cycling
Any UV-B related changes at the surface of the ocean that result in the alteration in DMS flux to
the atmosphere and the subsequent formation of particles will also alter the atmospheric radiation
budget for the affected region. UV effects on vertical migration of zooplankton can reduce the
amount and timing of grazing induced release of DMS from marine phytoplankton. Recent results
indicate that DMS emissions are possibly enhanced by an interaction between upper ocean
stratification and UV inhibition of bacterioplankton that degrade DMS before it can escape the sea
into the atmosphere.133 DMS concentrations in the upper ocean also are affected by UV-related
photooxidation. 134 The net effect is a feedback whereby climate warming and changing UV
influence DMS release to the atmosphere. DMS conversion to particles in the atmosphere then
results in a net change in radiative forcing. Carbonyl sulfide (COS) is formed by UV- induced
photoreactions of dissolved organic sulfur in the upper ocean. Changes in climate-related vertical
mixing dynamics and upper ocean temperature can greatly alter COS sea to air flux.137 Model
projections indicate that climate warming (mainly by decreasing COS solubility) and increased
CO2 levels (with resulting decreased pH and reduced hydrolysis of COS) should result in increased
COS emissions from the open ocean.
Metal, oxygen and halogen cycling
Metals, especially iron and copper, play an important role in the upper ocean and freshwater
biogeochemistry both by participating in UV-induced processes that produce and consume
peroxides and other oxidants that participate in biogeochemical processes and also as essential
trace elements for plankton. Inputs of metals and peroxides to aquatic systems change with
changing precipitation patterns.103, 104, 153 UV- induced photoreactions of organic complexes of
metals increase their biological availability. 66, 154 Changes in the biotic sources of such complexes
as well as pH changes related to climate change would likely affect metal-UV biogeochemistry.
Oxygen cycling is also induced by UV interactions with dissolved organic matter. UV absorption
by CDOM results in oxygen consumption 77, 83, 95 and the production of reactive oxygen species
(ROS) such as hydrogen peroxide, superoxide ions, singlet molecular oxygen, and hydroxyl
radicals. ROS derived from the interactions of UV and DOM can participate in a variety of
reactions with metals that help determine the oxidative capacity of the surface waters and the
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cycling of metals. Increased global temperatures are likely to change the rates and mechanisms of
these reactions but the net effects are poorly defined.
The interactions of global warming and UV in halogen cycling are complex. The oceans are a net
sink for organic halides155 and, because hydrolytic loss of the halides is more sensitive to
temperature change than biological production, global warming is likely to increase this sink.
Increased UV may reduce production of the organic halides by inhibiting algal synthesis of these
compounds or it may stimulate production by partly abiotic pathways, e.g. by UV- induced
photoreactions that produce methyl iodide in the upper ocean 156 and or by enhancing formation of
brominated methane derivatives such as bromoform via reactions of hydrogen peroxide with
bromoperoxidases.157, 158
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Summary
Increased UV-B through stratospheric ozone depletion leads to an increased chemical activity in
the lower atmosphere (the troposphere). The effect of stratospheric ozone depletion on
tropospheric ozone is small (though significant) compared to the ozone generated
anthropogenically in areas already experiencing air pollution. Modeling and experimental studies
suggest that the impacts of stratospheric ozone depletio n on tropospheric ozone are different at
different altitudes and for different chemical regimes. As a result the increase in ozone due to
stratospheric ozone depletion may be greater in polluted regions. Attributable effects on
concentrations are expected only in regions where local emissions make minor contributions. The
vertical distribution of NOX (NO + NO 2 ), the emission of volatile organic compounds and the
abundance of water vapor, are important influencing factors. The long-term nature of stratospheric
ozone depletion means that even a small increase in tropospheric ozone concentration can have a
significant impact on human health and the environment.
Trifluoroacetic acid (TFA) and chlorodifluoroacetic acid (CDFA) are produced by the atmospheric
degradation of hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). TFA has
been measured in rain, rivers, lakes, and oceans, the ultimate sink for these and related compounds.
Significant anthropogenic sources of TFA other than degradation HCFCs and HFCs have been
identified. Toxicity tests under field conditions indicate that the concentrations of TFA and CDFA
currently produced by the atmospheric degradation of HFCs and HCFCs do not present a risk to
human health and the environment.
The impact of the interaction between ozone depletion and future climate change is complex and a
significant area of current research. For air quality and tropospheric composition, a range of
physical parameters such as temperature, cloudiness and atmospheric transport will modify the
impact of UV-B. Changes in the chemical composition of the atmosphere including aerosols will
also have an impact. For example, tropospheric OH is the “cleaning” agent of the troposphere.
While increased UV-B increases the OH concentration, increases in concentration of gases like
methane, carbon monoxide and volatile organic compounds will act as sinks for OH in troposphere
and hence change air quality and chemical composition in the troposphere. Also, changes in the
aerosol content of the atmosphere resulting from global climate change may affect ozone
photolysis rate coefficients and hence reduce or increase tropospheric ozone concentrations.
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Introduction
Changes in air pollutants such as ozone (O 3 ), nitrogen oxides (NOX), hydrogen peroxide (H2 O2 ),
formaldehyde (HCHO) and nitric acid (HNO3 ) in the lower atmosphere (troposphere) have
important implications for human and environmental health. Understanding the factors that
influence the concentrations of these pollutants is important for the protection of humans and their
environment. The relationship between ultraviolet-B radiation (UV-B, 280–315 nm) and the
photolysis of atmospheric trace gases such as O3 , NO 2 , H2 O2 , HCHO, and HNO3 in the
troposphere was reviewed in previous reports.1, 2
The previous report1, 3 concluded that stratospheric ozone depletion causes changes in the chemical
composition of the atmosphere through increased penetration of UV-B to the troposphere.
Tropospheric ozone levels are sensitive to local concentrations of NOX and hydrocarbons.
Increased UV-B is expected to increase the concentration of hydroxyl and other peroxy radicals
and result in faster removal of pollutants. The effects of UV-B increases on tropospheric
constituents like ozone, while not negligible, will be difficult to detect because the concentrations
of these species are also influenced by many other variable factors, such as anthropogenic
emissions.
The replacement of the ozone-depleting chlorofluorocarbon (CFC) refrigerants with less persistent
products such as the hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) has also
raised the question of the environmental significance of their breakdown products. In the previous
report the environmental and human health significance of these breakdown products were not
completely understood.1
Here we present a brief review of relevant new information. In addition, a discussion of
interactions between tropospheric composition, air quality, changes due to ozone depletion, and
climate change has been added. The conclusions are based on the current state of the science.

Changes in Photodissociation Rate Coefficients due to Stratospheric Ozone
Depletion
Reductions in stratospheric ozone cause increased penetration of UV-B radiation to the
troposphere and increases the photodissociation rates of tropospheric ozone and other trace gases
such as NOX. The trends in photodissociation rates of tropospheric ozone and other chemical
species were estimated by De Winter-Sorkina 4, 5 for the period 11/1978 to 4/1993, based on the
TOMS/Nimbus-7 (version 7) total ozone data and Stratospheric Aerosol and Gas Experiment
(SAGE) ozone trends together with experimental ozonesonde data. A three-dimensional chemical
transport model was used to investigate the impact of changing photodissociation rates on
tropospheric composition.
The results showed that the trends in the daytime average
photodissociation rate coefficient of ozone were +18.0±4.7% (95% confidence interval) per
decade in February at the surface for zonal averages between 40 and 50ºN. More importantly,
there were also significant tropospheric ozone photodissociation trends of between +3 and 15%
per decade at the surface at northern mid- latitudes in spring, summer and the first half of autumn.
Significant long-term trends in tropospheric ozone photodissociation rate coefficients below 50°S
were predicted throughout the year, peaking at +42±15% per decade at the surface in October
between 60 and 70ºS. In general, the trends in ozone photodissociation rate coefficients due to
stratospheric ozone depletion increased with altitude, reaching their maximum in winter-spring at
about 8-12 km, the exact altitude depending on latitude. Overall, the trend in daytime average
ozone photolysis rate coefficients is larger than the change in stratospheric ozone that caused
them.
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De Winter-Sorkina 5 found that the magnitude of the trends for the photodissociation rate
coefficients for other atmospheric trace gases varied, although the regions and times of maximum
impact were broadly the same as that for ozone photolysis. For example, at 40ºN, the trends at the
surface in January-April were calculated to be around +8 % per decade for the photolysis of
CH3 CHO to produce CH3 , + 6% per decade for HNO3 and + 2% per decade for H2 O2 , CH3 OOH
and N2 O5 . Once again, much larger changes are observed at 60 to 70ºS with a trend of near 25%
per decade for the photolysis reaction for CH3 CHO listed above. The relative uncertainty in these
estimates is similar to that of the ozo ne photolysis estimates.
Long-term global changes in tropospheric concentrations of ozone due to stratospheric ozone
depletion have been calculated using the MOGUNTIA model5 by assuming that trace gas
emissions remained constant. This gave a trend of + 2.4±1.3% per decade for OH, - 1.8±1.3% per
decade for CO and - 0.8±0.7% per decade for O3 and CH4 . Thus, a small decrease in global
tropospheric ozone was estimated due to stratospheric ozone reduction, with the tropospheric
trends small or comparable to other factors, especially the changes due to anthropogenic
emissions. The response of global OH concentrations to stratospheric ozone loss was found to be
equivalent to the effect of a possible 10% NOX emission increase and 85% of this response was
found to be equal to an estimated 6.5% CO decrease or a possible 10% tropical H2 O increase.6
For all these chemical compounds, the observable impact of stratospheric ozone depletion on
tropospheric trends can be overshadowed by local or regional emissions. Only in regions where
local emissions make minor contributions will long-term effects due to stratospheric ozone
reduction be clearly discernable from the changes due to other sources. However, the cumulative
effect of long-term increases in ground level ozone concentrations may cause significant adverse
environmental effects.

Changes in Chemical Composition of the Troposphere due to Stratospheric
Ozone Depletion
The influence of increased UV-B photolysis on tropospheric chemical composition has been
recognized more widely and has been examined in more detail recently through modeling and
experimental studies. They include perturbations due to stratospheric ozone depletion as well as
the influence of various tropospheric factors. The physical and chemical reactions involved in
these processes have been reviewed previously.1 The net ozone production or loss depends mainly
on the NOX concentration. Modeling studies suggest that an increase in UV-B (due to
stratospheric ozone depletion) causes a decrease in tropospheric ozone in the clean environment of
the southern hemisphere (very low NOX), and an increase in tropospheric ozone in the polluted
areas of the northern hemisphere.7, 8 The near UV photolysis of other chemical species such as
HCHO (λ<330 nm) or CH3 CHO (λ<330 nm), which are secondary sources of radicals, can also
affect the surface ozone concentrations in an indirect way. 9
However, in certain cases, the photochemical link between total and surface ozone can be
perturbed by weather-related atmospheric transport. For example, low total-column ozone could
be related to upper troposphere / lower stratosphere anticyclones associated on the one hand with
large scale subsidence of ozone rich air masses, and on the other hand with fair weather conditions
with large ozone formation. 10 Also, high total ozone column could be related to cut-off lows or
upper troughs, synoptic systems associated with tropopause folds which may enhance the
tropospheric ozone levels significantly within a few hours.11
Although the effects of change in UV intensity resulting from stratospheric ozone depletion on
tropospheric chemistry are theoretically well understood from model calculations, there is a
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paucity of observational evidence. Stratospheric ozone is controlled by dynamical and chemical
factors acting on different time scales and so the influence on surface UV-B and related
tropospheric ozone chemistry should also act on different time scales. Long-term decreases in
surface ozone in polar regions have been reviewed.1 The first observational evidence of changes
in tropical tropospheric ozone associated with stratospheric ozone changes on a time scale of an
11-year solar cycle has been identified using the TCO (tropospheric column ozone) data derived
from the TOMS satellite data.12
On a day-to-day basis, i.e., when circulation in the upper troposphere / lower stratosphere causes
variations in total ozone column,13 there is even less observational evidence of the photochemical
link between total and surface ozone due to the lo ng lifetime of ozone and the fact that the
photochemical link between total-column and surface ozone can be perturbed by dynamic
coupling as discussed above. Thus, the photochemical influence of changing UV-B on in-situ
ozone production and loss rate of 10% can easily be masked by transport effects, especially in late
winter and at high latitudes.14 In addition, the sensitivity of a regional scale photochemistry model
to changes in UV radiation, caused by moderate variations in either the total ozone column (25
DU) or in the aerosol optical depth, was found to be small (<0.5nmol/mol for monthly average,
June 1996).15 Only under sufficiently large changes of UV-B (that is, a large change in total ozone
column) and suitable meteorological conditions can suc h an influence be detected, as presented in
a case study on Swiss mountains in late winter14 and in a case study at Crete, Greece during the
PAUR II (Photochemical Activity and solar Ultraviolet Radiation) campaign.16
A modeling study by Ma and Weele 17 emphasized that influences on tropospheric pollutants are
not isolated from interactions with other factors. It was found that the response of net ozone
production to stratospheric ozone depletion was different at different altitudes and for different
chemical coherent regimes. In addition to the surface concentration of NOX, the vertical
distribution of NOX as well as the emissions of non- methane hydrocarbons (NMHCs), the
abundance of water vapor, and ozone itself, are important factors. The threshold NOX
concentration, at which the response to stratospheric ozone depletion of the net ozone production
changes from negative to positive, depends on the chemical regime and varies during a day, but it
is typically about 1 nmol/mol in a 24-h period. That is, it is around 100 times larger than the
threshold NOX concentration for ozone production. Water vapour and NMHCs can further
modulate tropospheric ozone production.
The importance of the vertical distribution of NOX on the net ozone production due to
stratospheric ozone depletion in the polluted boundary region is illustrated in the observations of
Brönnimann and co-authors14, 18, 19 at two elevated sites in Europe (Chaumont; 1,140 m above sea
level (ASL), and Rigi;1,030 m ASL) where enhanced near-surface ozone concentrations were
recorded. Mean diurnal cycles of ozone concentration showed a strong increase from late morning
to late afternoon and, at the same time a decrease at the high alpine site Jungfraujoch (3,580 m
ASL). The different diurnal ozone cycles can both be explained photochemically by taking into
account the large difference in NOX concentrations (about two orders of magnitude). Brönnimann
et al. 18 also attempted to quantify the effect of changing UV-B radiation on surface ozone peaks in
a day-to-day scale using a time series of measurement at the mountain sites. Seven years of ozone,
NO and NOX data, meteorological measurements from Chaumont, total ozone and UV-B
measurements from Arosa (1,847 m ASL), and surface albedo from satellite observations were
investigated. The study was restricted to fair weather days with moderately high NOX
concentrations. The estimated net effect on ozone peaks is normally within a range of 4 nmol/mol,
a range of about 6 nmol/mol is predicted for large UV-B changes. This is greater than 5% of the
Swiss Air Quality 1 hour standard. Assuming that all other factors are constant, the trend due to
the stratospheric ozone depletion observed in the last decades was found to be less than 0.12
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nmol/mol/yr. A 3-D mesoscale photochemical model (Metphomod) gave similar results to these
measurements.20
The Metphomod model calculations were performed for the entire Swiss Plateau, 20 , and for the
large stratospheric ozone depletion used in their calculation the changes in near ground level ozone
was 0-3 nmol/mol (See Figure 6-1). However, for the city of Zurich, they estimated changes of
around + 5 nmol/mol for both the winter and summer “ozone event” they studied. In the urban
airshed, such an increase could not simply be assigned, based on measurements, to stratospheric
ozone depletion. However, it does represent a significant contribution to the overall ozone
loading.

Figure 6-1 Ground level ozone production due to stratospheric ozone depletion. The calculations are for the region of
Switzerland shown in the map. The left hand panel shows the calculated impact of ozone depletion from 400DU to
240DU for a simulation of an event in February 1998. The right hand panel shows a calculation for 30 July 1993, with
an ozone decrease from 360DU to 280DU. (Figure based on the work of Brönnimann et al.20 )

Pirjola21 used a Lagrangian model to assess the interaction of elevated UV-B, volatile organic
compound (VOC) emissions from plants (isoprene and some terpenes) and SO2 . In the base case
for emission rates of these organics, Pirjola reported a linear relationship between sulfate particle
numbers and UV-B, with a 2.5- fold increase in particles for a 50% increase in UV-B. Under these
conditions, the OH radical concentration increased by 9.8%. The concentration of biogenic
organics is expected to increase with increasing CO2 , and Pirjola has investigated this also. The
model shows a decrease in OH and particle formation and an increase in ozone with an increase in
organics. The increase in particle formation through a UV-B (XUVB (%)) enhancement can be
offset by an increase in biogenic organics (YOrg(%)) as described by
YOrg = 1.23XUVB + 3.34

(1)

Humidity, temperature, SO2 emissions, and pre-existing particle concentrations were found to have
little impact on the relationship.
The expected impact of stratospheric ozone depletion on formaldehyde (HCHO) is unclear, as both
its production and destruction will be enhanced by ozone depletion. However, recent
measurements of formald ehyde from Neumayer station in Antarctica22 found roughly twice the
HCHO concentration in the spring during the ozone hole period than observed at a corresponding
time in autumn. This suggests that, at least under Antarctic conditions, the concentration is
enhanced by stratospheric ozone depletion.
Over the past few years, significant advances have been made in understanding how aerosols affect
actinic fluxes and therefore tropospheric chemistry. This advance benefited greatly from the UV
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monitoring networks that have been put in place to monitor stratospheric ozone depletion.
Dickerson et al. 23 have shown that scattering by sulfate aerosols actually increases O3 production
in the planetary boundary layer (PBL) of the eastern USA. Absorbing aerosols will reduce
photolysis rates and reduce PBL-O3 production in polluted areas, but may actually reduce PBL-O3
loss under low NOX conditions, i.e. in more pristine regions.

Atmospheric Production, Fate, and Effects of Trifluoroacetic Acid and Related
Substances
The hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) HCFC-123, HCFC-124
and HFC-134a degrade to give trifluoroacetic acid (TFA).1 Use of HFCs may increase as the
products are used to replace other products such SF6 , resulting in increased production of TFA.
Environmental TFA can also be produced during the breakdown of other organofluorine
compounds released to the atmosphere by human activities, e.g., halothane and isoflurane
anesthetics. TFA is also produced through the breakdown of TFM (a lampricide), trifluoromethylcontaining agrochemicals such as trifluralin, and Teflon. 24, 25 TFA is widely used in the chemical
industry in processes where it is either consumed or becomes part of a chemical waste stream. A
natural source of TFA has also been proposed from the weathering of fluorites that have been
found to contain CF4 .26 However, TFA has not yet been detected from these materials.
Residues of TFA have been observed in water and air samples from many geographical areas
(USA, Canada, Australia, South Africa, Germany, Israel, Ireland, France, Switzerland, Finland,
and China) and show that TFA is a ubiquitous contaminant of the hydrosphere. Concentrations
have been reported at up to 0.04 mg/L. 27 Another halogenated acetic acid with similar properties
to TFA is chlorodifluoroacetic acid (CDFA), which is also the breakdown product of HCFCs, and
is formed via degradative reactions occurring in the atmosphere.28 Measured concentrations of
CDFA are smaller than TFA. A maximum of 0.0002 ng/L was reported in water samples taken in
Canada.28 Both of these halogenated acetic acids (HAAs) are persistent in the environment.

Fate and Effects of TFA and CDFA in the Ecosystem
Fate
TFA and related products are water-soluble, have
negligible vapor pressure, and accumulate in surfacewaters (Figure 6-2).1 Because of their great water
solubility and low octanol-water partition coefficient
(K OW ), TFA and related halogenated acetic acids
(HAAs)
are
not
likely
to
bioconcentrate,
bioaccumulate, or biomagnify through the aquatic food
chain, although accumulation in terrestrial plants has
been observed following hydroponic exposures.1 TFA
is a stable ion in the aqueous phase and no significant
loss process such as hydrolysis, photolysis, or
formation of insoluble salts has been identified.1
Degradation of TFA may occur under certain
conditions in the laboratory. 1, 29 However, these
processes appear
to
be
less
6-2 Illustration of the formation of persistent, water-soluble breakdown products of
relevant in the Figure
the HFCs and HCFCs (CF -CXYH) and their movement and concentration by evaporation,
3

along with other water-soluble salts to surface waters
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field. Studies in aquatic microcosms containing sediments and biota have not demonstrated any
measurable dissipation of TFA over periods of up to two years.30 Similarly, CDFA exhibited no
degradation in outdoor aquatic microcosms over the period of almost a year.31
Toxicity to Aquatic Organisms
TFA is not considered highly toxic to aquatic plants and animals in acute laboratory studies.1
Previous field studies on TFA showed that it did not alter the algal species composition in the
stream microcosm. 1 Studies on the common aquatic plants Myriophyllum spicatum and M.
sibiricum in outdoor microcosms exposed to TFA for 49 days showed no signs of toxicity at
concentrations up to 10 mg/L TFA. 32 . Citrate concentrations in the plants were monitored and no
increases were observed in exposed versus controls, implying that the citric acid cycle was not
impacted at the concentrations used.33 Similarly, CDFA demonstrated low toxicity to aquatic
plants in laboratory studies EC25s of 14 – 18 mg/L in Myriophyllum spp.28 and in microcosm
studies, either on its own or in combination with TFA. 31
Toxicity to Terrestrial Organisms
TFA is not considered highly toxic to terrestrial plants. No effects were observed in a variety of
crop plants at concentrations ranging from 1 to 1,000 mg/L. 1 Effect concentrations for CDFA in
terrestrial plants have not been reported in the literature. TFA is not metabolized in mammalian
systems but is rapidly excreted. As the neutralized salt, TFA is not considered highly toxic to
mammals via the inhalation or the oral route.1 It is also not mutagenic and, although it has not
been tested, is not considered a likely carcinogen.
Risk Assessment
The previous risk assessment of TFA was based on an estimated average concentration of 0.0001
mg/L in rainwater, by the year 2020.1 With additional sources of TFA now identified,
concentrations may be somewhat higher than this estimate. These concentrations are not expected
to present risks to terrestrial plants through foliar soil absorption routes of exposure.
Based on a no observed effect concentration (NOEC) of about 0.10 mg/L (as TFA) for the most
sensitive standard algal species, Selenastrum capricornutum, a predicted no effect concentration in
aquatic systems (PNEC aqua ) of 0.1 mg/L was proposed.1 Lack of effects of TFA on plants in
aquatic microcosms under field conditions at concentrations up to 10 mg/L confirms low risk and
the conservatism of the suggested PNEC aqua .
On the basis of discussions in the previous review1 and more recent information, risks from TFA
in the ecosystem are judged to be low. Although less data exists for CDFA, risks from this
substance are also judged to be low.
Uncertainties as to the sources of TFA in the environment have been reduced through the
identification of other pathways of formation. However, CDFA has been identified as a persistent
degradation product of the HCFCs. CDFA is not considered toxic to aquatic plants but sensitivity
of other species has not been reported. Although additional data on environmental concentrations
of TFA (and CDFA) have been reported, continuing monitoring is recommended to confirm trends
in surface and rainwater.
Interactions with Global Climate Change
As discussed previously in this volume34 and more fully elsewhere,35, 36 interactions between
climate change and stratospheric ozone depletion may occur through many chemical, radiative and
dynamic mechanisms. For example, changes in temperature will change reaction rates, variations
in cloudiness will have a direct impact upon photolysis rates, and long-range transport can change
the chemical composition. Several aut hors have reviewed potential interactions between ozone
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depletion and climate change.37-40 The review by Staehelin et al. 38 concluded that the interactions
between stratospheric ozone depletion and climate change would be a productive research domain
in the future. Only a few examples of the possible interactions will be given here.
Variations in ozone concentration, in particular in the upper troposphere and lower stratosphere,
would be a crucial issue in the next decades because of links to climate change. Stratospheric
ozone depletion leads to an increase in UV-B fluxes in the troposphere, which affect the
photochemistry in the troposphere, especially the OH radicals. Increases in concentration of some
greenhouse gases will act as sinks for OH in troposphere, thus changing air quality and
composition in troposphere as suggested in the previous UNEP assessment1 and by Ma and van
Weele.17 Studies by Prinn et al. 41 using methyl-chloroform, suggest a recent decrease in global
OH that may be due to anthropogenic emissions. An increase in atmospheric CO2 concentration
would accelerate photosynthesis, (CO2 fertilization) which might enhance the emissions of
biogenic VOC’s in forests and other natural ecological systems, and their oxidation reactions with
hydroxyl radical which will act as a sink for OH. 21
Other sources of tropospheric air pollutants may be affected by global warming. It is known that
local and large-scale biomass fires such as are used for land-clearing are rich sources of NOX, CO,
CH4 , and other NMHCs, leading to enhanced tropospheric ozone production. 42 During the 1994
South-East Asian haze episode (September-October 1994), measurements in Asia showed
increased tropospheric concentrations of NOX (up to double) and ozone (~20%).43 Besides
extensive forest fires, local burning of biomass and fossil fuels also would have contributed to this.
Thus, climate changes resulting from global warming may increase the risk of large-scale forest
and brush-fires which affect concentrations of tropospheric air pollutants. Also, forest-fires induce
haze aerosols that can increase multiple scattering, thus improving the efficiency of UV-B
absorption of the boundary layer ozone. However, ozone production in the boundary layer may
also be hindered by UV-B absorption by aerosols.44
Changes in the aerosol content of the atmosphere
associated with global change may affect ozone
photolysis rates45 and hence the tropospheric ozone
levels. It was calculated that soot particles and mineral
dust particles can reduce the ozone photolysis rate by
6% to 11%45 , and reductions of up to 50% have been
estimated elsewhere.44, 46 During the Sahara dust events
in the PAUR II campaign, Balis et al.47 reported greatest
effects on production of excited oxygen atoms (J(O 1 D))
during days with high aerosol content. Box model
calculations for a case study during the same experiment
at Crete were carried out. The model indicated that the
presence of absorbing aerosols offset part of the increase
in local net ozone production rate caused by the decrease
in total column ozone concentration when enough NOX
was present.16 A sensitivity analysis of photolysis rates
and ozone production in the troposphere in response to
aerosol properties used a coupled transport-chemistryradiative transfer model,48 and reported reductions in
ground level ozone concentrations of up to 70% in the
presence of absorbing aerosols in the boundary layer
(Figure 6-3).
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Figure 6-3 Illustration of the impact of
tropospheric aerosols upon atmospheric
chemistry. The aerosol can reduce the
intensity of radiation, leading to a
reduction in ozone production. Such a
reduction
offsets
the
impact
of
stratospheric ozone depletion
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Although it is recognized that tropospheric ozone and other air pollutants are important with
respect to human health and the environment, these pollutants are largely anthropogenic and
concentrations vary in response local human activity. The impact of the coupling of stratospheric
ozone depletion and climate change on concentrations of pollutant will be difficult to quantify
experimentally, even though it could be significant, especially in the regions where air quality has
a large impact on human health.
Since global warming is expected to increase demand for refrigerants, the breakdown products of
these substances are likely to increase in concentration in the troposphere at a greater than
expected rate. While this could increase concentrations of persistent breakdown products such as
TFA and CDFA, inputs to most environments would still be small enough (by a factor of about
1,000) that biologically significant concentrations would not be expected to occur in flowing
surface waters. However, in areas where there is little or no outflow and increased evaporation
due to increased surface temperatures, these products are expected to increase in concentration.
While this may present a risk to aquatic organisms, these areas would also experience increases in
concentrations of other water-soluble materials such as has already occurred in salt lakes and
playas. The effects of these naturally occurring salts and other materials would likely be greater
and more biologically significant than those of TFA or CDFA and would occur in the absence of
these substances anyway. The results of this interactio n with global climate change are judged to
be of low significance.

References
1
X. Tang, S. Madronich, T. Wallington and D. Calamari, Changes in tropospheric
composition and air quality, J. Photochem. Photobiol. B., 1998, 46, 83–95.
2
D. L. Albritton, P. J. Aucamp, G. Megie and R. T. Watson, (Eds.), Scientific Assessment of
Ozone Depletion: 1998, Global Ozone Research and Monitoring Project, World Meteorological
Organization Report No. 44, Geneva.
3
J. C. van der Leun, M. Tevini, X. Tang and R. C. Worrest, Environmental Effects of Ozone
Depletion: 1998 Update, United Nations Environment Programme, Nairobi, 1998, p. 192.
4
R. De Winter-Sorkina, Impact of ozone layer depletion I: Ozone depletion climatology,
Atmos. Environ., 2001, 35, 1609-1614.
5
R. De Winter-Sorkina, Impact of ozone layer depletion II: Changes in photodissociation
rates and tropospheric composition, Atmos. Environ., 2001, 35, 1615-1625.
6
M. Krol, P. J. Van Leeuwen and J. Lelieveld, Global OH trend inferred from
methylchloroform measurements, J. Geophys. Res., 1998, 103, 10697-10711.
7
A. M. Thompson, R. W. Stewart, M. A. Owens and J. A. Herwehe, Sensitivity of
tropospheric oxidants to global chemical and climate change, Atmos. Environ., 1989, 23, 519-532.
8
S. Madronich and C. Granier, Impact of recent total changes on tropospheric ozone
photodissociation, hydroxyl radicals, and methane trends, Geophys. Res. Lett, 1992, 19, 465-467.
9
A. Ruggaber, R. Dlugi and T. Nakajimax, Modelling radiation quantities and photolysis
frequencies in the troposphere, J. Atmos. Chem., 1994, 18, 171-210.
10
P. Zanis, E. Schuepbach, H. W. Gaeggeler, S. Huebener and L. Tobler, Factors controlling
berrylium-7 at Jungfraujoch in Switzerland, Tellus, 1999, 51, 789-805.

The Environmental Effects Assessment Panel Report for 2002

137

Changes in tropospheric composition and air quality due to stratospheric ozone depletion

11
G. Vaughan and G. D. Price, in Ozone in the atmosphere eds.: R. D. Bojkov and P. Fabian,
Deepak Publ, 1989, pp. 415-418.
12
S. Chandra, J. R. Ziemke and R. W. Stewart, An 11-year solar cycle in tropospheric ozone
from TOMS measurements, Geophys. Res. Lett, 1999, 26, 185-188.
13
G. Vaughan and J. D. Price, On the relation between total ozone and meteorology, J. Roy.
Meteorol. Soc., 1991, 117, 1281-1298.
14
S. Brönnimann and U. Neu, A possible photochemical link between stratospheric and nearsurface ozone on Swiss mountain sites in late winter, J. Atmos. Chem., 1998, 31, 299-319.
15
J. E. Jonson, A. Kylling, T. Berntsen, I. S. A. Isaksen, C. S. Zerefos and K. Kourtidis,
Chemical effects of UV fluctuations inferred from total ozone and tropospheric aerosol variations,
J. Geophys. Res., 2000, 105, 14561-14574.
16
P. Zanis, K. Kourtidis, B. Rappenglueck, B. Balis, D. Melas, C. Zerefos, R. Schmitt, S.
Rapsomanikis and P. Fabian, A case study on the link between surface ozone photochemistry and
total ozone during the PAURII experiment at Crete - Comparison of observations with box model
calculations, J. Geophys. Res., 2002, 107, 10.1029/2000JD000137.
17
J. Ma and M. van Weele, Effect of stratospheric ozone depletion on the net production of
ozone in polluted rural areas, Chemosphere Global Change Sci., 2000, 2, 23-37.
18
S. Brönnimann, S. Voigt and H. Wanner, The influence of changing UVB radiation in nearsurface ozone time series, J. Geophys. Res., 2000, 105, 8901-8913.
19
S. Brönnimann, Early spring ozone episodes: Occurrence and case study, Phys. Chem.
Earth, 1999, 24, 531-536.
20
S. Brönnimann, W. Eugster and H. Wanner, Photo-oxidant chemistry in the polluted
boundary layer under changing UV-B radiation, Atmos. Environ., 2001, 35, 3789-3797.
21
L. Pirjola, Effects of the increased UV radiation and biogenic VOC emissions on ultrafine
sulfate aerosol formation, J. Aerosol Sci., 1999, 30, 355-367.
22
K. Riedel, R. Weller and O. Schrems, The effect of UV-radiation on photo-oxidants and
formaldehyde in the atmosphere, in UV Radiation and its effects: An update (Eds.: R. L.
McKenzie, A. Reisinger and C. Watts), Royal Society of New Zealand, Christchurch, New
Zealand, 2002, p.??
23
R. Dickerson, S. Kondragunta, G. Stenchikov, K. Civerolo, B. Doddridge and B. Holben,
The impact of aerosol on solar UV radiation and photochemical smog, Science, 1997, 278, 827830.
24
D. A. Ellis, S. A. Mabury, J. W. Martin and D. C. G. Muir, Thermolysis of fluoropolymers
as a potential source of halogenated organic acids in the environment, Nature, 2001, 412, 321-324.
25
D. Ellis and S. A. Mabury, The aqueous photolysis of TFM and related
trifluoromethylphenols. An alternate source of trifluoroacetic acid in the environment, Environ.
Sci. Technol., 2000, 34, 632-637.
26
J. Harnisch, M. Frische, R. Borchers, A. Eisenhauer and A. Jordan, Naturally fluorinated
organics in fluorite and rocks, Geophys. Res. Lett, 2000, 27, 1883-1886.
27
D. Zehavi and J. N. Seiber, An analytical method for trifluoroacetic acid in water and air
samples using headspace gas chromatographic determination of the methyl ester, Anal. Chem.,
1996, 68, 3450-3459.

138

The Environmental Effects Assessment Panel Report for 2002

Changes in tropospheric composition and air quality due to stratospheric ozone depletion

28
J. W. Martin, J. Franklin, M. L. Hanson, K. R. Solomon, S. A. Mabury, D. A. Ellis, B. F.
Scott and D. C. G. Muir, Detection of chlorodifluoroacetic acid in precipitation: a possible product
of fluorocarbon degradation, Environ. Sci. Technol., 2000, 34, 274-281.
29
B. R. Kim, M. T. Suidan, T. J. Wallington and X. Du, Biodegradability of trifluoroacetic
acid, Environ. Eng. Sci., 2000, 17, 337-342.
30
D. A. Ellis, M. L. Hanson, P. K. Sibley, T. Shahid, N. A. Fineburg, K. R. Solomon, D. C.
G. Muir and S. A. Mabury, The fate and persistence of trifluoroacetic and chloroacetic acids in
pond waters, Chemosphere, 2001, 42, 309-318.
31
M. L. Hanson, P. K. Sibley, K. R. Solomon, S. A. Mabury and D. C. G. Muir,
Chlorodifluoroacetic acid (CDFA) fate and toxicity to the macrophytes Lemna gibba,
Myriophyllum spicatum and Myriophyllum sibiricum in aquatic microcosms, Environ. Toxicol.
Chem., 2001, 20, 2758-2767.
32
M. Hanson, P. K. Sibley, D. Ellis, N. Fineberg, S. Mabury, K. R. Solomon and D. Muir,
Trichloroacetic acid (TCA) fate and toxicity to the macrophytes Myriophyllum spicatum and
Myriophyllum sibiricum under field conditions, Aquat. Toxicol., 2001, 56, 241-255.
33
M. Hanson, P. K. Sibley, K. R. Solomon, S. Mabury and D. Muir, Trichloroacetic acid
(TCA) and trifluoroacetic acid (TFA) mixture toxicity to the macrophytes Myriophyllum spicatum
and Myriophyllum sibiricum in aquatic microcosms, Sci. Tot. Environ., 2002, 285, 247-259.
34
R. L. McKenzie, L. O. Bjorn, A. Bais and M. Ilyas, Changes in biologically active
ultraviolet radiation reaching the Earth's surface, Photochemical and Photobiological Science,
2003, In Press.
35
WMO (World Meteorological Organization), Scientific Assessment of Ozone Depletion:
2002, Global Ozone Research and Monitoring Project, World Meteorological Organization Report
No. 47, Geneva, Switzerland, 1999.
36
IPPC, Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the
Third Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, UK, 2001.
37
P. Taalas, J. Kaurola and A. Kylling, The impact of greenhouse gases and halogenated
species on future solar UV radiation doses, Geophys. Res. Lett, 2000, 27, 1127-1130.
38
J. Staehelin, N. R. P. Harris and C. Appenzeller, Ozone trends: a review, Rev. Geophys.,
2001, 39, 231-290.
39
D. T. Shindell, Climate and ozone response to increased stratospheric water vapor,
Geophys. Res. Lett, 2001, 28, 1551-1554.
40
D. T. Shindell, G. A. Schmidt, R. L. Miller and et al., Northern hemisphere winter climate
response to greenhouse gas, ozone, solar and volcanic forcing, J. Geophys. Res., 2001, 106, 71937210.
41
R. G. Prinn, J. Huang, R. F. Weiss, D. M. Cunnold, P. J. Fraser, P. G. Simmonds, A.
McCulloch, C. Harth, P. Salameh, S. O'Doherty, R. J. H. Wang, L. Porter and B. R. Miller,
Evidence for substantial variations of atmospheric hydroxyl radicals in the past two decades,
Science, 2001, 292, 1881-1888.
42
W. J. Collins, D. S. Stephenson, C. E. Johnson and R. G. Derwent, Trophospheric ozone in
a global-scale three-dimensional langrangian mode and its response to NOx emission controls, J.
Atmos. Chem., 1997, 26, 223-274.

The Environmental Effects Assessment Panel Report for 2002

139

Changes in tropospheric composition and air quality due to stratospheric ozone depletion

43
M. Ilyas, A. Pandy and M. S. Jaafar, Changes to surface-level uvltaviole t-B radiation due
to haze perturbation, J. Atmos. Chem., 2001, 40, 111-121.
44
J. P. Greenberg, A. B. Guenther, S. Madronich, W. Baugh, P. Ginoux, A. Druilhet, R.
Delmas and C. Delon, Biogenic volatile organic compound emissions in central Africa during the
Experiment for the Regional Sources and Sinks of Oxidants (EXPRESSO) biomass burning
season, J. Geophys. Res., 1999, 104, 30659-30671.
45
H. Liao, Y. L. Yung and J. H. Seinfeld, Effects of aerosols on tropospheric photolysis rates
in clear and cloudy atmospheres, J. Geophys. Res., 1999, 104, 23697-23707.
46
T. Castro, S. Madronich, S. Rivale, A. Muhlia and B. Mar, The influence of aerosols on
photochemical smog in Mexico City, Atmos. Environ., 2001, 35, 1765-1772.
47
D. Balis, C. S. Zerefos, K. Kourtidis, A. F. Bais, A. Hofzumahaus, A. Kraus, R. Schmitt, K.
Blumthaler and G. P. Gobbi, Measurements and modeling of the photolysis rates during the PAUR
II campaign, J. Geophys. Res., 2002, 107, 10.1029/2000JD000136.
48
S. He and G. R. Carmichael, Sensitivity of photolysis rates and ozone production in the
troposphere to aerosol properties, J. Geophys. Res., 1999, 104, 26307-26324.

140

The Environmental Effects Assessment Panel Report for 2002

CHAPTER 7. EFFECTS OF CLIMATE CHANGE AND UV-B
ON MATERIALS
A. L. Andrady a , H. S. Hamidb and A. Torikaic
a

Research Triangle Institute, Research Triangle Park, NC 27709 U.S.A.

b

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia.

c

Daido Institute of Technology, Minami-ku, Nagoaya 457-8630 Japan.

Summary
The outdoor service life of common plastic materials is limited by their susceptibility to solar
ultraviolet radiation. Of the solar wavelengths the UV-B component is particularly efficient in
bringing about photodamage in synthetic and naturally occurring materials. This is particularly true
of plastics, rubber and wood used in the building and agricultural industries. Any depletion in the
stratospheric ozone layer and resulting increase in the UV-B component of terrestrial sunlight will
therefore tend to decrease the service life of these materials. The extent to which the service life is
reduced is, however, difficult to estimate as it depends on several factors. These include the
chemical nature of the material, the additives it contains, the type and the amount of lightstabilizers (or protective coatings) used, and the amount of solar exposure it receives.
Concomitant climate change is likely to increase the ambient temperature and humidity in some of
the same regions likely to receive increased UV-B radiation. These factors, particularly higher
temperatures, are also well known to accelerate the rate of photodegradation of materials, and may
therefore further limit the service life of materials in these regions. To reliably assess the damage
to materials as a consequence of ozone layer depletion, the wavelength sensitivity of the
degradation process, dose-response relationships for the material and the effectiveness of available
stabilizers need to be quantified. The data needed for the purpose are not readily available at this
time for most of the commonly used plastics or wood materials. Wavelength sensitivity of a
number of common plastic materials and natural biopolymers are available and generally show the
damage (per photon) to decrease exponentially with the wavelength. Despite the relatively higher
fraction of UV-A in sunlight, the UV-B content is responsible for a significant part of lightinduced damage of materials.
The primary approach to mitigation relies on the effectiveness of the existing light stabilizers (such
as hindered amine light stabilizers, HALS) used in plastics exposed to harsh solar UV conditions
coupled with climate change factors. In developing advanced light-stabilizer technologies, more
light-resistant grades of common plastics, or surface protection technologies for wood, the harsh
weathering environment created by the simultaneous action of increased UV-B levels due to ozone
depletion as well as the relevant climate change factors need to be taken into consideration. Recent
literature includes several studies on synergism of HALS-based stabilizers, stabilizer effectiveness
in the new m-polyolefins and elucidation of the mechanism of stabilization afforded by titania
pigment in vinyl plastics.
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Introduction
Materials that are deleteriously affected on exposure to UV-B radiation include man- made
polymers (plastics and rubber materials)1, 2 as well as naturally-occurring biopolymers such as
wood3 , wool4 skin proteins5 , and hair.6 Both natural, and man-made materials are widely used in
the building industry about a third of the plastics produced in Western Europe and in the US is
used in building and agricultural applications. Some of the building products, for instance roofing
materials, plastic or wood siding, window frames, glazing, water tanks, rain ware (gutters) and
plastic conduit are routinely exposed to sunlight during regular use. Numerous plastic products
exposed outdoors photodegrade slowly on exposure to solar radiation, steadily loosing their useful
physical and mechanical attributes. This degradation is accelerated by higher ambient temperatures
and in some polymers by the presence of moisture and pollutants in the atmosphere. The use of
plastics outdoors is feasible only because of the use of efficient photostabilizers designed to slow
down this degradation process. A large body of information exists on stabilizer technologies aimed
at extending the service life of plastics exposed to outdoor environments.
Stratospheric ozone depletion and the ensuing increase in UV-B levels in terrestrial sunlight will
tend to reduce the service life of plastic products used outdoors. With concurrent global warming,
the service lifetimes of plastics are likely to be further affected as higher temperatures generally
accelerate the chemical reactions responsible for the photodamage.2, 7 The predicted average
increase in ambient global air temperatures due to global warming (1.4 to 5.8º C above 1990
values by 21008 ) is not expected to unduly accelerate the degradation of plastics or wood. Yet, the
effect could be significant at locations with higher extreme temperatures. Also, the surface
temperatures of materials exposed to direct sunlight is often much higher than that of the
surrounding air due to heat build up.9 As the relationship between the rate of degradation reactions
and temperature is exponential, even a small increase in the temperature of an exposed plastic
surface, already at a high temperature, can result in very significant increases in the rate of the
photo damage.
In regions where climatic changes caused by global warming results in higher rainfall or humidity,
the situation is even further exacerbated. In both wood10 and moisture susceptible plastics11, 12 ,
photodegradation can be significantly accelerated by the presence of high humidity, particularly at
the higher temperatures. The effect is well documented and higher temperatures and humidity are
routinely used to accelerate the photodegradation of plastics and rubber in laboratory exposure
tests. The geographic distribution of these modifying influences of temperature and humidity has
not been fully investigated. Higher ambient temperature and rainfall due to climate change are
expected in some of the same geographical regions likely to experience higher UV-B radiation.
Regions that would experience particularly harsh exposure conditions, however, would include
developing regions of the world that rely particularly heavily on wood and plastics for
construction. Wood remains the primary material of residential construction in many parts of the
developing world. Also, high volume users of plastics include many developing countries. For
instance, China is presently the second largest producer of plastic resin in the world with 19
million tons produced in 2000.
Maintaining the service life of plastics products used outdoors at the same level despite harsh UVenvironments due to ozone depletion and contributing climatic conditions may be possible with a
combination of strategies. The use of higher concentrations of conventional UV stabilizers or the
development of novel highly efficient UV-B stabilizers is the most likely response of the plastics
industry. The use of surface protection, particularly in the case of wood, and substitution of
materials with better UV-resistant grades of plastics, are also available strategies. These, however,
add to the cost of the plastic products and in some markets can potentially affect the
competitiveness of plastics as a material. A critical question, however, is whether the available
photostabilizer technologies will function adequately with spectrally altered sunlight due to the
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stratospheric ozone loss. Materials substitution with more UV resistant plastics is feasible and
candidate plastics are available for the purpose but at a significant cost. In the case of wood
surfaces paints or coatings as well as UV-B stabilizers presents a feasible mitigation strategy. 13
While some success has been reported recently for the surface modification of wood to improve
UV stability8, 14, this is a more expensive and less satisfactory option.
A good assessment of the potential impact of stratospheric ozone depletion on the lifetimes of
materials and the available strategies for mitigation requires key research information on at least
the common polymers and wood. Of particular interest are: a) estimates of the increase in UV-B
content expected in sunlight as well as the temperature/humidity variations due to global climate
change; b) reliable wavelength sensitivity data and the dose-response relationships in the
photodegradation of common polymers; and c) data on the efficacy of available UV stabilizers
under spectrally altered sunlight conditions.15 The data presently available on the topic is
inadequate for a reliable assessment, but additional information is slowly being published in the
literature.

Recent Findings
Wavelength Sensitivity of Photodegradation
It is important to quantify the relationship between the wavelength of UV radiation and the
efficiency of degradation for common polymers. This would allow the estimation of damage to
these materials under different UV environments (corresponding to various geographic locations or
to different ozone-depletion scenarios) and help in the design of new light stabilizers. Published
data on the wavelength sensitivity for the degradation processes in common polymers have been
reviewed in recent years.16 Data are presently available for a range of common materials (including
polyethylene, polypropylene, poly(vinyl chloride) (PVC), polycarbonate, polystyrene), mechanical
pulp (wood), wool, human hair, and skin proteins. The general relationship between the
wavelength of UV-B radiation and the efficiency of photodamage for these materials is not linear.
The degradation per available unit of UV radiation decreases exponentially as the wavelength of
the UV radiation increases.17 Given the high efficiency of photodamage, even small increases in
UV-B content in sunlight can potentially result in marked increases in the rates of
photodegradation in common polymer materials.
An important observation is that during processing, the plastics resin is mixed with a number of
other chemicals (collectively referred to as additives) to impart key properties to the plastic
material. For instance, the photostabilizer additives impart UV stability to the resin; other
additives such as lubricants, fillers or heat stabilizers are used to obtain different properties.
However, some of these additives can also alter the UV susceptibility of the material. Therefore,
the more valuable wavelength sensitivity information is that pertaining to plastics materials that
have the same composition (in terms of additives and stabilizers in the formulation) as the products
of interest.
In the last few years, several publications have augmented the available information on wavelength
sensitivity of polymeric materials. Two such studies focused on acrylic plastics18 used in
construction applications while another addressed the UV- induced damage to collagen19 a key
protein in human skin. Another, reported on the light- induced yellowing of mechanical pulps
exposed to solar UV wavelengths.17 The exposures were carried out at selected ultraviolet
wavelengths between 270 and 400 nm and chemical changes indicative of degradation were
monitored. The findings were consistent with data trends well established in the literature and
summarized above. In a study on polyether-polyester elastomers, Nagai et al. 12 found UV-B
wavelengths to be responsible for the chain-scission type damage that deteriorates the strength and
elasticity of the material. Another important study was on light- induced damage to polystyrene
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plastics compounded with a flame retardant additive1 that reduces the risk of fire when the plastic
is used as building construction materials. Interestingly, this additive also acted as a catalyst
accelerating the photodamage. Also, the waveband that resulted in the most efficient degradation
shifted from UV-B into the UV-A when the flame retardant was used as an additive. An additive
that shifts the most effective waveband to UV-A is generally undesirable. Although the longer UVA wavelengths are not affected by stratospheric ozone depletion, the relatively higher fraction of
UV-A, compared to UV-B, in terrestrial solar radiation is likely to increase the amount of
photodamage. A drawback in these experiments on wavelength sensitivity is that the studies were
generally carried out at ambient temperature and humidity.
New Light Stabilizers and Materials
The hindered amine light stabilizers (HALS) are presently the most effe ctive class of stabilizers
available and are used particularly in polyethylene and polypropylene products intended for
outdoor use. Other classes of light stabilizers such as ultraviolet absorbers are also used with
plastics, particularly the aromatic polymers. The harsh exposure conditions where the spectral
content of sunlight has a larger UV-B component, and the ambient temperature and/or humidity is
higher, generally indicates a higher concentration of the stabilizer to be used in the plastic. Also
important are effective thermal stabilizers used to protect plastics from degradation during
processing. Without these, high temperature processing can introduce chromophore species into
polymers making them more susceptible to photodegradation.
HALS are relatively expensive additives and are used at a low concentration (0.1 to 0.2 percent in
polyethylenes in mulch film applications). The protection from light- induced damage afforded by
HALS is reported to increase linearly on its concentration in the plastic (up to about 0.6 weight
percent).20 While reported data on the issue are limited, it is likely that these stabilizers work well
under a variety of different temperatures and humidity. Very little work has been done on their
effectiveness and their own stability21 in harsh UV environments (i.e. in sunlight with a higher than
normal fraction of UV-B or that containing shorter than expected wavelengths of UV-B radiation).
Recent studies do not directly address the issue of performance of stabilizers under altered
sunlight conditions, but discuss how the optimum protective capacity of conventional HALS
stabilizers might be exploited. Synergistic mixtures of HALS have gained increasing importance
for UV stabilization of polyolefin. Synergism or antagonism between two HALS was detected by
evaluating a single combination of the two HALS in propylene.20 The mechanism involved,
however, was not fully elucidated. The synergy depended on the particular combination of HALS
and on the type of polyolefin. Similarly, combinations of UV absorbers (an oxanilide with
benzephenone or benzotriazole or a hydroxyphenyltriazine) were reported to be systematically
synergistic in both polyethylene and polypropylene.22 Combinations of oligomeric stabilizers with
photostabilizer moieties (such as HALS) and heat stabilizer have also been tested for possible
synergism.23 While synergistic protection from photodamage was not obtained for these, some
mixes showed synergistic heat stabilization in polypropylene. Other promising novel light
stabilizer systems not presently in commercial use, such as HALS reacted with pyrenes24 , triazines,
selenium, and selenium/triazine 25, 26 were recently studied for their potential as light stabilizers in
polypropylene. While these are for the most part exploratory studies, research on fully exploiting
the capability of HALS and attempting to develop even better stabilizers is an important
undertaking.
With most of the 23 million tons of vinyl plastics (PVC) produced globally each year being used
outdoors, and developing nations reporting an increasing demand for the material for building,
their light stabilization is of particular interest. This plastic uses titania pigment (rutile titanium
dioxide) as an opacifier at10-13 weight percent in compositions meant for outdoor use in the US.
The pigment absorbs UV-B radiation in sunlight and reflects visible wavelengths making it a good
photostabilzer. The mechanism of protection of PVC with titania pigment was recently
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investigated with special emphasis on
the role of water in promoting
oxidative degradation. 27 The study
compared the stabilizing effectiveness
of nanocrystalline rutile powder, an
anatase white pigment, and a
photoactive as well as photostable
grades of rutile pigment in PVC.
Using better UV-resistant varieties of
plastics is an important strategy to
mitigate the effects of increased UV
radiation in sunlight. Metallocenecatalysed plastics (m-plastic) are
slowly
beginning
to
replace
conventional
polyolefins
in
several key applications within Figure 7-1. The anticipated effects of climatic change factors on
the degradation of materials by solar ultraviolet radiation. The +
the last few years. The stabilizer
effectiveness of existing UV symbols indicate the amount of published research data showing
factors to increase UV-induced degradation. +++ = High,
stabilizers systems with the new climatic
++ = Moderate, and + = Low
m-polyolefins
was
recently
reported.28 The compatibility of the UV stabilizers at the concentration most commonly used in
plastic film products, were found to be the same for both conventional polyolefin and the mpolyolefin. Furthermore, the synergism between two polymeric HALS reported earlier for
conventional polyolefins is also found to be applicable to m-polyolefins. The main difference
reported so far between the conventional and m-plastics is a small but systematic increase in
lifetimes with m-plastics relative to conventional plastic, for the HALS-stabilized polyethylenes.
This was reflected in the better weatherability of m-polyethylene relative to that of conventional
polyethylene, in outdoor exposure studies.29 These observations are important in that they suggest
the trend towards the metallocene plastics with better characteristics, does not involve a
compromise on the UV-stability of the material.

Influence of Temperature on UV-induced Effects
The outdoor degradation of common thermoplastic materials as well as the materials for
construction such as wood, or even biopolymers like collagen (making up nearly a third of the
body protein in mammals) is often the result of a combination of factors acting together. While the
most important of these is the solar UV radiation, factors such as the temperature of the material
and the presence of moisture shows a considerable synergistic effect on the photodegradation of
materials. This is illustrated in Figure 7-1.
This suggests that the increase in ambient temperatures pursuant to global warming could play an
important role in enhancing the rates of photodegradation in materials exposed to sunlight with
higher levels of UV-B radiation. Global warming is also expected to alter rainfall and humidity in
some locations, leading to longer periods of time where the material is in contact with moisture. A
possible minor influence might be due to increased volatile organic compound, VOC, emissions
and NOx/SOx releases that would increase the tropospheric ozone levels. The NOx/SOx species
as well as smog ozone are well documented to promote UV- induced oxidative damage of common
plastics.30 The oxidative damage caused by even very low levels of ozone in the atmosphere,
particularly in rubber products31 is well documented; antiozonant additives are used in the industry
to control this problem. In assessing damage scenarios associated with stratospheric ozone
depletion as well as in evaluating measures available for mitigation of increased damage to
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materials due to increased UV-B levels, it is crucial to consider the modifying influence of climate
change as well.
In a recent study32 , the weathering of polyethylene agricultural mulch films under high- UV
outdoor exposure conditions at ambient temperature and at 25°C inside a controlled temperature
UV-transparent chamber, were compared. Under ambient conditions, in Dhahran (Saudi Arabia),
the surface temperature of the plastic rose as high as 60 °C depending on color and thickness,
because of the absorption of solar IR wavelengths. The average elongation at break of the
polyethylene was periodically measured; this property is particularly sensitive to degradation in
this type of material. The rate of light- induced breakdown of the polyethylene under comparable
UV exposure was slower by a factor of four when the temperature as controlled at the lower
temperature of 25°C. The enhancing effect of temperature on degradation is generally the case
with common plastics as evidenced by the low activation energies reported for the degradation
processes.
A similar experiment was completed over a nearly-3 year period of exposure for 200- micrometer
polycarbonate film, a plastic used in glazing applications because of its clarity and strength. As
illustrated in Figure 7-2, the rate of photodamage (measured in terms of loss in the elongation at
break) was markedly lower when high temperature was excluded from the test environment. The
increase in ambient temperature as a result of global warming will be much smaller than the
temperature differences between the two sets of samples referred to in the figure. Yet, at least in
locations experiencing extremes of temperature change, a measurable change in service lifetimes
of outdoor plastics might be expected.
Table 1. Loss in average elongation at break (percentage) in commercial polycarbonate sheets on exposure
outdoors under different conditions.

Exposure Conditions

15 months

29 months

Ambient 73.2

36.1

6.5

2 Reduced UV radiation (white film) 73.2
Ambient temperature

57.5

56.3

3 No UV radiation (black film) Higher 73.2
temperature

65.4

64.3

4 Ambient UV radiation 25ºC temperature 73.2
(in chamber)

54.0

49.7

1 Ambient UV
temperature
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Table 1 compares the values for the average elongation at break of commercial polycarbonate
sheets (200 micrometers in thickness) exposed outdoors under different conditions. The location of
exposure, Dhahran (Saudi Arabia), receives about 180 Kilo Langley's of sunlight annually. The
average temperature in summer is about 40ºC (with extremes of up to 60ºC recorded) and the
average humidity is 60-90 percent. The control samples were exposed to sunlight outdoors while
the test samples were exposed to sunlight at the same location but in a UV-transparent chamber
maintained at the lower temperature of 25ºC and 50-60 percent humidity. The dramatic difference
in the elongation at break of samples 1 and 4 is attributed to the enhancing effect of temperature
under the same UV exposure. Also included in the Table are two other sets of samples both
exposed under ambient conditions outdoors, but wrapped in either a black or a white 6- mil thick
plastic films. The black film blocks out all UV (and visible light) but maintain the sample at an
even a higher temperature than the control sample. This is a result of the absorption of solar
infrared radiation in sunlight by the black film. The white film cut down most of the UV radiation,
but maintained the sample at about the same temperature as the control sample. Of the two, the
sample wrapped in black film degraded slower despite the higher sample temperature (see Table
1), illustrating UV to be the dominant influence in bringing about degradation.

Influence of Moisture on UV-Induced Effects
The presence of moisture can unexpectedly
accelerate the degradation of polymers
stabilized with titanium dioxide. Vinyl (PVC)
extruded profile used in siding for instance,
routinely use this pigment to maintain light
stability during outdoor use. A recent study27
found that neither anatase nor rutile form of
this pigment catalyze photodegradation of the
plastic under dry conditions when exposed to
simulated solar radiation. But these pigments
catalyzed the loss in surface gloss of the PVC
(a practically relevant property) when exposed
to UV radiation in the presence of moisture,
illustrating the importance of moisture in
promoting light- induced degradation. Another
important consideration is that under high
humidity soluble photostabilizers might leach
out of the plastic matrix, reducing the
effectiveness of the light stabilizer and leading
to shorter service life. The presence of high
humidity,
particularly
at
the
higher
temperatures
tends
to
increase
the
photodamage
in
polymers
such
as
12
thermoplastic polyester elastomers.

Figure 7-2 The loss in the elongation at break for Lexan®
polycarbonate sheets on exposure to solar radiation under
desert exposure conditions at high ambient temperature
(open symbols) and at 25ºC (closed symbols).

The accelerating effects of humidity on the UV-induced damage to wood is well known. 10, 33 This
is true of changes in surface chemistry, color, and lignin content of the 80-100 micrometer layer
through which UV radiation is able to penetrate into the wood. However, with plastics or wood 34
exposed simultaneously to both UV radiation and moisture, damage due to the radiation was
clearly the dominant short-term effect. However, once the surface of wood has become more
hydrophilic and oxygenated as a result of photodamage it becomes increasingly more accessible by
microorganisms capable of biodegrading the wood. Common types of plastics are essentially nonbiodegradable and therefore not affected by any biotic mechanism.

The Environmental Effects Assessment Panel Report for 2002

147

Changes in tropospheric composition and air quality due to stratospheric ozone depletion

Conclusions
Damage to synthetic and biopolymer materials on exposure to solar radiation depends on the
susceptibility of the polymer to solar UV wavelength as well as on the complexity of the
weathering environment to which it is exposed. With common plastics products the inherent
photodegradability of the polymer is an important factor, but the magnitude of damage is
determined by the extent of processing used in the manufacturing of the product, as well as by the
types of additives used in the plastics composition. The same polymer could potentially be
compounded differently to have a range of different UV stabilities. However, the spectrally
altered, UV-B enhanced, solar radiation that might be obtained consequent to disruption of the
ozone layer, will consistently reduce the service life of these plastics relative to that under presentday sunlight environments.
The degradation potential of any UV-B environment is enhanced at higher temperatures and
possibly at high amb ient humidity. Changes likely to be associated with global warming are
therefore expected to increase the propensity of plastic products to undergo solar UV radiation
induced degradation. This is even more so for natural materials such as wood that are porous and
hydrophilic. Shortening of the outdoor lifetimes of wood and plastics used in construction can
place a significant economic burden on developing regions of the world. In considering
stabilization technologies it is therefore important to develop and evaluate systems that not only
function under UV-B rich solar radiation environments, but also are effective under expected
temperature and humidity conditions.
In mitigating the effects of increased UV-B content in sunlight on materials damage, the industry
is likely to rely heavily on the use of both conventional and improved photostabilizer systems.
Recently reported improvements in synergistic mixtures of stabilizers for polyolefins and studies
to better understand the stabilization mechanisms for commodity thermoplastics, are therefore
encouraging in this regard. The reports on newer metallocene plastics with superior properties that
can be stabilized with conventional stabilizers are also interesting for the same reason. However,
the additional cost of these mitigations, especially in relation to the regions where plastics are
heavily used has not been adequately assessed.
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ASL
BCC
Br
CAS
CC
CDK
CDOC
CDOM
CFC
CH
CH4
Cl
CM
CO2
CPD
DIC
DMS
DNA
DOC
DOM
DTH
DU
EDUCE
EP
EPA
GHG
Halon
HALS
HCFC
HFC
HIV
HPV
IL
INK4a
Ink4a
kda
MAA
NC
NaTFA
NCAR
NIMBUS-7
NMHCs
NO

above sea level
basal cell carcinoma (s)
bromine (an ozone depleting chemical)
Chemical Abstracts Service
cortical cataract(s)
climatic droplet keratopathy
colored dissolved organic carbon
colored (or chromophoric) dissolved organic matter
chlorofluorocarbons
contact hypersensitivity
methane (a greenhouse gas)
chlorine (an ozone depleting chemical)
cutaneous melanoma
carbon dioxide (a greenhouse gas)
cyclobutane pyrimidine dimers
dissolved inorganic carbon
dimethyl sulfide
deoxyribose nucleic acid
dissolved organic carbon
dissolved organic matter
delayed type hypersensitivity
Dobson Unit (used for the measurement of total column ozone (1
DU=2.69x1016 molecule cm-2 )
European Database for Ultraviolet Radiation Climatology and Evaluation
Earth Probe (a NASA satellite)
Environmental Protection Agency
greenhouse gas
bromine-containing compound
Hindered Amine Light Stabilizer
hydrochlorofluorocarbon
hydrofluorocarbon
human immunodeficiency virus
human papilloma virus
interleukin
human inhibitor of kinase 4a protein (gene in italics)
murine inhibitor of kinase 4a protein (gene in italics)
kilodalton
mycosporine-like amino acids
nuclear cataract(s)
sodium trifluoroacetate
National Centre for Atmospheric Research, USA
a NASA satellite
non- methane hydrocarbons
nitric oxide (an ozone depleting gas)
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NO2
N2O
NOx
NOAA
NOEC
OCS
CDFA
ODS
OH
PAR
PAUR II
PEC
POC
PSC
PSC
PNEC
Ptc
PTCH
QBO
RAF
ROS
SAGE
SCC
SZA
TFA
TFM
TOMS
Troposphere
UCA
UV
UV-A
UV-B
UV-C
UV index
VOC
WOUDC
XP
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nitrogen dioxide (an ozone depleting gas)
nitrous oxide (a greenhouse gas that is also a source of NO2 )
nitrogen oxides
National Oceanic and Atmospheric Administration, USA
no observed effect concentration
carbonyl sulfide
chlorodifluoroacetic acid
ozone depleting substance(s)
hydroxyl radical (and important atmospheric cleaning agent)
photosynthetically active radiation, 400-700 nm waveband
Photochemical Activity and solar Ultraviolet Radiation campaign 2
predicted environmental concentration
particulate organic carbon
posterior subcapsular cataract(s)
Polar Stratospheric Cloud (ice crystals which form at high altitudes in
Polar regions when the temperature is below a critical threshold)
predicted no effect concentration
murine ‘patch’ protein (gene in italics)
human ‘patch’ protein (gene in italics)
quasi biennial oscillation (a shift in wind patterns - especially over the
tropics- with a period of approximately 2.2 years)
radiation amplification factor (a measure of sensitivity to ozone change)
reactive oxygen species
Stratospheric Aerosol and Gas Experiment, a satellite-based instrument
squamous cell carcinoma
solar zenith angle (ie the angle between zenith and the centre of the solar
disk)
trifluoroacetic acid
the lampricide 3- fluoromethyl-4- nitrophenol
Total Ozone Mapping Spectrometer, a satellite-based instrument
lowest part of Earth's atmosphere (0-16 km)
urocanic acid
ultraviolet
electromagnetic radiation of wave lengths in the 315 to 400 nm range
electromagnetic radiation of wavelengths in the 280 to 315 nm range
electromagnetic radiation of wavelengths in the 100 to 280 nm range
a standardised unit for providing UV information to the public
volatile organic compounds
world ozone and UV data centre
xeroderma pigmentosum
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Introduction
The Meetings of the Parties to the Montreal Protocol appointed three Assessment Panels to review the
progress in scientific knowledge on their behalf. These panels are: the Scientific Assessment Panel, the
Technological and Economic Assessment Panel and the Environmental Effects Assessment Panel. Each
panel covers a designated area and there is very little overlap between their reports. The main reports
are published every four years as required by the Meetings of the Parties. All these reports have an
executive summary that is distributed more widely than the main report itself. It became customary to
add a set of questions and answers – mainly for lay readers – to the report. This document contains the
questions and answers prepared by members of the Environmental Assessment Panel. It is based mainly
on the 2002 report of the Effects Panel but also contains information from previous assessments.
Readers who need more detailed information on any of the questions are referred to these full reports
for a more complete scientific discussion.
This set of questions refers mainly to the environmental effects of ozone depletion. The report of the
Scientific Assessment Panel contains questions and answers related to the other scientific issues
addressed by that Panel. All the reports can be found on the UNEP website

(http://www.unep.org/ozone ).
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Q1. What is ozone and how do we define ultraviolet radiation?
Ozone is a gas that occurs in the atmosphere. It is formed in the stratosphere by the action of
ultraviolet radiation from the sun on oxygen. The ozone molecule contains three atoms of oxygen. It
is also formed near the Earth’s surface in chemical reactions caused by man-made pollution. Ozone
absorbs a part of the ultraviolet radiation from the sun, thereby reducing the potentially dangerous
UV-B radiation reaching the surface of the earth.
Ozone is a strong oxidising agent. It will destroy
any organic material on contact by oxidising the
molecules of the cells. This property is often
used to sterilise drinking and swimming pool
water. Inhaling ozone can be harmful to
mammals in small doses and toxic in large
doses. In the lower atmosphere ozone is one of
the detrimental components of photochemical
smog that is produced as the result of pollution
(Bad ozone). However, in the stratosphere,
ozone absorbs ultraviolet radiation and protects
the environment against the detrimental effects
of the UV-B radiation (Good ozone).

The radiation emitted by the sun contains an
ultraviolet component. This covers the range
with wavelengths from 100 to 400 nm and is
divided into three bands: UV-A (315 – 400
nm), UV-B (280 – 315 nm) and UV-C (100 –
280 nm). As the sunlight passes through the
atmosphere, no UV-C and approximately 10%
of the UV-B is transmitted. They are absorbed
mainly by ozone and oxygen. UV-A radiation
is less affected by the atmosphere. Therefore,
the ultraviolet radiation reaching the Earth’s
surface is composed of mainly UV-A with a
small UV-B component. A decrease in the
concentration of ozone in the atmosphere
results in increased UV-B levels. DNA and
other biological macromolecules absorb UV-B
and can be damaged in the process.
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Q2. What determines the level of UV-B at a particular location?
The sun is the origin of ultraviolet radiation reaching the earth. This radiation is absorbed by the
components of the Earth’s atmosphere including ozone. At higher latitudes the rays of the sun have to
take a longer path through the atmosphere before they reach the Earth. In general, the level of
ultraviolet radiation is higher at the equator and diminishes towards the poles. The levels increase
with elevation above sea level. Clouds, particulate matter and aerosols absorb ultraviolet radiation
and diminish ultraviolet levels. The level of the ultraviolet radiation at any particular location is
determined by a combination of all these factors.
The UV-B levels vary with the time of day
and season. The highest level occurs when the
sun is at its maximum elevation, around
midday during the summer months. The
radiation levels are higher in the intertropical
regions.
On average, the highest ultraviolet radiation
levels occur on cloudless days. Cloud cover
reduces the radiation but it can still be high
under partly cloudy conditions when the sun is
not obscured. Evidence shows that over the
time
span
of
satellite-based
ozone
measurements, changes in cloud cover have
been much less important than stratospheric
ozone reductions in causing surface UV
changes.
Higher elevations have less atmosphere
overhead, as evidenced by the thinner air and
lower atmospheric pressure. The increase in
UV radiation varies between 10% and 20%
for each kilometre of elevation, the exact
number depending on the specific wavelength,
solar angle, reflections, and other local
conditions.
Frequently, other factors besides thickness of
the atmosphere cause even larger differences
in UV radiation between elevations. Snow is
more common at higher elevations, and
reflects as much as 90% of the ultraviolet
radiation. Dry beach sand reflects about 15%
and sea foam about 25%.
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Some clouds will
retain only 10%
of UV-B

Clean snow
absorbs only
20% UV -B and
reflects the rest

Most UV -B is
transmitted from
10:00 to 14:00

UV-B increases
by about 10%
per kilometer
above sea level

Only 10% of the
outdoor UV-B
levels will be
experienced
indoors

Shade will
reduce UV-B
levels more than
50%
Sand can reflect
up to 25% of
UV-B

Up to 40% of the
UV-B is present
at a depth of half
a metre of water
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Q3. What is the effect of atmospheric pollution on the level of UV-B?
Man-made pollution often contains oxides of nitrogen and sulphur and various hydrocarbons.
Chemical reactions between these compounds can form ozone. This mixture of gaseous compounds
and particulate matter appear as a brown haze known as photochemical smog. The ozone in the smog
will also absorb ultraviolet radiation.
While most of the atmospheric ozone resides
in the stratosphere, some ozone is made in the
troposphere by the chemical reactions of
pollutants such as nitrogen oxides and
hydrocarbons. This tropospheric ozone is a
component of the photochemical smog found
in many polluted areas. Airborne particles
(smoke, dust, sulphate aerosols) block UV
radiation, but at the same time can increase the
amount of scattered light (haze) and therefore
increase the UV exposure of side-facing
surfaces (e.g., face, eyes). Comparisons of
measurements made in industrialised regions
of the Northern Hemisphere (e.g. central
Europe) and in very clean locations at similar
latitudes in the Southern Hemisphere (e.g.,
New Zealand) indicate the importance of
particulate and pollution-related UV-B

reductions. At any particular location there is a
direct relationship between UV-B levels and
the amount of ozone in the atmosphere. UV-B
increases with ozone depletion in the
stratosphere but decreases with ozone
formation in the lower atmosphere. The
natural UV-B variability (e.g., from time of
day, or clouds) can be larger, but goes in both
directions, up and down. Many detrimental
effects of UV-B are proportional to the
cumulative UV-B exposure.
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Q4. What is the solar UV index?
The solar UV index (UVI) describes the level of solar UV radiation at the Earth’s surface. The values
of the index range from zero upward – the higher the index value, the greater the potential for
damage to the skin and eye, and the less time it takes for harm to occur. The UV index is computed
using forecasted ozone levels, a computer model that relates ozone levels to UV incidence on the
ground, forecasted cloud amounts, and the elevation of the forecast cities. Some countries also use
ground observations.
The calculation starts with measurements of
current total ozone amounts. The data are then
used to produce a forecast of ozone levels for
the next day at various points. A model is used
to determine the amount of UV radiation with
wavelengths from 290 to 400 nm reaching the
ground. The time of day (solar noon), day of
year, and latitude are used. The information is
then weighted according to how human skin
responds to each wavelength. It is more
important to protect people from wavelengths
that harm skin than from wavelengths that do
not damage the skin.

Exposure Category
Low
Moderate
High
Very High
Extreme

UVI Range
<2
3– 5
6– 7
8 – 10
11+

The weighted irradiances are integrated over
the 290 to 400 nm range resulting in a value
representing the effect a given UV radiation
intensity will have on skin. The estimates are
then adjusted for the effects of elevation and
clouds. UV at the surface increases by about
10% per kilometre above sea level. Clear skies
allow 100% of the incoming UV radiation from
the sun to reach the surface, whereas scattered
clouds transmit about 90%, broken clouds
about 75%, and overcast conditions about 30%.
Once adjusted for elevation and clouds, this
value is then scaled by a conversion factor.
This results in a number that usually ranges
from 0 (where there is no sunlight) to the mid
teens. This value is called the UV index.
Ideally, the computation of the UV index
should include the effects of variable surface
reflection (e.g., sand, water, or snow),
atmospheric pollutants or haze.
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Q5. How does the UV index vary with geographical location and season?
The combination of total ozone and solar zenith angle, which is determined by the geographical
position, season and time of the day, can lead to a variety of UV exposure situations.
Modelled noon UV index calculated under
clear sky conditions at 20o , 30o and 60o S is
shown in the figure. The total ozone column
values selected for calculation at 20o and 30o
are typical va lues observed at those latitudes,
while the ozone column value used for
calculations at 60o are observed under ozone
hole conditions. Values around 150 Dobson
Units (DU) can be present at 60o S during
October, while 200 DU have been observed
later in the spring.

The presence of “patchy” skies or snowcovered ground can result in irradiances larger
than those shown in the figure. Altitude can
increase the UV index. A good example is the
intertropical high altitude desert of Puna de
Atacama in Argentina where a UV index of 18
is common in January and December, with a
maximum of 20 and even more on certain days.
A combination of low solar zenith angle near
noon, high altitude, a naturally low ozone total
column and very clean atmosphere is
responsible for these exceptionally high values.

The UV index at 60o S under a total ozone
column of 200 DU is always lower than the
value present at 30o S. On the other hand, the
UV index calculated for 150 DU would only
exceed those at 30o S if that ozone total column
is present at the end of October or later, and
exceed those at 20o if present later than the
middle of December.

Effect of Solar Zenith Angle on UV Index

UV Index at La Quiaca (22.11ºS, 65.57ºW,
3459 m), Argentina
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Q6. What is the effect of exposure to UV-B on mammals?
The cells of three different organ systems can be directly exposed to UV radiation—the eyes, the skin,
and the immune system. Acute exposure of the eyes to UV radiation causes photokeratitis (snow
blindness) and chronic exposure contributes to cataract formation. In the skin, UV irradiation causes
sunburn, photoaging, and skin cancer.
Moderate exposure to sunlight in the course of
everyday life is essential for health. UV-B
radiation is involved in the formation of
vitamin D, which is necessary for growth and
maintenance of bones and teeth. There is some
evidence suggesting that maintaining normal
vitamin D levels protects against the
development of colon, breast, and prostate
cancers. However, very moderate exposure is
all that is required, and excessive exposure
confers no added benefit.
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Skin cancer is found in almost all animals that
have been studied in the long-term, for
example, cattle, goats, sheep, cats, dogs, guinea
pigs, rats, and mice. Direct effects of UV-B
radiation on body parts that are covered by
thick hair are negligible. However, even furred
animals usually have exposed skin around the
mouth, nostrils and on other parts of the body.
These parts, unless they are heavily pigmented,
can be damaged by radiation.
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Q7. What is the effect of exposure to UV-B on the skin?
Acute exposure of the skin to UV radiation causes sunburn. The amount of UV required to produce
sunburn depends on the absorption in the superficial layers (i.e. the thickness and amount of pigment) of
the skin and on other genetic factors. The efficiency with which sunlight produces sunburn depends on
the amount of UV-B radiation it contains. For example, more UV-B is present at high altitudes and more
is present in noontime sun than at earlier or later hours. Chronic exposure of the skin to UV radiation
also causes wrinkling, thinning, and loss of elasticity of the skin (photoaging); however, UV-A radiation
may be more important than UV-B radiation in causing these changes .
Sunscreens are designed to protect against
sunburn and can be highly effective in this
regard. There is also evidence that they reduce
the incidence of squamous cell carcinoma and
precancerous lesions in the skin. Sunscreens
can also provide protection against the
photoaging and immunological effects of UV
radiation, particularly if they contain chemicals
that absorb both UV-B and UV-A radiation.
There is no evidence that getting a suntan will
help prevent skin cancer. The UV exposure
needed to acquire the tan adds to the skin
cancer risk. The fact that one is able to tan well
does, however, signify that the personal risk is
lower (by a factor of 2 to 3) than for people
who do not tan. Naturally dark-skinned people
have a built-in protection of their skin against
sunlight.
Basal and squamous cell carcinomas occur
most often and with high frequency in lightskinned Caucasians living in sunny climates.
Fortunately, most of these skin cancers are
readily treated and are rarely fatal. Cutaneous
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melanoma is much more dangerous, but occurs
with a much lower frequency than the other
types. Its relationship to UV radiation is not
well understood, but exposure early in life
seems to be an important factor in the
subsequent development of melanoma. Lightskinned populations have the highest risk of
developing melanoma. Although melanoma can
occur in highly pigmented persons, such
cancers are often not related to sun exposure.
UV irradiation causes skin cancers by altering
critical genes that control cell division and cell
death. Altered genes result from the ability of
UV to make chemical alterations in DNA, the
building block of genes. Some of the genes
involved in skin cancer development have been
identified. These include the p53 tumour
suppressor gene (squamous and basal cell
carcinomas), the PTCH gene (basal cell
carcinomas), the p16 gene (melanomas), and a
variety of genes involved in the repair of UVdamaged DNA (all types).
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Q8. How does UV-B affect the immune system?
The immune system can be altered by UV irradiation, leading to diminished immune response to
infectious agents and some cancers.
Some cells of the immune system, called
antigen-presenting cells, reside in the skin.
Their function is to capture invading micro
organisms and carry them to the lymph nodes,
where the immune response is initiated. These
cells can be damaged directly by UV radiation
and will then no longer be able to initiate an
immune response or produce an aberrant one.
Other cells in the skin produce chemical
mediators that direct the immune response
toward either immune suppression or active
immunity. Exposing these cells directly to
UV-B radiation stimulates the release of
mediators that favour the development of
immune suppression. Finally, a molecule in
the keratin layer of the skin, urocanic acid,
undergoes a chemical change in response to
UV radiation, which allows it to trigger the
release of chemical mediators from mast cells
in the skin, which also divert the immune
response toward a pathway of immune
suppression.

What is the significance of UV-induced
immune suppression for human diseases? The
answer is not yet clear. Although there are
some examples in which UV exposure
increases susceptibility to and the severity of
an infection, such as with herpes virus
infections (cold sores, shingles), the full
implications of the immunological effects are
unknown.
Numerous laboratory animal
models of infectious diseases demonstrate that
exposure to UV radiation at a critical time
during infection can increase the severity and
duration of the disease. Also, UV exposure
during immunisation can reduce the
effectiveness of vaccinations. How these
observations may apply to human diseases
remains a subject of intense interest and
research.

UV Radiation

Initiation

Cutaneous
mediators
Antigen
presentation

T cell
response

DNA damage
T r a n s - to cis -u r o c a n i c acid
Cell membrane alterations
Cytokines
Platelet activating factor
Prostaglandin E2
Histamine
Neuropeptides

Migration from skin or death of L a n g e r h a n s cells
Migration of macrophages into skin

Introduction of T regulatory cells
in response to antigen

Decreased interleukin 12 activity
Enhanced production of T -helper 2 cytokines
S u p p r e s s e d p r o d u c t i o n o f T -helper 1 cytokines

S U P P R E S S I O N O F C E L L -M E D I A T E D I M M U N I T Y
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Q9. What are the effects of increased UV-B radiation on crops and forests?
Most plants have UV shielding, but not always sufficient for complete protection. Only a small
proportion of the UV-B radiation striking a leaf penetrates into the inner tissues. When exposed to
enhanced UV-B radiation, many species of plants can increase the UV-absorbing pigments in their
outer leaf tissues. Other adaptations may include increased thickness of leaves that reduces the
proportion of inner tissues exposed to UV-B radiation and changes in the protecting waxy layer of
the leaves. Several repair mechanisms exist in plants, including repair systems for DNA damage or
oxidant injury. The net damage a plant experiences is the result of the balance between damage and
protection and repair processes.
There are some UV-B-sensitive varieties of
crops that experience reductions in yield.
There are also UV-B-tolerant varieties,
providing the opportunity to breed and
genetically engineer for UV-B tolerant crops.
For commercial forests, tree breeding and
genetic engineering may be used to improve
UV-B tolerance. While many forest tree
species appear to be UV-B tolerant, there is
limited evidence that detrimental UV-B effects
accumulate slowly from year to year in
sensitive species. The biochemistry and
physiology of plants are influenced by UV-B
exposure such as in the accumulation of UV-B
pigments. It is not possible to conclude
whether or not the changes will have any
appreciable impact on the quality of food.

Plants and animals have, during their
evolution, adapted to particular environments.
They have acquired protection and repair
mechanisms appropriate for their particular
situations. However, the present rate of global
change is so rapid that evolution may not keep
up with it, particularly in long-lived plants like
trees. Thus, plants adapted to low UV-B
environments may suffer even from an
increase that is smaller than the difference
between natural levels at the equator and
higher latitudes. For example, herbaceous
plants native to the southern tip of South
America (Tierra del Fuego, Argentina) and the
Antarctic Peninsula have been shown to be
affected by the current ambient UV-B levels.
Over long times and many generations, there
is the possibility that genetic adaptation can
develop.
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Q10.

What

is

the

effect

of

UV-B

exposure

on

aquatic

life?

Pure water is almost transparent to UV radiation. A beam of UV-B radiation can penetrate more
than 500 meters through pure water before it is completely absorbed. Natural waters contain UVabsorbing substances, such as dissolved organic matter, that partly shields aquatic organisms from
UV-B, although the degree of shielding varies widely from one water body to another.
found to develop skin cancer and other UVrelated diseases. The eggs and larvae of many
fish are sensitive to UV-B exposure. In the
Gulf of Maine, UV penetrates to considerable
depth where the embryos and larvae of the
Atlantic cod develop. Exposure to UV
equivalent to 10 m depth resulted in a
significant mortality of developing embryos
and a significant decrease in length of larvae.
These irradiances occur in many temperate
latitudes where these ecologically and
commercially important fish spawn. In
contrast, lobster larvae seem to be tolerant to
UV radiation even though they develop in the
surface layers of the water column.

In clear ocean and lake waters ecologically
significant levels of UV-B can penetrate to
tens of meters. In turbid rivers and wetlands,
however, UV-B may be completely absorbed
within the top few centimetres. Most
organisms in aquatic ecosystems, such as
phytoplankton, live in the illuminated euphotic
zone close to the water surface where exposure
to UV-B can occur. In particular, UV-B
radiation may damage those organisms that
live at the surface of the water during their
early life stages.
Most adult fish are well protected from
excessive solar UV, since they inhabit deep
waters. Some shallow water fish have been
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Q11. Does global warming alter the effect of UV radiation on aquatic ecosystems?
Climate change may result in temperature and sea level changes, shifts in the timing and extent of sea
ice cover, changes in wave climate, ocean circulation, salinity and altered stratification of the water
column. These complex changes are likely to have significant impacts that will vary both spatially
and temporally. These changes will affect biological systems (including human marine resources),
the global hydrological cycle, vertical mixing and efficiency of carbon dioxide uptake by the ocean.
Ozone-related increases in UV-B are an important additional ecological stress that will have both
positive and negative impacts in association with the other factors.
Increasing carbon dioxide concentrations will
result in warming of the troposphere and
simultaneous cooling of the stratosphere,
which favours further ozone destruction. One
of the possible feedback mechanisms is
change in cloud cover and increased rainfall,
but this is not well understood. Global
warming changes the amount of ice and snow
cover in polar and sub-polar areas. Ice and
snow strongly attenuate the penetration of
solar radiation into the water column.

Therefore, any substantial decrease in ice and
snow cover will alter the exposure of aquatic
ecosystems to solar UV radiation. Another
aspect is the dependence of many
physiological responses on temperature.
Enzymatic repair mechanisms are inhibited by
low temperature, while elevated temperatures
may augment enzymatic repair mechanisms.
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Q12. What are the effects of stratospheric ozone depletion on certain processes and
cycles in the environment?
Ozone depletion results in greater amounts of UV-B radiation that will have an impact on
terrestrial and aquatic biogeochemical systems. Biogeochemical cycles are the complex
interactions of physical, chemical, geological and biological processes that control the transport
and transformation of substances in the natural environment and therefore the conditions that
humans experience in the Earth’s system. The increased UV-B radiation impinging on terrestrial
and aquatic systems, due to ozone depletion, results in changes in the trace gas exchange between
the continents, oceans and the atmosphere. This results in complex alterations to atmospheric
chemistry, the global elemental cycles, such as the carbon cycle, and may have an impact on the
survival and health of all organisms on Earth, including humans.
In the figure, UV radiation is shown to
influence oceanic primary productivity and the
production of trace gases at the surface of the
oceans and subsequent transfer to the
atmosphere. Once in the atmosphere, trace
gases such as CO2 interact with the physical
climate system resulting in alterations to
climate and feedbacks in the global
biogeochemical system. Since atmospheric
CO2 concentrations play a central role in
determining the distribution of heat in the

atmosphere, the multiple complex components
of the physical climate system such as wind,
air-sea momentum, heat exchange and
precipitation are influenced. There are also
similarly complex interactions between
biogeochemical cycling on land and the
integrated climate system that have important
implications for organisms on Earth. At this
stage it is not possible to predict the overall
effects of these complex interactions.

Figure provided by the US Surface Ocean Lower Atmosphere Study (SOLAS) and Woods Hole
Oceanographic Institution (WHOI).
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Q13. Do increased UV-B levels shorten the lifetime of commercial polymers?
The outdoor service life of commercial plastics is often limited by their UV-stability and
weatherability. The outdoor lifetimes of plastics, however, depend on their formulations and
specifically on the type and concentration of photostabiliser additives used in them. Information on
the lifetimes of unstabilised (virgin) plastic materials is therefore of limited practical value in
assessing the UV stability of plastics exposed outdoors.
Available data on the degradation of plastics
by UV in sunlight show that for some
polymers a portion of the damage is
attributable to the UV-B radiation component.
As any depletion of the stratospheric ozone
layer would increase the UV-B content of the
solar radiation reaching the Earth’s surface, it
is reasonable to expect a consequent increase
in the rate of degradation of plastics containing
these polymers (and other materials such as
wood) under these conditions. The amount by
which the service life of materials will be
shortened by this phenomenon will of course
depend on the type of polymer, location in
question, and the light-stabiliser used in the
formulation.

Climatic factors, particularly higher ambient
temperatures due to global warming, will tend
to accelerate UV-induced degradation to an
extent depending on the type of plastic and on
the location of exposure.
These reductions in service life of plastics can
probably be countered by using higher than
normal concentrations of existing light
stabilisers in the plastic formulation, surface
protection of materials (e.g. painting wood) or
by selecting different polymeric materials with
better UV-resistant materials for outdoor
applications. These approaches might be able
to retain the service life at present-day levels
but may increase the cost of relevant products.
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Q14. Will stratospheric ozone depletion change air quality, and how does this relate
to global warming?
Stratospheric ozone depletion normally increases the ozone concentration at ground level. In general
the impact of stratospheric ozone depletion is smaller than that of local and regional air pollution
sources. Increases in the particulates in the atmosphere related to global warming may reduce
tropospheric ozone production. Modelling and field studies show that the reduction of ozone
photolysis rate and ozone production in the troposphere is expected in the presence of increased
amounts of absorbing aerosols in the boundary layer.
Climate change can alter air quality in many
ways. Changes in temperature, winds and
cloudiness can all be important. Some of these
changes will also alter the impact of
stratospheric ozone depletion.
As an example, an increase in atmospheric CO2
concentration would accelerate photosynthesis,
which might enhance the emissions of
biological volatile organic compounds from
forests and other natural ecological systems.
Other sources of tropospheric air pollutants
may be affected by global warming. It is

known that local and large-scale biomass fires,
such as are used for land-clearing, are rich
sources of nitrogen oxides, carbon monoxide,
methane, and other non-methane hydrocarbons,
that can lead to enhanced tropospheric ozone
production. Climate changes resulting from
global warming may increase the risk of largescale forest and brush fires and so affect
concentrations of tropospheric air pollutants.
The resulting particulates in the atmosphere can
scatter sunlight, thus improving the efficiency
of UV-B absorption of the boundary layer
ozone and contributing to global warming.

Stratospheric ozone depletion

Illustration of the impact of tropospheric aerosols
upon atmospheric chemistry. The aerosol can
reduce the intensity of radiation, leading to a
reduction in ozone production. Such a reduction
offsets the impact of stratospheric ozone depletion

Particulates and air
pollutants from human
activity and global
warming
Reduced or enhanced
production of groundlevel ozone
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Q15. What risks do the breakdown products of HFCs and HCFCs present to
humans and the environment?
The new hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (HCFCs) replacements for the
chlorofluorocarbons (CFCs) are largely degraded before reaching the stratosphere. The final
breakdown products are various fluorinated and chlorinated acetic acids. Some of these are rapidly
broken down by microbiological activity in water, soil, and sediments. Other breakdown products such
as trifluoroacetic acid (TFA) are very persistent but they are very water soluble and chemically nonreactive. Because of their properties, these breakdown products will ultimately collect in aquatic
environments. They have low toxicity to aquatic organisms and are very unlikely to adversely affect
human health or the environment.
HFCs and HCFCs (CF3 CXYH) break down
relatively rapidly to several products including
the
persistent
substances
such
as
trifluoroacetic
acid
(CF3 COOH)
and
chlorodifluoroacetic acid (CF2 ClCOOH).
These are washed from the atmosphere by
precipitation and reach surface waters, along
with other chemicals washed from the soil. In
locations where there is little or no outflow
and high evaporation (seasonal wetlands, salt
lakes and playas), these products are expected
to increase in concentration over time. The
concentrations of trifluoroacetic acid and
chlorodifluoroacetic acid are expected to
increase. While this may present a risk to
aquatic organisms, these areas would also
experience increases in concentrations of other
water-soluble materials such as has already

occurred.
The
effects
of
increased
concentrations of these naturally occurring
salts and other materials would likely be
greater and more biologically significant than
those of breakdown products of the HFCs and
HCFCs.
The results of this interaction with global
climate change are judged to be of low
significance, since the phytotoxicity of
trifluoroacetic acid is not high.

Illustration of the formation of persistent,
water-soluble breakdown products of the
HFCs and HCFCs (CF3-CXYH) and their
movement and concentration by evaporation,
along with other water-soluble salts to surface
waters
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Q16. Is ozone depletion affected by global warming?
The interactions are complex, and not all of them are fully understood (see schematic). In the past,
scientists have sometimes stressed the differences between global warming and ozone depletion.
Global warming is due to a build-up of gases that absorb outgoing infrared radiation, especially
CO2 , while ozone depletion is primarily due to a release of gases that catalytically destroy ozone.
Ozone, the CFCs and their substitutes are
minor greenhouse gases. Several other gases
involved with the chemistry of ozone
depletion are also greenhouse active. These
include water vapour, methane (CH4 ), and
nitrous oxide (N2 O) that are increasing and
will ultimately lead to increases in
stratospheric gases that catalytically destroy
ozone. There are several radiative feedback
processes involved. Increases in temperature
can lead to changes in cloud cover, rainfall
patterns, ice accumulation, surface albedo, and
ocean circulation. The direct radiative forcing
from increases in UV-B that results from
changes in ozone are not significant, since
only a small fraction of the incoming solar
energy falls within the UV-B range. However,
increases in UV radiation at the Earth’s
surface influence photochemical reactions in
the troposphere that would affect the lifetimes
of greenhouse gases. It has been suggested that
changes in cloud cover can be induced by
climate change. Changes in solar output and
future volcanic eruptions will influence both
global warming and ozone depletion.

to cooler stratospheric temperatures, since they
act as infrared emitters in the stratosphere.
This will lead to a decrease in the rate of
catalytic destruction of ozone outside Polar
regions. In Polar regions however, the cooler
temperatures may lead to increased polar
stratospheric clouds, thus exacerbating ozone
depletion. The temperature changes will lead
to changes in atmospheric circulation. These
changes may aid the mixing of long-lived
CFCs from the troposphere to the stratosphere,
which will increase their rate of photochemical
destruction, again contributing to a faster
recovery of ozone. Changes in polar ozone can
also lead to changes in tropospheric circulation
patterns, which in turn affect surface climate.
The effects of global warming on UV radiation
are twofold. The first effect results from
changes in global warming that influence total
ozone. The second effect results from climate
change effects on other variables such as
clouds, aerosols, and snow cover that
influence UV directly .

It seems that while current ozone depletion is
dominated by chlorine and bromine in the
stratosphere, in the longer term (~100 years)
the impact of climate change will dominate,
through the effects of changes in atmospheric
dynamics and chemistry. The result is that
over the first half of the current century,
increases in greenhouse gases may contribute
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Q17. How did we benefit from the Montreal Protocol?
Several attempts have been made to investigate the economic impacts of the problem of a depleted
ozone layer. Such attempts meet with many problems. There are good reasons for concern for effects on
humans, animals, plants and materials, but most of these cannot be estimated in monetary terms.
Calculating the overall economic impact of such effects is difficult. Economic terms apply only to some
of the effects, such as the cost of medical treatments, and the loss of production in fisheries and
agriculture, and damage to materials; but how does one calculate the cost equivalent to the suffering of
a blind or dying person, or the loss of a rare plant or animal species?
The most comprehensive study was initiated by Environment Canada in 1997 for the 10th
anniversary of the Montreal Protocol on Substances that Deplete the Ozone Layer. In this study the
costs were calculated for all measures taken internationally to protect the ozone layer, such as
replacement of technologies using ozone-depleting substances. The benefits are the total value of the
damaging effects avoided in this way. The total costs of the measures taken to protect the ozone layer
were calculated to be 235 billion US dollars.
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Q18. Where can I get more information about the science and effects of ozone
depletion?
There are many websites that contain information on ozone, UV, environmental effects and related
topics. However, some are outdated and some may contain incorrect information. The sites
mentioned below belong to dependable organisations and contain dependable information. Most of
these sites contain links to other sources of information.

UNEP

www.unep.org

WMO

www.wmo.ch

WHO

www.who.int

IPCC

www.ipcc.ch

NOAA

www.al.noaa.gov

EPA

www.epa.gov

NASA

http://jwocky.gsfc.nasa.gov

NIWA

www.niwa.co.nz

Environment Canada www.ec.gc .ca
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