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Abstract

Temporal and geographical variabilities in the future "World Expected" UV
environment are compared with the "World Avoided", which would have occurred
without the Montreal Protocol on protection of the ozone layer and its subsequent
amendments and adjustments. Based on calculations of clear-sky UV irradiances, the
effects of the Montreal Protocol have been hugely beneficial to avoid the health risks,
such as skin cancer, which are associated with high UV, while there is only a small
increase in health risks, such as vitamin D deficiency, that are associated with low
UV. However, interactions with climate change may lead to changes in cloud and
albedo, and possibly behavioural changes which could also be important.

Introduction

The Montreal Protocol on protection of the ozone layer has been one of the most
successful environmental international agreements ever. Both the Vienna Convention
and the Montreal Protocol have been ratified by all of the 196 countries in the world.
Its implementation has resulted in large reductions of the concentrations of ozone
depleting substances (ODSs, e.g., chlorofluorcarbons and halons). In addition, these
ODSs are also potent greenhouse gases. Thus, in addition to its success in curbing
ozone depletion, it has also mitigated a significant portion of the climate impacts due
to increasing GHGs (especially CO 2, CH4, and N2O) that have occurred over the past
two decades.'

Because of the success of the Montreal Protocol, only small decreases in ozone have
occurred outside Polar Regions. A gradual recovery in ozone is expected over the next
few decades. Consequently, any increases in UV radiation outside Polar Regions have
been small and UV radiation is expected to decrease in the decades ahead. However,
the longer term future is uncertain due to possible interactions with climate change,
which will change atmospheric circulation patterns and stratospheric temperatures,
affecting the geographical distributions of ozone and cloud clover. By the end of the
century, these may lead to slight increases in UV in the tropics, but decreases at high
latitudes. At mid latitudes, the future is less certain because the radiative impact of
increases in ozone may be offset by the radiative impacts of decreases in cloud
cover. 2- 3

Recently it was shown that without the Montreal Protocol, ozone column amounts at
mid northern latitudes could have reduced from around 300 DU to 100 DU by 2065,

4and that the corresponding peak UV index (UVI) could have trebled. Clearly this
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would have had disastrous consequences for human health and the environment. For
example, at mid-northern latitudes, prior to the onset of ozone depletion the peak UVI
values were approximately 10. At those UVI levels, skin damage can occur for
skinned people in approximately 15-20 minutes. Without the Montreal protocol, the
peak UVI by 2065 may have been as high as 30, with a corresponding time for skin
damage reducing as low as 5 minutes. The health consequences of such an increase
would have been enormous. 5 There is a large at-risk population in that latitude range,
and it has been estimated that all other factors being equal, an increase in UV of I%
corresponds to an increase in the incidence of skin cancer of 2-3%.6

On the other side of the ledger, recent research has shown that there is a beneficial
side to UV through the production of vitamin D in the skin, and that at mid to high
latitude site wintertime levels of UV are currently insufficient to maintain optimal
levels of blood serum vitamin D. Humans of course have the capacity to modify their
behaviour to minimise the risks and maximise possible benefits from UV exposure.
However, the capacity of plants and animals and the environment to respond is much
more limited.

Aside from the issues of ozone depletion and its possible recovery in the decades
ahead, the future world will also be influenced by climate change. In addition to the
expected increased concentrations of GHGs such as CO2, CH4, and N20, which are all
currently increasing at 2-3% per decade, and which could in turn influence future
ozone concentrations in ways that may not be fully understood, we should also expect
changes in cloud cover and aerosols. Changes in these can have important effects on
surface UV irradiances. It is predicted (with low confidence) that cloud cover will
increase at high latitudes but decrease at low latitudes. 7 This will lead to decreases in
UV in regions where is already low, but increases in UV in regions where it is already
high. 3 Future aerosol extinctions are open to speculation and will depend on factors
such as population density, economic activity, the availability of fossil fuels, and
environmental regulations.

Here we focus on predictions of clear sky UV under unpolluted skies, thus
representing the maximum possible UV doses that may be expected in the future. We
discuss the health implication of these expected future changes compared with those
that would have occurred without the Montreal protocol.

Method

Details of the Goddard Earth Observing System chemistry-climate model
(GEOSCCM) and simulations have been reported elsewhere. 4, ' GEOSCCM is a fully
coupled model in the radiation, chemistry, and dynamics. The model has a horizontal
resolution of 2' latitude by 2.5' longitude with 55 vertical levels up to 0.01 hPa (80
km). The model not only predicts ozone levels, but also changes of atmospheric
temperatures, winds, radiation, and a multitude of other chemical species.

The "world avoided" is simulated using a scenario in which ozone depleting
substances (ODSs) increase 3% per year beginning in 1974, 1 while the "expected
future" is simulated with observed ODS levels to 2002 and then projected decreases
of ODSs through the remainder of the century (scenario Ab from ref 9). The first three
simulations have been described elsewhere. 8 , 10 The "expected future" is simulated
with a combination of the reference past simulations from 1950-1995, 11 the reference



future from 2005-2100, 12 and a linear combination of the two simulations in the 1996-
2004 overlapping period.

We note that although GEOSCCM represents the current state-of-the-art, and
compares well with other models, 13,14 it does not include tropospheric chemistry,
which leads to uncertainties because change in future ozone column amounts.
Tropospheric total ozone is tied to climatological values. However, the tropospheric
contribution to the total column of ozone is typically less than 10%. The model result
is also sensitive to changes in sea surface temperature . 1 ' We also note that the
GEOSCCM ozone fields are biased high, 16 because the predicted ozone amounts are
too large in the lower stratosphere. We have good confidence in the transport
processes in the model, and speculate that there may be a small problem in the ozone
loss rates in the lower stratosphere. In addition, model dynamics and temperatures are
uncertain. The GCM has a problem with a "late-breakup" of the southern hemisphere
winter polar vortex. This is a generic problem with models, and is rather poorly
understood at present. Volcanic effects, the quasi-biennial oscillation, and solar
variability are also omitted from these GEOSCCM simulations. The omission of these
forcings reduces the year-to-year variability, especially in the tropics, but the
omission does not effect ozone changes resulting from the slow variations of ODSs
and GHGs.

The total column amounts of ozone for each grid point of GEOSCCM were then used
in a radiative transfer model to calculate the daily clear-sky maximum in sunburning
UV irradiance, expressed in terms of the UV Index (UVI) * . This calculation made use
of a pre-calculated lookup table of UVI as a function of ozone and SZA. The look-up
table was generated from the "tuv" radiative transfer model 18 using the 8-stream
DISORT option, 19 which has been well validated against measurements.20
Adjustments were made for seasonal differences in Sun-Earth separation.
Adjustments were also made to represent the UVI values at the mean altitude for each
grid point in the model, assuming a UV increase of 5% per kilometre, which has been
shown previously to be applicable for unpolluted conditions. 2 1 No adjustments were
made for geographical differences in albedo, which can have a marked effect on
surface UV irradiances in snow-covered or ice-covered areas.

No corrections have been made to correct for the GEOSCCM biases in ozone.
Consequently, the UVI values predicted by the model are approximately 10% less
than from satellite, or ground based observations at clean sites.22 23 The observed
year-to-year variability from the model however shows good agreement with
observations, except in the case of volcanoes, the QBO, and solar forcing. 8,13 As
noted above, the GEOSCCM total ozone has a high polar bias in the 1950-1980 time
period and matches observations reasonably well in the 1990-2007 period. $ We
estimated the errors in ozone changes (and UVI) by comparing the monthly means of
the GEOSCCM simulation and the merged ozone data se t24 for the 1978-2007 period
at 70'S in December (a location and period that captures the effects of the Antarctic
ozone hole). In the 1979-1985 period, the GEOSCCM total ozone is 10% higher than
the merged ozone, and the estimated UVI is 9% less. In the 1990-2007 period, the
GEOSCCM total ozone is 1% higher than the merged ozone, and the estimated UVI is
1% lower

. 
UVI = 0.4 x UVE,y, where UV E,y is the UV irradiance weighted by the CIE erythemat (i.e.,

"sunburning") action spectrum.17



Results

Figures 1 and 2 show snapshots of the estimated global fields of clear-sky UVI for
March and November (respectively) in 1975 (before the onset of ozone depletion),
2020 (when ozone levels at mid latitudes are expected to have largely recovered from
their minimum and to be close the 1975 levels), and 2065. Note that the UVI scale
does not conform to the colours recommended by WHO 25 (since they are defined only
up to a maximum of UVI=10).

In the expected future (left panels), the future UVI values remain close to those in
1975. But in world avoided (right panels), large areas would have been virtually
uninhabitable by 2065. The current maximum global UVI (UVI = 25), which is
experienced only in the high altitude Altiplano region of South America in
February, 22 would be exceeded over half of the planet during both of these months,
and would have been experienced for extended periods at mid-latitudes in each
hemisphere during the corresponding summer months. During March, less than 10%
of the Earth's surface has UVI values greater than 15. However, by 2020 30% of the
Earth's surface has values greater than 15, and by 2065 74% of the Earth's surface has
values greater than 15. By March 2065, the peak UVI values would sometimes have
exceed UVI=50, more than double the present maximum, and peak UVI values at
mid-latitudes would have been typically three times as high as in the period prior to
the onset of ozone depletion. At latitudes poleward of 55°, increases from 1975 levels
would have been greater than a factor of 5. These huge changes are in marked contrast
to what is expected due to the success of the Montreal Protocol, where future changes
remain modest.

The November simulations (Figure 2) also show extreme changes of UVI. In the pre-
ozone hole period (top panel), a UVI of 4 is observed near 60°S in November. As the
ozone hole developed, much higher UVI were observed in the Antarctic. 26 The
expected future (left panels) still show evidence of the effects of the ozone hole in
2020 (UVI > 4 pushing well onto the Antarctic continent), but the UVI returns to a
more normal situation by 2065. In contrast, the world avoided simulation (right
panels) shows UVI>I I over Antarctica in 2020 and UVI ranging from 11-38 in 2065
(an average UVI of 27 at 60'S in November 2065).



Mar 1975

Expected Future	 World Avoided
Mar 2020	 Mar 2020

Mar 2065
	

Mar 2065

1 3 7 15 33

0 2 5 10 23 50
UV index

Figure 1. The calculated clear-sky UVI in March 1975, prior to the onset of ozone
depletion, is shown at the top. The UV index for the "expected future" (left) is
compared with that for "world avoided" (right) in March 2020 and 2065. The thick
and thin white contour lines correspond to UVI values of 4 and I I respectively. The
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Figure 2. As in Figure 1, but for November.



From a health perspective, the annual UVI maxima and minima have relevance to the
issues of sunburn and skin cancer in summer, and the issue of vitamin D deficiency in
winter. These maxima and minima were calculated as a function of latitude for each
year of the model calculations. In these simulations, the effect on UVI of altitude
changes are small (<4%). The high Antarctic topography results in a 4-14% increase
of the zonal mean UVI, while the zonal mean increase is about 3.5% at the latitude of
the Himalayan Plateau. At all other latitudes, the increase is less than 2%.

Figures 3 shows time series of the zonal means in the peak (summer) monthly UVI as
a function of latitude. The upper contour plot shows the predicted UVI maxima in the
world avoided (without the Montreal Protocol), and the lower contour plot shows
deviations in the UVI maxima from a 1974-1980 average for the expected future
(with the Montreal Protocol). The model shows considerable year-to year variability,
which is consistent with observations. These UVI variations have been reduced by
application of a 1-2-1 Gaussian filter (i.e., a 1/2 amplitude of 4 years). The line graphs
on the right show the season of the maxima (labelled by month — top right), and the
mean UVI for the 1974-1980 expected future (bottom right), as functions of latitude
respectively.

The summer UVI maxima has a strong latitudinal gradient, with highest values
occurring near the equator, and currently reducing by about a factor of two at latitudes
near 45° in both hemispheres (see Figure 1, bottom right). These calculated maxima
are lower than observed at clean sites, due to the high ozone bias in the model.
Maximum values are higher in the SH than the NH, due to seasonal changes in Sun-
Earth separation, and to lower summer ozone amounts in the SH. However, the
asymmetry between NH and SH is also smaller than previously reported because
extinctions from aerosols are excluded in these model calculations.

Without the Montreal Protocol, the peak UVI values would have increased
substantially at all latitudes, particularly at high southern latitudes (Antarctica), where
UVI values exceeding 20 would have occurred by 2050. At mid latitudes, the peak
values would have increased by a factor of three. The geographical extent of locations
where the peak UVI remains less than 10 all year (i.e., currently where most white
skinned population lives) would have become confined to latitudes greater than 60°N
by mid-century. The maxima tend to occur at summer months when the sun is higher
in the sky. However, at Polar latitudes the seasonal maximum is displaced somewhat
towards the spring when ozone amounts tend to be lower. The asymmetry between
the northern and southern hemisphere polar regions results from the asymmetry in the
strength of the Brewer-Dobson circulation (BDC) between the two hemispheres, with
a 7% contribution from seasonal differences in the Earth-Sun distance. The stronger
northern hemisphere BDC in the winter-to-spring period resupplies ozone into the
lower stratosphere, elevating total ozone levels, and thereby reducing the northern
UVI in comparison to the southern UVI.

In the world expected (lower contour plot), the largest increases in UVI occur in the
SH, especially in the latitude range from 70-80°S (Antarctic ozone hole) from about
1990 to 2030. They are currently near their highest, but are expected to reduce to
levels lower than in 1980 by the end of the study period. In the tropics, changes in
UVI are smaller, and there is a suggestion that UVI values will increase again after
reaching a minimum in the mid 21 sr century.
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Figure 3. The upper panel represents the "World Avoided". The peak UVI as a
function of latitude and year is shown in the contour plot on the left (with each
contour line represents a change in UVI of 2), and the season of the maximum (month
of year) for each latitude is shown on the right. The lower panel represents the
"Expected Future". Means of the maxima for each latitude over the 1974-1980 period
are shown on the right, and the deviations from those baseline values are shown in the
contour plot on the left (contour line at ±0.1, ±0.2, ±0.4, ±0.8 ..., with no zero line
shown).



Figure 4 is equivalent to Figure 3, but shows the winter UVI minima, rather than the
summer maxima. In this case the plots are restricted to latitudes 60°S to 60°N,
because minimum values remain small throughout the period at higher latitudes.

The winter UVI minima also has a strong latitudinal gradient, with highest values
occurring near the equator, and currently reducing by about a factor of two at latitudes
near 20°, and by a factor of 10 by latitude 45° in both hemispheres. Again, these
calculated maxima are lower than observed at clean sites, due to the ozone bias in the
model. In contrast to the maxima, these UVI minima are higher in the NH than the
SH, again due to seasonal changes in Sun-Earth separation, and to lower winter ozone
amounts in the NH.

Without the Montreal Protocol, the UVI minima would have increased substantially at
all latitudes. By 2065, even the annual UVI minima would have exceeded the current
peak throughout most of the tropics, even at sea level. At latitude 45°, the minimum
UVI would have increased by about a factor of five. In contrast to the seasonality for
the maxima, at nearly all latitudes, the minima occur close to the winter solstice when
the sun is lowest in the sky. The mid-winter UVI value of 1 is found at 44° in both
hemispheres in 1975, but in the world avoided, this mid-winter value of I is found at
57°. At the equator, the mid-winter minimum value increases from about 11.5 to 32.

In the world expected (Fig. 4 lower left), the largest absolute increases in UVI occur
in the tropics (±20°), though relative changes are larger at high latitudes. According to
the model, these winter minima are now lower than they were in the 1990s, and are
expected to reduce further in the future, though these changes are rather small and are
comparable with the historical year-to-year variability. A rapid decrease of UVI is
apparent close to the equator in both Figures 3 and 4 for the 1990-2020 period. This
UVI decrease is related to the rapid change of ozone depleting substances (ODSs) in
the tropics (the entry zone for ODSs into the stratosphere) and the width of the
upwelling in the tropics from the Brewer-Dobson circulation. In the expected future
panel Figure 4 (bottom left), there appears to be a sharp gradient of UVI between 4°N
and 2°N. This gradient is an artefact of the trends in different months for the minimum
(see the sharp phase shift in the top right).
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Figure 4. As for Figure 3, but for UVI minima rather than maxima. The upper panel
represents the "World Avoided". The minimum noon UVI as a function of latitude
and year is shown in the contour plot on the left, and the season of the minimum
(month of year) for each latitude is shown on the right. The lower panel represents the
"Expected Future". The 1974-1980 means of the minima for each latitude are shown
on the right, and the deviations from those baseline values are shown in the contour
plot (contours are shown for 0.1 UVI increments, with no zero line). The dashed line
in the top right represents a sharp phase shift in the month between two adjacent
model points.



Figure 5 shows the seasonal variations in UVI for 2 different latitudes over 2 different
decadal periods. The first period is the 1974-1984 period prior to the onset of
significant ozone depletion. The second period is the 2045-2055 from the "world
avoided" scenario. In each case the daily UVI values (calculated from daily total
ozone and local noon clear sky conditions) are averaged over the 11 year period at the
144 longitudes in the model (i.e., from 0° to 357.5° at 2.5° increments). In addition to
these average values (solid line) the plots also show the daily minima and maxima
(light shading), and the 25 and 75 percentile values (dark shading). For example, on
June 1 at 46°N in the 1974-1984 period there are 1584 UVI values (144 longitudes x
11 years). The lowest value is about 5.5, 25% of the values are below 7, the average is
about 7.5, 75% of the values are below ' 8.1 (i.e., 50% of the UV index values are
found between 7 and 8. 1), and the record high is about 10.7. The SH plot is shifted 6
months for comparison to the NH. The same UV index scale is used for both plots.

For the 2045-2055 world avoided scenario, there is much higher variability, especially
in the early summer. The peak UVI values also occur earlier, especially in the
southern hemisphere. At 46°N, the appearance of a UVI of 5 occurs 2.5 months earlier
in the world avoided and disappears about 2 months later (see grey horizontal line).
The mid summer high increases from about 8.5 to 20. The lowest mid summer 2045
2055 values exceed the highest values estimated for the 1974-1984 period. At 46°N,
the mid summer maximum value of 8.5 now occurs in late February and is gone in
mid October. At 46°S, the behaviour is comparable, albeit with higher UV index
values than in the NH. However, the large "acute" events are extremely prominent in
the SH. This is most probably due to fragments of ozone-poor air being advected to
mid-latitudes. The distributions in both hemispheres are completely separated: even in
the winter they have no overlap.

Of course, for the 2055-2065 period, the behaviour would be even more extreme (see
Figure 2).
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Figure 5. UVI at mid-northern and southern latitudes as a function of season for the
two scenarios: the world avoided in 2050 (blue) and the expected future (black). The
dark shaded areas in these scenarios show the inter-quartile range, and the lighter
shading represents the full range of variabilities. The red line shows the 1974-84
average of the simulated past. This 1974-1984 simulated past is almost completely
obscured by the 2045-55 expected future because ozone levels have returned to
approximately their 1980 values by 2050.
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Discussion

What are the implications of these projected UV changes for skin cancer and vitamin
D deficiency? The response time between UV exposure and sunburn, which is
thought to be a risk factor for skin cancer is approximately 1 day, although the
development of skin cancer itself is typically over decadal time scales. The increases
in the incidence rates of skin cancer from the "world avoided" would have been
dramatic since, assuming other factors are equal, an increase in UV of 1%
corresponds to an increase in the incidence of skin cancer of 2-3% s ' 6 . If that rate
applies for these very large changes in UV, then the rates of skin cancer following
UV exposures in the mid 21 sT century could have been amplified by a factor of more
than 500. If we take a further step and assume that a similar relationship holds for
melanoma skin cancer, then for countries with high mortality from skin cancer, such
as Australia and New Zealand, an increase from the present mortality rate of
approximately 7 per 100,000 to over 3,500 per 100,000 may have been expected.

On the other hand, the lifetime of vitamin D in the body has been variously estimated
as between 2 weeks and 13 weeks for an e-folding time (i.e., the time taken to decay
to lle or 0.368 of its initial value).27-29 . Thus, in addition to changes in the minimum
UV irradiances, changes in the seasonal duration for which the UV remains below
some threshold 30 may also be important. As shown by Figure 4, the "world avoided"
could have been of some benefit from a vitamin D perspective. However, by the
same token, the future expectation from the "world expected" does not represent a
significant increased risk compared with the present (see Figure 3). In the world
expected, wintertime UVI values are only slightly lower than at present, and the
period of the minima is not changed significantly.

Although there has been some dispute about the point recently, 3 t the current
recommendation is that there is no effective vitamin D production for several months
at all latitudes pole-ward of 40°N. 32 This corresponds to periods when the UVI falls
below approximately 1. In the world avoided, the geographical extent of locations
where the minimum UVI always remains greater than 1 (i.e., where vitamin D
production from UV should be possible,) would have increased markedly from all
latitudes less than 45° to all latitudes less than 60° by mid-century, and the minimum
UVI at latitude 45° would have increased by a factor of three. In the world avoided
simulation, the area coverage of regions with local noon UVI values less than 1
during the winter solstice (including polar night) decreases from about 15% of the
Earth's surface in the 1970s to about 8% by 2065 (i.e., mainly the polar night region).
From the standpoint of vitamin D production, such increases in wintertime UVI are
marginally advantageous

Unless strict sun avoidance were practised, it seems likely that the benefits from
increased UV in winter are likely to have been small compared with the
consequences of the hugely increased UV in spring, summer, and autumn.
Furthermore, at many mid-latitude sites, the increases in UV would have been
sufficient to lead to risks of skin damage even in the winter months. It is highly likely
that behavioural changes would also be significant by mid-century. Since humans are
typically exposed to only a very small fraction of the available UV,33° 34 changes in
UV exposures due to behavioural changes have the capacity to far outweigh the
environmental effects of changes in wintertime UV. However, that is not the case for



excess summertime exposures, or for other environmental effects where the options
for modifying exposure to UV are more limited.

In the expected future scenario, UV is expected to decrease at mid to high latitudes,
including the regions where skin cancer is most prevalent. The future risk of skin
cancer induced by UV exposure may therefore be expected to decrease. At low
latitudes, there may be a small increased risk, but this may be offset by behavioural
changes caused by the discomfort of outdoor exposures at high temperatures. Any
decreases in wintertime UV are expected to be relatively small, so any increased risk
of insufficient vitamin D production during winter would also be correspondingly
small.

We note however, that in a future world, the effects of climate change must also be
considered. Possible effects include increased cloudiness at high latitudes, and
decreased cloudiness at low latitudes. 7 Changes in surface albedo may be important in
the future as a result of climate change, with retreats of glaciated regions to higher
altitudes and latitudes. As has been shown previously, surfaces with high albedo have
significant effects on UV irradiances,35-37 and can influence UV irradiances up to 40
km from the ice margins. 37 These factors would further tend to reduce the UV
irradiances in places where it is currently low, and increase it at places where it is
currently high. Consequently, these potential effects of climate change would have
adverse effects on both skin cancer incidence (a mid to low latitude issue) and vitamin
D deficiency (a mid to high latitude issue).

The calculations presented here are model predictions. These simulations are based
upon a single greenhouse gas scenario, and the expected future of ozone depleting
substances is also based upon a single scenario. Although the expected future is
considered a likely scenario, reality may differ appreciably, especially when possible
political and technological events are factored into our assessments.

Conclusions

The Montreal Protocol is an agreement that has successfully phased down the
production and consumption of ozone depleting substances (ODSs) such as
chlorofluorocarbons and halons. This study has estimated erythemal UV changes that
result from the implementation of the Protocol (the expected future) and UV levels
that would have been seen without a Montreal Protocol (the world avoided). Our
estimated UV indices that have been corrected for altitude effects and Earth-Sun
distance using model simulations of total ozone

This study has expanded on the UV increases discussed previously, which focussed
mainly the changes of stratospheric ozone, the dynamics and chemistry of the
stratosphere. Based on these calculations of clear-sky erythemal UV irradiances, the
effects of the Montreal Protocol have been hugely beneficial to preventing high levels
of surface UV radiation. In the world avoided, UV levels would have tripled over
their 1975 levels. Between 1975 and 2065, the average December 74°S UVI (mid-
summer) increases from an average of 3 to 33. In the NH, the June 74°N UVI
increases from 3 to 13. In addition to the maximum value of the UVI, the minimum
UVI also increases substantially in the world avoided. At the equator, the mid-winter
minimum value increases from about 11.5 to 32 between 1975 and 2065.



Simulations of our expected future show a steady decline of UVI in the 2010 through
2065. UVI increased in the 1980-2000 period by only a few tenths. The largest
increases occurred at Antarctic latitudes during the Austral spring and summer as a
result of the ozone hole.

The effects of the Montreal Protocol have also been hugely beneficial to health risks,
such as sunburn and skin cancer, which are associated with high UV. A potentially
positive aspect of a world avoided is the increase of vitamin D production from
increased UV, particularly at mid-to high latitudes in mid-winter. The seasonal extent
of this issue would have been reduced, and the minimum latitude at which this
becomes a problem would have been displaced significantly towards the poles.
However, production of vitamin D is strongly dependent on other factors as well, such
as the area of skin expososed, and the time spent outdoors, which in many cases
would dominate.

The model used is this study to estimate total ozone is strictly a stratospheric coupled
cloud chemistry model. This limits the study, since the effects on tropospheric
chemistry of the increased penetration of UV to the troposphere cannot be simulated.
The erythemal estimates in this study are somewhat limited by the ommision of cloud
effects and albedo, and the changes of those parameters might occur in a world
avoided simulation. While changes of greenhouse gases such as CO2, N2O, and
CH4 are included in the model, the feedback of ODS increases on the tropospheric
climate are not properly simulated because of the use of conventional climate change
sea surface temperatures used in the model. Finally, increased UV at the surface
would almost certainly alter Earth's biota, and thereby change greenhouse gale levels
and hydrocarbon levels.
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