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First published as an Advance Article

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.

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°** 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

+ This article is published as part of the United Nations Environmental
Programme: Environmental effects of ozone depletion and its inter-
actions with climate change: 2002 assessment.
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Nimbus 7 satellite). These re-analyses® 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 dur-
ing the 1990s. Because the ozone changes have not been mono-
tonic, 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 km?
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(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 km? and 54
Mt, respectively (slightly less than the record values of the pre-
vious year). As in recent years, the hole persisted well into
November, leading to potentially larger UV radiation effects.”
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 accumu-
lated 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.

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 north-
ern mid-latitudes 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 ozone. The annually
averaged global ozone loss is approximately 3%.° 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.*

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 of 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."! 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 maxi-
mum 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 irradi-
ances in winter are much smaller than in the summer. Con-
sequently even with extremely low ozone amounts, as under the
springtime Antarctic ozone hole, UV-B irradiances only rarely
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reach the levels that are normal in the tropics.'*!* 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,'* and from global analyses
based on satellite data (e.g, Fig. 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)."

Other factors affecting surface UV radiation include seasonal
variations in Sun-Earth separation, extinctions by aerosols,
altitude, and surface reflectivity (albedo). Several of these are
discussed later.

UYV 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,'® by which information on UV
intensities is disseminated to the public (see box).

Although there are uncertainties about the biological applic-
ability of this erythemal action spectrum, its advantage is that it
is mathematically defined and therefore its detailed shape is
unambiguous. This is important 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 reduc-
tions 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).'> 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.'®

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.'*!!® QOutside 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 later) has improved the timely deliv-
ery 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, 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.uni-hannover.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.®



UV Index

The internationally agreed UV Index scale is defined in
terms of the erythemally weighted UV irradiance (i.e
“skin-reddening”, or “sunburning” irradiance). The ery-
themal weighting function, which is applied to the spec-
trum, involves an arbitrary normalization to unity at wave-
lengths 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 m> 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.

UV Index = 40[ I(1) w(A) d2,

where:

A is the wavelength in nm,

I(72) is the irradiance in W m™ nm™', and w(/) is the

erythemal weighting function which is defined as:

w(4) = 1.0 for 250 <1< 298 nm

Ww(A) = 10°0%42% = D £5r 298 < 1 < 328 nm

w(A) = 1001503 = D £or 328 < 1 <400 nm

w(4) = 0.0 for A > 400 nm
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The upper panel shows the spectral UV irradiance for
two sun angles; with an ozone column amount of 300 DU.
The erythemal weighting function is shown on the right
axis. The lower panel shows the corresponding spectra of
erythemally weighted UV. The UV Index is the integral
under these curves multiplied by 40 m* W',

Data availability, quality control and quality assurance.
Recent international intercomparisons between spectroradio-
meters have demonstrated agreement within limits comparable
to the uncertainties in maintaining irradiance standards via
lamp transfer standards.” Progress has been made using
Langley analyses of spectra to derive a calibration based on
solar extraterrestrial spectra.?®* 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 net-
works (e.g., in Europe and South America) are contributing to
the characterisation of geographic differences.'***

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 con-
sider the effects of sky irradiance scattered from below the
observatory."”® Recent measurements in Europe, which included
aerosol and albedo effects, showed much larger and more vari-
able increases.”® Aircraft measurements in the free troposphere
over Greece have revealed larger altitude gradients than at
pristine sites.?

Surface albedo effects. The presence of snow cover in the
surrounding area can increase UV irradiances appreciably,’**!
even when the snow is several kilometers away from the observ-
ing site.**** Furthermore, increases in effective surface albedo
due to reflectances from air below the observing site can also be
important.”® 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. >’

Cloud effects. Cloud effects are important. The mean attenu-
ation 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 pat-
terns and to the UV radiation received at the Earth’s surface.®®
There is evidence for long-term changes in cloud in some
regions, as discussed later.*

Aerosol effects. Aerosols can have a marked effect on the
UV-B radiation received at the surface. In some locations aero-
sols can scatter more than 50% of UV-B radiation out of the
direct beam.*” 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.*! The optical proper-
ties 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, represent-
ing reductions of approximately 50%. More typically however,
the deduced reductions are less than 20%.*

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
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been assumed previously.* 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 measure-
ments from four cross-calibrated ground-based spectrometers
have revealed inconsistencies in satellite-derived UV. The dis-
crepancy 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 satellite-derived UV estimations
were too large.*

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,®*+* but with attendant increases in other
health risk factors.

Actinic fluxes. For many biological and photochemical pro-
cesses, including atmospheric photochemistry, irradiances fall-
ing 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 sur-
face. 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.** For many
applications, the target is insensitive to the direction of incom-
ing 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.** Progress has been made in converting irradiance to
actinic flux and this work offers the prospect of deriving histor-
ical changes from the more extensive database of irradiance
measurements,* >

Long-term changes in UV measured from the ground

The complicated spatial and temporal distributions of the vari-
ables 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, followed by an
increase back to 1960s levels by the late 1990s.%*

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.®
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An increase in peak UV in response to decreasing ozone has
been detected in New Zealand, as shown in Fig. 1.5 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.

Mean Summer Ozone and Estimated UV Index
Lauder, New Zealand
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Fig. 1 (a) Mean ozone (Dobson Units, 1 DU = 2.69 x 10" molecule
cm?), 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.’

A 10-year record of UV measurements in Thessaloniki,
Greece indicates significant increases in erythemal UV irradi-
ance 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 meas-
ures.’” 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.®®* Long term
changes and year-to-year variability have also been observed in
Antarctica.®

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 problem-
atic. Recently it has been shown that the spectral response func-
tions of some broad band instruments in common usage for
measuring sunburning UV are sensitive to relative humidity.®*
The largest sensitivity is in the UV-A region, where instrument
response varies, sometimes reversibly, over time scales of
hours.!” 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 UV changes from indirect methods

A limitation on trend detection is the relatively short time
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period for which suitable UV measurements are available. How-
ever, methods have been developed 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.

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.! Trends in UV for individual wave-
lengths and weighted spectral intervals have been determined
for the period from 1965 to 1997 (see Fig. 2).

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 statistic-
ally significant at the 2-sigma level. In addition to the estim-
ation 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, including those with insignificant ozone absorp-
tion. 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 dam-
aging 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 Fig. 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 Europe®>% as well as in the Arctic and
Antarctic. 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 signifi-
cant 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.%
Significant increases at the longer wavelengths indicate that not
all of the change is due to ozone depletion.

Estimations of UV from satellite observations

Satellite methods provide the greatest potential for assessing
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Fig. 3 Number of hours when the hourly mean UV index exceeded 7
at Toronto, 6 at Edmonton, 5 and 6 at Churchill.!

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/strato-
sphere/). These UV forecasts are then provided to the public
through the media.

From these data, global climatologies of UV, such as that
shown in Fig. 1 can be derived. The dominant feature here is
the strong latitudinal gradient, with highest doses of UV occur-
ring in the tropics. As noted below, however, questions remain
about the absolute accuracy of these products.

Photochem. Photobiol. Sci., 2003, 2, 5-15 9
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Fig. 4 Global climatology (1979-1992) of mean daily erythemal UV
dose (from the NCAR web site http://www.acd.ucar.edu/TUVY/).

Methods have recently been developed to generate regional-
scale maps of surface UV radiation (Fig. 4), including cloud
effects, using satellite data of higher spatial and temporal
resolution, along with ancillary geophysical data.®

Measurements from satellite also provide the potential for
deriving accurate trends in UV, since only a single sensor needs
to be characterized for the lifetime of that satellite 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 com-
bined influence of changes in ozone and clouds.®® Another
study of satellite-derived erythemal UV trends in the Northern
hemisphere (1979-91) showed marked regional differences. At
latitudes 30-40°N, trends were larger over oceans, while at
40-60°N they were larger over continental areas. The largest
trends were seen over northeast Asia where they exceeded 10%
per decade for May—August.*’

A study using satellite data has demonstrated that long-term
changes in cloud cover have occurred in some regions.®® 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. 5686

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 difficul-
ties 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 over-
estimation'® of satellite-derived ozone in the southern hemi-
sphere 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
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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
geo-stationary satellite data have demonstrated that several
cloud images over the midday period are desirable for deter-
mining UV dose.*® 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 satellite-derived UV."*"* Diffi-
culties 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.

A comprehensive study compared UV measured over several
years at four mid-latitude sites using cross-calibrated, state-of-
the-art spectrometer systems.* 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
Fig. 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 differ-
ences in satellite-derived UV between polluted and unpolluted
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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 aware-
ness of the importance of linkages and feedbacks (Fig. 6)
between climate change (global warming) and ozone depletion.
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Fig. 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.?

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), especially CO,. The latter
is primarily due to a release of gases that catalytically destroy
ozone, especially chlorine and bromine, from CFCs and halons
photolysed in the stratosphere.

Some of these linkages are illustrated schematically in Fig. 6.
A complete inventory of the many processes is outside the
scope of the present document and is discussed elsewhere,®
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.

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 green-
house active. These include water vapour, methane (CH,), and
nitrous oxide (N,0), which are increasing and will ultim-
ately lead to increases in stratospheric gases (e.g., NO,), 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.”™ Observed
increases in stratospheric NO, are larger than the increases in
N,O at the surface, which is thought to be its major source
gas.”’® 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.”” However, at high latitudes
ozone depletion proceeds much more rapidly through hetero-
geneous 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 this feedback could delay the
start of any ozone recovery in Polar regions by a decade or
more.”® However, more recent studies predict much shorter
delays.®

Radiative interactions. There are also several radiative feed-
back 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.®® 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™ are not significant since only a small frac-
tion of the incoming solar energy falls within the UV-B range.
However, changes in UV-B radiation influence photochemical
reactions in the troposphere. Models predict a global decrease
of tropospheric OH in the future, which would affect the
lifetimes of greenhouse gases. Long-term changes in cloudi-
ness have been observed from satellite observations in recent
decades, with increases at high latitudes,*®® and decreases in
the tropics.** Atmospheric models have so far been unable to
reproduce this effect, reducing our confidence in the ability of
models to predict future changes.®” 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.® It has also been
postulated that there may be dynamical interactions between
ozone depletion and greenhouse warming that can act syn-
ergistically to produce larger than expected trends in both sur-
face temperature and stratospheric ozone.®*®® 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.”"3

Biospherical feedbacks. Other feedbacks can involve the
biosphere.”®# 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 conden-
sation nuclei.®® This, in turn affects cloud-droplet size, cloud-
reflectivity, 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,”® which suggested
that interactions with global warming could delay the recovery
of ozone at polar latitudes by 10 years or more. However, sub-
sequent 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.®
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 vapour®®® and increases in greenhouse gases, particu-
larly in the latter part of the current century.”>’* However, the
emerging consensus is that 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
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in the rate of catalytic destruction of ozone outside polar
regions.”” % 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.”*

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.*? (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 that have not yet
been verified by observations. The Sun also exhibits variability
on much longer time scales. For example, during the 17* cen-
tury the Sun was less active (fewer sunspots), leading to the
possibility of significantly greater UV-B during that period.”

Expectations for the future

The Montreal Protocol 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.* However, the largest benefits will be realised in years
to come, as the stratospheric chlorine loading decreases. The
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concentrations of most anthropogenic precursors of ozone
depletion are now decreasing (though bromine is still increasing
at present). However, because of large year-to-year variability
in ozone, it will be several years before we can detect whether an
0zone recovery is occurring.

Although most practicable strategies to mitigate ozone deple-
tion 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 under-
stood, (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.®

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 Depletion® through scenario
studies using climate models. Fig. 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 com-
pliance to the Montreal Protocol. By the middle of the century,
UV levels should be close to those in 1980.

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 vulner-
able 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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