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Summary

Depletion of stratospheric ozone over the Arctic can
reduce normally high winter and spring ozone levels
and allow more ultraviolet (UV) radiation to reach the
surface of the earth. Arctic ozone levels exhibit high
natural seasonal and interannual variability, driven pri-
marily by atmospheric dynamics that govern the large-
scale meridional transport of ozone from the tropics to
high latitudes. The spatial distribution of total column
ozone over the Arctic is less symmetric around the
pole than is the case for ozone over the Antarctic.

The large natural variability in arctic ozone complicates
the interpretation of past changes and the projection of
future ozone levels. Observations have shown substan-
tial late winter and early spring reductions in arctic
total column ozone over the last two decades.

These reductions have been directly linked to chemical
reactions occurring at low temperatures in the pres-
ence of anthropogenic chlorine and bromine com-
pounds. Between 1979 and 2000, the trend in mean
annual total column ozone over the Arctic was about
-3% per decade (7% accumulated loss), while the
trend in mean spring total column ozone was about
-5% per decade (11% accumulated loss). Arctic ozone
depletion is also strongly affected by stratospheric tem-
peratures and polar stratospheric cloud formation.
Climate change leading to lower temperatures in the
stratosphere is likely to increase the frequency and
severity of ozone-depletion episodes.

Ozone levels directly influence the amount of UV
radiation reaching the surface of the earth. Surface UV
radiation levels are also strongly affected by clouds,
aerosols, altitude, solar zenith angle, and surface albe-
do. These different factors contribute to high variability
in UV radiation levels and make it difficult to identify
changes that result from ozone depletion. Because of
the low solar elevation in the Arctic, the region is sub-
ject to an increased proportion of diffuse UV radiation,
from scattering in the atmosphere as well as from
reflectance off snow and ice. Reflectance off snow can
increase the biologically effective irradiance by more
than 50%. Changes in global climate are likely to result
in changes in arctic snow cover and sea ice. Snow and
ice cover strongly attenuate UV radiation, protecting
organisms underneath. A reduction in snow and ice
cover on the surface of rivers, lakes, or oceans is likely
to increase the exposure of many organisms to damag-
ing UV radiation. Loss of snow or ice cover earlier in
the spring, when UV radiation is very likely to be at
increased levels, would be stressful for both aquatic
and terrestrial life.

Ground-based measurements of UV radiation levels are
conducted in all arctic countries. However, the current
monitoring network does not provide sufficient cover-
age over vast regions. Available individual measure-
ments suggest localized increases in UV radiation levels
reaching the surface, but the measurement time series
are not yet long enough to allow trends to be detected.
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Reconstructed time series of surface UV radiation
levels based on total column ozone, sunshine duration,
and cloud cover suggest distinct increases, but recon-
struction methods are less certain than direct measure-
ments because they involve assumptions about the
spectral characteristics of cloud and aerosol attenuation
and surface reflectivity. The increases in UV radiation
levels occur primarily in the spring, when ozone
depletion reaches a maximum, and can result in spring
UV radiation levels that are higher than those measured
during the summer.

Atmospheric sampling indicates that the Montreal
Protocol and its amendments have already resulted in
a leveling off of some atmospheric halogen concentra-
tions. However, climate change and other factors are
likely to complicate the recovery of the ozone layer.
Changes in both the overall meteorology of the region
and in atmospheric composition may delay or acceler-
ate the recovery of the arctic ozone layer. Ozone levels
are projected to remain depleted for several decades
and thus surface UV radiation levels in the Arctic are
likely to remain elevated in the coming years. The ele-
vated levels are likely to be most pronounced in the
spring, when ecosystems are most sensitive to harmful
UV radiation. Exposure to UV radiation has been
linked to skin cancers, corneal damage, cataracts,
immune suppression, and aging of the skin in humans,
and can also have deleterious effects on ecosystems and
on materials.

5.1. Introduction

Ultraviolet radiation levels reaching the surface of the
earth are directly influenced by total column ozone
amounts and other geophysical parameters. In the
Arctic, UV radiation is of particular concern, particu-
larly during the spring and summer when the region
experiences more hours of sunshine compared to
lower latitudes. Goggles found in archaeological
remains suggest that indigenous peoples had developed
protection from sunlight long before the onset of
anthropogenic ozone depletion (e.g., Hedblom, 1961;
Sliney, 2001). Although systematic measurements of
UV radiation levels have been performed for little
more than decade, analysis of fossil pigments in leaf
sediments suggests that past UV radiation levels in the
Arctic may have been similar to modern-day (pre-
depletion) levels (Leavitt et al., 1997). In recent years,
however, Arctic ozone depletion (which has sometimes
been severe) has allowed more UV radiation to reach
the surface. In the years since ozone depletion was first
observed over the Arctic, UV radiation effects such as
sunburn and increased snow blindness have been
reported in regions where they were not previously

observed (Fox, 2000).

Less than 10% of the solar energy reaching the top of
the atmosphere is in the UV spectral region, with
wavelengths between 100 and 400 nm. The shortest
wavelengths (100-280 nm) are referred to as UV-C
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radiation. Radiation at these wavelengths is almost
entirely absorbed by atmospheric oxygen and ozone,
preventing it from reaching the surface. Wavelengths
between 280 and 315 nm comprise the UV-B portion
of the spectrum (while some communities use 320 nm
to mark the division between UV-B and UV-A radia-
tion, it is the convention in this report to use 315 nm).
Ultraviolet-B radiation is absorbed efficiently but not
completely by atmospheric ozone. Wavelengths
between 315 and 400 nm are referred to as UV-A
radiation. Absorption of UV-A radiation by atmo-
spheric ozone is comparatively small.

Although the intensity of solar UV-B radiation is low,
the energy per photon is high. Due to this high energy,
UV-B radiation can have several harmful impacts on
human beings (i.e., DNA damage, skin cancers,
corneal damage, cataracts, immune suppression, aging
of the skin, and erythema), on ecosystems, and on
materials (e.g., UNEP, 1998, 2003). These effects are
discussed in detail in sections 7.3, 7.4, 8.6, 9.4, 14.12,
15.3.3,16.3.1, and 17.2.2.3. Ultraviolet-B radiation
also affects many photochemical processes, including
the formation of tropospheric ozone from gases
released into the environment by motor vehicles or
other anthropogenic sources.

The amount of UV radiation reaching the surface of
the earth is expressed in terms of irradiance, denoting
the radiant power per unit area reaching a surface.
Figure 5.1 shows typical spectral irradiance in the
UV-A and UV-B wavelengths for the Arctic. The values
were obtained using a radiative transfer model with a
solar zenith angle of 56.5°, total column ozone of

300 Dobson units (DU), and surface albedo of 0.6.

The exposure necessary to produce some biological
effect, such as erythema (skin reddening), at each

Fig. 5.1. Spectral UV irradiance in the UV-A and UV-B wave-
lengths (for total column ozone of 300 DU), the CIE erythemal
action spectrum, and biological response curves for total column
ozone of 300 and 400 DU.
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wavelength in the UV spectral region is given by an
action spectrum. In general, shorter UV-B wavelengths
have greater biological effects than longer UV-A wave-
lengths, and action spectra account for this wavelength
dependence. The action spectra are used to provide
biological weighting factors to determine sensitivities
to UV radiation exposure. The action spectrum often
used to estimate human health effects is the McKinlay-
Diffey erythemal response spectrum (McKinlay and
Diffey, 1987). This curve is shown in Fig. 5.1 and rep-
resents the standard erythemal action spectrum adopt-
ed by the Commission Internationale de I’Eclairage
(CIE) to represent the average skin response over the
UV-B and UV-A regions of the spectrum (CIE, 1998).

The biological response is determined by multiplying
the spectral irradiance at each wavelength by the bio-
logical weighting factor provided by the action spec-
trum. As ozone levels decrease, the biological response
increases (see Fig. 5.1). Integrating the product of the
spectral irradiance and the biological weighting factor
over all wavelengths provides a measure of the biologi-
cally effective UV irradiance, or dose rate, with units
W/m?. This dose rate is scaled to produce a UV index
value (WHO, 2002), which is made available to the
public to provide an estimate of the level of UV radia-
tion reaching the surface in a particular area at a par-
ticular time. Summing the dose rate over the exposure
period (e.g., one day) results in a measure of the bio-
logically effective radiation exposure, or dose, with
units J/m?. In the Arctic, the extended duration of sun-
light during the summer can result in moderately large
UV radiation doses. When considering biological
impacts, it is important to distinguish that the defini-
tion of dose presented here differs slightly from that
used by biologists, who refer to dose as the amount
actually absorbed by the receptor. In addition, for some
biological effects the cumulative dose model outlined
above is too simple, because dose history also plays a
role. In many cases, repair mechanisms cause the dose
received over a longer time period to have less effect
than a single, intense exposure.

Although some exposure to UV radiation can be bene-
ficial, increases in surface UV radiation doses can have
detrimental effects on humans and organisms in the
Arctic. The levels of UV radiation reaching the surface
are affected not only by total column ozone and solar
zenith angle, but also by cloudiness, surface reflectance
(albedo), and atmospheric aerosol concentrations.
Climate change is likely to affect both future cloudiness
and the extent of snow and ice cover in the Arctic, in
turn leading to local changes in the intensity of solar
UV radiation. It is very likely that climate change is
already influencing stratospheric dynamics, which are
very likely to in turn affect ozone depletion and surface
UV radiation levels in the future. This chapter address-
es some of the factors influencing total column ozone
and surface UV irradiance, and describes both
observed and projected changes in arctic ozone and
UV radiation levels.
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5.2. Factors affecting arctic ozone
variability

Ozone in the atmosphere prevents most harmful UV
radiation from reaching the biosphere. About 90 to
95% of atmospheric ozone is found in the stratosphere;
the remaining 5 to 10% is in the troposphere. Most of
the stratospheric ozone is produced by photochemical
reactions in equatorial regions; at high latitudes, there
is less photochemical ozone production and much of
the stratospheric ozone is imported from low latitudes
by the Brewer-Dobson circulation. This diabatic circu-
lation also distributes ozone to lower altitudes in the
high latitude regions, where, owing to a longer photo-
chemical lifetime, it accumulates. For these reasons,
total column ozone tends to exhibit global maxima
near the poles. The atmospheric circulation varies sea-
sonally, and oscillations in the circulation patterns
explain some of the natural spatial, seasonal, and annu-
al variations in the global total ozone distribution.

In the Northern Hemisphere, the maximum total col-
umn ozone usually occurs in spring and the minimum
in autumn. Solar activity also causes small fluctuations
in total column ozone in phase with the solar cycle.

In addition to natural ozone production and destruc-
tion processes (WMO, 1995, 1999, 2003), strato-
spheric ozone is destroyed by heterogeneous chemical
reactions involving halogens, particularly chlorine and
bromine, which are derived from chlorofluorocarbons
(CECs) and other ozone-depleting substances. In the
presence of solar radiation, extremely low strato-
spheric temperatures facilitate ozone depletion chem-
istry. Thus, ozone depletion can occur in relatively
undisturbed polar vortices (see section 5.2.2, Box 5.1)
with the return of sunlight in early spring. The funda-
mental processes governing ozone levels over the
Arctic and Antarctic are the same, however, relative
rates of production and destruction can differ. Low
temperatures within the stable Antarctic vortex and the
presence of ozone-depleting gases have led to an area
of large-scale ozone depletion, the “ozone hole”, which
has been observed every spring since the 1980s.

In contrast, the arctic polar vortex is less stable, result-

Fig. 5.2. Spring ozone depletion over the Antarctic and the
Arctic between 1979 and 2002.
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ing in arctic air masses that are on average warmer
than air masses over the Antarctic. However, chemical
ozone depletion has been observed over the Arctic dur-
ing springs when temperatures in the arctic strato-
sphere were lower than normal. The decreases over the
Arctic and Antarctic have both been sizeable (Fig. 5.2),
although climatological spring ozone levels over the
Arctic tend to be higher than those over the Antarctic,
so that total column ozone after depletion events is
higher in the Arctic than in the Antarctic. The depletion
observed over the Antarctic in spring 2002 was not as
severe as in previous years, but this was due to excep-
tional meteorological conditions and does not indicate
an early recovery of the ozone layer.

Since the late 1980s, much attention has been directed
to studying ozone depletion processes over the Arctic.
Arctic ozone levels have been significantly depleted in
the past decade, particularly during the late winter and
early spring (seasons when pre-depletion ozone levels
were historically higher than at other times of the
year). Several studies (Austin, 1992, 1994; Austin and
Butchart, 1992; Austin et al., 1995; Guirlet et al.,
2000) have focused on both the chemical and dynamic
factors contributing to this depletion. These factors
have combined to change the overall concentrations
and distribution of ozone in the arctic stratosphere
(e.g., Weatherhead, 1998; WMO, 1995, 1999, 2003),
and the observed changes have not been symmetric
around the North Pole. The greatest changes in ozone
levels have been observed over eastern Siberia and west
toward Scandinavia.

Ozone depletion can increase the level of UV radiation
reaching the surface. These increased UV doses, partic-
ularly when combined with other environmental stres-
sors, are very likely to cause significant changes to the
region’s ecosystems. Ozone depletion has been greatest
in the spring, when most biological systems are partic-
ularly sensitive to UV radiation. The depletion has not
been constant over time: very strong ozone depletion
has been observed in some years while very little
depletion has been observed in other years.

Transport of low-ozone air masses from lower latitudes
can result in a few days of very low ozone and high UV
radiation levels (Weatherhead, 1998). This transport of
low-ozone air masses is often observed in late winter
or early spring and is likely to have occurred naturally
for decades. Climate change is likely to change trans-
port patterns and is therefore likely to alter the fre-
quency and severity of these events (Schnadt and
Dameris, 2003).

5.2.1. Halogens and trace gases

Chlorine and bromine compounds cause chemically
induced ozone depletion in the arctic stratosphere
(E.C., 2003; Solomon, 1999; WMO, 1999, 2003).
The source gases for these halogens are predominantly

anthropogenic (E.C., 2003; WMO, 1999, 2003) and
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are transported to the polar stratosphere over a period
of 3 to 6.5 years (Harnisch et al., 1996; Schmidt and
Khedim, 1991; Volk et al., 1997). In the stratosphere,
the source gases are converted through photolysis and
reaction with the hydroxyl radical to inorganic species
of bromine, chlorine, and fluorine. The halogens are
normally present as reservoir species (primarily hydro-
gen chloride — HCI, chlorine nitrate — CIONO,, and
bromine nitrate), which are efficiently converted into
photochemically active species in the presence of sul-
fate aerosols or polar stratospheric clouds (WMO,
1999, 2003). Subsequently, in the presence of sunlight,
reactive compounds (e.g., chlorine monoxide, bromine
monoxide) are formed that react with and destroy
stratospheric ozone in catalytic cycles.

The concentrations of chlorine measured in the strato-
sphere correspond well with the concentrations of
CFCs and related gases that have been measured in the
troposphere (Chang et al., 1996; Russell et al., 1996;
Zander et al., 1996). From the mid-1980s to the early
1990s, the atmospheric chlorine concentration
increased approximately 3 to 4% per year (WMO,
1990, 1992), while between 1995 and 1997, the rate
of stratospheric chlorine increase was estimated at
1.8£0.3% per year (WMO, 1999). An analysis of long-
term trends in total column inorganic chlorine through
2001, based on 24 years of HCl and CIONO, data,
showed a broad plateau in inorganic chlorine levels
after 1996 (Rinsland et al., 2003). Some uncertainty
remains concerning the time lag between reductions in
emissions of chlorine-containing compounds at the sur-
face and chlorine concentrations in the stratosphere
(e.g., Waugh et al., 2001), although this lag is thought
to be between 3 and 5 years on average. Other studies
report an estimated total organic bromine growth rate
of 2.2% per year (Butler et al., 1998; Wamsley et al.,
1998), although errors in the experimental method
make the stratospheric bromine mixing ratios more
difficult to determine. More recently, Montzka et al.
(2003) reported that total organic bromine amounts in
the troposphere have decreased since 1998.

Changing concentrations of the trace gases nitrous oxide
(N,0), methane (CH,), water vapor, and carbon dioxide
(CO,) directly affect ozone chemistry and also alter
local atmospheric temperatures by radiative cooling or
heating, influencing the reaction rates of ozone depletion
chemistry and the formation of ice particles. All of these
gases emit radiation efficiently to space from the strato-
sphere (although CO, and water vapor are the most
important), so increases in the abundances of these gases
are very likely to lead to stratospheric cooling. In the
polar regions, this cooling is very likely to lead to ozone
depletion through heterogeneous chemistry. Lower tem-
peratures facilitate the formation of polar stratospheric
cloud particles, which play a role in transforming halo-
gens to reactive compounds that can destroy ozone very
rapidly. Small changes in temperature have been shown
to have a significant effect on ozone levels (e.g., Danilin

et al., 1998; Tabazadeh et al., 2000).
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The trace gases N,O, CH,, and water vapor are also
important chemically. In the stratosphere, CH, acts as
an important source of water vapor and is also a sink
for reactive chlorine. In addition, stratospheric water
vapor is an important source of hydrogen oxide radi-
cals, which play an important role in ozone destruc-
tion. Evans et al. (1998), Dvortsov and Solomon
(2001), Shindell (2001), and Forster and Shine (2002)
have studied the effects of water vapor on homoge-
neous chemistry. Their model results suggest that
increases in water vapor reduce ozone levels in the
upper stratosphere, increase ozone levels in the middle
stratosphere, and reduce ozone levels in the lower
stratosphere. Ozone levels in the lower stratosphere
dominate total column ozone, and the model results
differ most in this region. In the simulations of Evans
et al. (1998), reductions in lower-stratospheric ozone
levels occur only in the tropics when water vapor
increases, while in the other simulations, the reduc-
tions extend to the mid-latitudes or the poles. The
models of Dvortsov and Solomon (2001) and Shindell
(2001) projected a slower recovery of the ozone layer
as a result of increased stratospheric water vapor, and a
1 to 2% reduction in ozone levels over the next 50
years compared to what would be expected if water
vapor did not increase.

Water vapor affects heterogeneous chemistry by
enhancing the formation of polar stratospheric clouds
(PSCs). This effect may be much more important than
the relatively small impacts of water vapor on homoge-
neous chemistry. Kirk-Davidoff et al. (1999) projected
a significant enhancement of arctic ozone depletion in a
more humid atmosphere. Much of this projected effect
is based on the radiative cooling of the stratosphere
assumed to be induced by water vapor, a value that is
currently uncertain. A smaller value would imply a
reduced role for water vapor in enhancing PSC forma-
tion. Even using a smaller cooling rate, however, the
impact on ozone is likely to be large, as the ~3 °C
cooling of the stratosphere projected to occur if CO,
concentrations double is of comparable magnitude to
the cooling that would be caused by a water vapor
increase of only ~2 ppmv. Although precise quantifica-
tion of radiative forcing due to water vapor is difficult,
an estimate by Tabazadeh et al. (2000) suggests that an
increase of 1 ppmv in stratospheric water vapor (with
constant temperature) would be equivalent to a ~1 °C
decrease in stratospheric temperature and would cause
a corresponding increase in PSC formation. This com-
parison suggests that the radiative impact of water
vapor is larger than its effects on chemistry or micro-
physics. Given the potential for atmospheric changes in
the Arctic, and the large ozone losses that could result
from a slight cooling (Tabazadeh et al., 2000), it is
important both to understand trends in stratospheric
water vapor, and to resolve differences in model pro-
jections of the radiative impact of those trends.

Changing concentrations of the trace gases N

,O and

CH, may also affect ozone levels. Nitrous oxide breaks
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down to release nitrogen oxide radicals, which are
extremely reactive and play an important role in ozone
chemistry. Increases in CH, concentrations lead to an
increase in hydrogen oxide radicals but at the same
time increase the sequestration of chlorine radicals into
HCI. The effects of increases in these gases on ozone
depletion are thought to be relatively small (e.g.,
Shindell et al., 1998b; WMO, 1999), although a recent
study by Randeniya et al. (2002) suggests that increas-
ing concentrations of N,O may have a larger impact
than previously thought.

5.2.2. Arctic ozone depletion and
meteorological variability

Partitioning the transport and chlorine chemistry con-
tributions to arctic ozone variability is a subject of
much discussion (Shepherd, 2000). The degree of ozone
depletion in the Arctic depends strongly on air temper-
atures and PSC formation. Several methods have been
used to estimate the total column ozone depletion in
the arctic polar vortex based on meteorological meas-
urements (e.g., Goutail et al., 1999; Manney et al.,
1996; Miiller et al., 1997; Rex et al., 1998), and com-
parisons between the different studies show good agree-
ment (Harris et al., 2002). Since 19881989, three
winters (1994-1995, 1995-1996, and 1999-2000)
have had particularly low stratospheric temperatures
and were characterized by PSC formation in both the
early and late parts of the season (Braathen et al., 2000;
Pawson and Naujokat, 1999). Some of the most severe
arctic ozone losses (up to 70% at 18 km altitude) were
observed during those winters (Knudsen et al., 1998;

Rex et al., 1999; 2002).

Chipperfield and Pyle (1998) used models to investi-
gate the sensitivity of ozone depletion to meteorologi-
cal variability, chlorine and bromine concentrations,
denitrification, and increases or decreases in strato-
spheric water vapor. Although the models tended to
underestimate observed rates of arctic ozone deple-
tion, their results agreed at least qualitatively with
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empirical estimates of ozone depletion, which suggest
that substantial arctic ozone depletion is possible when
both early and late winter temperatures in the strato-
sphere are extremely low. Cold early winters or cold
late winters alone are not enough to produce extensive
ozone depletion, but can still cause depletion to occur.
During the winters of 1993—1994 and 19961997,
temperatures in the arctic stratosphere were very low
in late winter compared to earlier in the season.
Ozone losses at specific altitudes during these years
were of the order of 40 to 50% (Braathen et al., 2000;
Schulz et al., 2000).

Dynamic processes dominate the short-term (day-to-
day) variability in winter and spring total column
ozone at mid- and high latitudes. Local changes in total
column ozone of the order of 100 DU have been fre-
quently reported (e.g., Peters et al., 1995) and are
linked to three main transport processes:

1. A shift in the location of the polar vortex leads to
changes in total column ozone, because the polar
vortex air masses are characterized by low ozone
levels compared to air masses outside the vortex.

2. Tropical upper-tropospheric high-pressure sys-
tems moving to higher latitudes cause an increase
in the height of the tropopause at those latitudes,
and thus a reduction in the overall depth of the
stratospheric air column, as a result of divergence,
resulting in ozone redistribution and a decline in
total column ozone (e.g., James, 1998).

3. Tropical lower-stratospheric or upper-
tropospheric air masses may be mixed into the
stratosphere at higher latitudes. Referred to as
“streamers” (e.g., Kouker et al., 1999), these
phenomena introduce lower ozone content to
the high-latitude air masses.

These three transport processes are not independent
and can occur simultaneously, potentially increasing
total column ozone variability.

Box 5.1.The polar vortex and polar stratospheric clouds

Winter and early spring ozone levels in the Arctic are influenced by the polar vortex, a large-scale cyclonic circula-
tion in the middle and upper troposphere. This circulation keeps ozone-rich mid-latitude air from reaching the
vortex region and can also lead to very cold air temperatures within the vortex.

Cold temperatures allow the formation of polar stratospheric clouds (PSCs), which play two important roles in
polar ozone chemistry. First, the particles support chemical reactions leading to active chlorine formation, which
can catalytically destroy ozone. Second, nitric acid removal from the gas phase can increase ozone loss by per-
turbing the reactive chlorine and nitrogen chemical cycles in late winter and early spring (WMO, 2003).

As the stratosphere cools, two types of PSCs can form. Type-| PSCs are composed of frozen nitric acid and water
and form at temperatures below 95 K. At temperatures below 190 K, Type-2 PSCs may form. Type-2 PSCs are
composed of pure frozen water and contain particles that are much larger than the Type-| PSC particles. Both
types of PSCs occur at altitudes of |5 to 25 km and can play a role in ozone depletion chemistry, although Type-2

PSCs are quite rare in the Northern Hemisphere.
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The occurrence of ozone minima or ozone “mini-holes”
at northern mid- and high latitudes caused by tropo-
pause lifting (process 2) exhibits high interannual vari-
ability. James (1998) found no detectable trend in
mini-hole occurrences using Total Ozone Mapping
Spectrometer (TOMS) satellite data for the period
from 1979 to 1993. However, an analysis of satellite
data by Orsolini and Limpasuvan (2001) found an
increase in the frequency of ozone mini-holes in the
late 1980s and early 1990s. The increase may be linked
to the positive phase of the North Atlantic Oscillation
(NAO; see section 2.2.2.1), which displaces the west-
erly jet to higher latitudes, allowing pronounced north-
ward intrusions of high-pressure systems (processes

2 and 3). A similar link between the NAO and the fre-
quency of ozone mini-holes has been found in ground-
based measurements (Appenzeller et al., 2000).

Coupled chemistry-climate models are currently able to
simulate these meteorological phenomena (Eyring et al.,
2003; Stenke and Grewe, 2003). Stenke and Grewe
(2003) compared simulations from a coupled chemistry-
climate model with TOMS data and showed that ozone
minima were fairly well represented in the simulations.
Such simulations suggest that the processes affecting PSC
formation can significantly increase chemical ozone
depletion, leading to mini-hole occurrences or other
substantial ozone minima.

5.2.3. Large—scale dynamics and
temperature

The Arctic is highly affected by atmospheric processes,
and mid- and high-latitude dynamics can play an
important role in arctic ozone depletion. The Northern
Hemisphere is characterized by large landmasses and
several high mountain ranges at middle and high lati-
tudes. These geographic features generate planetary-
scale atmospheric waves that disturb the northern
polar vortex. As a result, the polar vortex tends to be
less stable and less persistent over the Arctic than over
the Antarctic. Ozone depletion over the Arctic has
therefore been less severe than that over the Antarctic,
but is still greater than the depletion observed at tropi-
cal or mid-latitudes. Ozone depletion in the Arctic is
characterized by large interannual variability, depend-
ing largely on the strength of the polar vortex and on
air temperatures within it. During years when the
polar vortex was especially strong, substantial (up to
40%) total column ozone depletion was observed

(Weatherhead, 1998; WMO, 2003).

Changes in the dynamics of the stratosphere play a
role in long-term trends as well as in inter- and intra-
annual variability in arctic ozone levels. The strato-
spheric circulation determines how much ozone is
transported from the lower-latitude production
regions, as well as the extent, strength, and tempera-
ture of the winter polar vortex. The variability of
polar vortex conditions is strongly influenced by fluc-
tuations in the strength of the planetary-wave forcing
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of the stratosphere. There is evidence from both
observations and modeling studies that long-term
trends in arctic ozone levels are not solely driven by
trends in halogen concentrations, but are also a func-
tion of changes in wave-driven dynamics in the strato-
sphere (Fusco and Salby, 1999; Hartmann et al., 2000;
Hood et al., 1999; Kodera and Koide, 1997; Kuroda
and Kodera, 1999; Pitari et al., 2002; Randel et al.,
2002; Shindell et al., 1998a; Waugh et al., 1999).
During years in which planetary waves penetrate
effectively to the stratosphere, the waves enhance the
meridional Brewer-Dobson circulation, which brings
more ozone from the low-latitude middle and upper
stratosphere to the polar region and then down to the
arctic lower stratosphere. At the same time, the
planetary waves are likely to disrupt the polar vortex,
reducing the occurrence of temperatures low enough
for PSC formation. Increased planetary-wave activity
is thus highly correlated with greater ozone levels,
but projections of future wave forcing remain uncer-

tain (WMO, 2003).

Extremely low stratospheric temperatures (below

190 K) in the polar regions can lead to the formation
of PSCs (Box 5.1). Polar stratospheric clouds con-
tribute significantly to ozone chemistry, leading to
accelerated ozone destruction. Over the Antarctic,
stratospheric temperatures are routinely lower than
these thresholds every spring. Over the Arctic, strato-
spheric temperatures are often near these critical
temperature thresholds, such that during periods when
the temperatures are slightly lower than average, accel-
erated ozone depletion is observed, while during peri-
ods when the temperatures are slightly higher than
average, ozone levels can appear climatologically
normal. Current climate models suggest that strato-
spheric temperatures are likely to decrease in the
coming decades as a result of increasing atmospheric
concentrations of greenhouse gases, thus, it is likely
that there will be more periods when accelerated
ozone destruction could occur. The combination of
dynamics, interannual variability, and the coupling
between chemistry and radiative forcing makes project-
ing future arctic stratospheric temperatures and ozone
depletion extremely challenging.

5.3. Long-term change and variability
in ozone levels

In the early 1970s, scientists began projecting that
anthropogenic emissions of CFCs and other halo-
carbons would lead to stratospheric ozone depletion
(Molina and Rowland, 1974). These projections were
confirmed when the Antarctic ozone hole was discov-
ered in 1985 (Farman et al., 1985), and subsequent
work (e.g., Anderson et al., 1989) identified and
refined the chemical mechanisms that are responsible
for ozone depletion. Since that time, decreases in
stratospheric and total column ozone have been
reported over both poles and in the mid-latitudes in

both hemispheres.
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5.3.1. Monitoring stratospheric ozone
over the Arctic

Ground-based and satellite-borne instruments are used
to monitor the concentrations and vertical distribu-
tions of stratospheric ozone. Ground-based Dobson
spectroradiometers have been used since the 1920s,
and Brewer spectroradiometers have been introduced
more recently to provide both ozone and UV radiation
monitoring. Currently, more than 30 Dobson and
Brewer instruments are operated in or near the Arctic.
In Russia, total ozone is monitored using filter
radiometers. In addition to these measurements of
total column ozone, the vertical ozone distribution or
ozone profile can be measured using ozonesondes
(balloon-borne measuring devices). Figure 5.3 shows
the current network of regularly reporting total ozone
and ozonesonde stations in or near the Arctic.

The ground-based monitoring network provides the
longest and most accurate record of stratospheric
ozone levels. In addition to ground-based monitoring,
various satellite-borne instruments have been in orbit
since the 1970s and are able to provide global spatial
coverage not available from ground-based networks.
Because the ground-based monitoring network does
not cover all parts of the Arctic, monitoring arctic
ozone levels relies on a combination of ground-based
and satellite-borne instruments.

5.3.2.Total column ozone on a global scale

Total column ozone is a measure of the total number of
ozone molecules in a column of atmosphere above a
particular location. Total column ozone is important
because of its direct, measurable effect on the amount
of UV radiation reaching the surface. The variability in

Brewer
Dobson
Filter

* Sondes

Fig. 5.3. Regularly reporting total column ozone and
ozonesonde stations in and near the Arctic.
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total column ozone at a single location is strongly
influenced by the movement of air from one region to
another. Thus, total column ozone averages over the
entire globe, or over large regions, often show less
variability than total column ozone at a specific loca-
tion (Bodeker et al., 2001). Although ozone measure-
ments have been made by satellite-borne instruments
since the late 1970s, orbits and instrument capabilities
have not always ensured year-round monitoring of con-
ditions in the arctic stratosphere.

Instrument drift, problems with calibration, and other
issues influencing data continuity can all affect esti-
mates of ozone levels derived from satellite data.
Careful comparison with well-calibrated ground-based
instruments has helped resolve many of these difficul-
ties, and the satellite data have been used in many
analyses of ozone depletion (e.g., Herman and Larko,
1994; McPeters et al., 1996; Newman et al., 1997,
Reinsel et al., 1994; Stachelin et al., 2002; Weather-
head et al., 2000). The results indicate strong down-
ward trends in stratospheric ozone amounts, particu-
larly during the late winter and spring. The data show
strong latitudinal variability as well as observable longi-
tudinal variations.

Several datasets of zonal total column ozone values
were compared and used to estimate long-term
changes in total column ozone. The datasets were pre-
pared by different groups and are based on TOMS,
Solar Backscatter Ultraviolet (SBUV, SBUV/2), Global
Ozone Monitoring Experiment, and ground-based
measurements (Fioletov et al., 2002). To avoid prob-
lems of missing data at high latitudes, and to estimate
global total ozone, it was assumed that deviations from
the long-term mean over regions with no data (such as
over the poles) were the same as the deviations in the
surrounding latitude belts. The results suggest that
global average total column ozone in the late 1990s
was 3% lower than in the late 1970s.

5.3.3.Total column ozone trends

The decline in total column ozone is a function of the
solar cycle, atmospheric dynamics, chemistry, and
temperatures. In general, the agreement between the
long-term trends in total column ozone obtained from
satellite and ground-based data is very good: both indi-
cate a latitudinal variation in the trends, with values
close to zero over the equator and substantial declines
outside the 35° S to 35° N zone.

Satellite data indicate that variations in the total col-
umn ozone trends are predominantly latitudinal, with
some smaller longitudinal differences. The greatest
decrease in total column ozone over the Northern
Hemisphere high latitudes (7% per decade) occurred in
the spring (March—May) over the subpolar regions of
Siberia, northern Europe, and the Canadian Arctic.
These longitudinal differences correspond at least par-
tially to large relative decreases during the winter and
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spring, which occur when air masses with relatively
low ozone concentrations typical of the polar vortex
are transported over regions with high climatological
ozone values. In these situations, the decrease in total
column ozone is not limited to the polar vortex area
alone (WMO, 1999, 2003). Unlike the winter and
spring depletion, the summer and autumn decrease in
total column ozone over the Northern Hemisphere has
been smaller and more uniform with longitude.

5.3.4.Variations in arctic total column
ozone

Variations and trends in total column ozone over the
Arctic are similar to those over mid-latitudes.
However, a strong polar vortex in late winter and early
spring leads to an additional decrease in total column
ozone. Extremely large decreases in total column
ozone over the Arctic were observed in certain years,

Fig. 5.4. March total column ozone (monthly mean) from
1979 to 2003, from the merged TOMS+SBUYV dataset (NASA
Goddard Space Flight Center, 2004).
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for example, in 1993 and 1997 (Fig. 5.4), which have
been partly attributed to a strong polar vortex during
those years. Because of the large interannual variability
in the strength of the vortex, ozone decreases in the
late 1990s and early 2000s were not as large.
Decreases in total column ozone associated with the
polar vortex can be as large as 45% over vast areas and
can last longer than two weeks (Weatherhead, 1998).
These traits make vortex-related decreases different
from local anomalies or mini-holes, which are caused
by advections of tropical and polar air into the mid-
latitudes. Mini-holes can be as deep as 35 to 40%, but
last only a few days (Weatherhead, 1998).

The trend in mean annual total column ozone over the
Arctic was approximately -3% per decade for the
period from 1979 to 2000 (a total decrease of about
7%). Trends depend on season; the trend in mean
spring total column ozone was approximately -5% per
decade for the period from 1979 to 2000 (a total
decrease of 11%). Large mean monthly decreases in
total column ozone (30-35% below pre-depletion
levels) were reported in March 1996 and 1997.

Some of the daily total column ozone values during
these months were below 270 DU, or 40 to 45%
below pre-depletion levels.

5.3.5. Ozone profiles

The vertical distribution of ozone within the column
plays a lesser role than the total column ozone in deter-
mining surface UV radiation levels. At the present time,
approximately 20 stations measure vertical ozone pro-
files during the winter and spring. Measurements of the
vertical profile of ozone concentration using ozoneson-
des have been made weekly since 1980 at several sites in
Canada (Edmonton, Goose Bay, Churchill, and Reso-
lute), since 1987 at Alert, and since 1992 at Eureka.
Ozone soundings are als? performed regularly at
Sodankyld, Finland; Ny Alesund, Norway; Scoresbysund
and Thule, Greenland; and Yakutsk, Russia; and occasion-
ally at Bear Island, Norway. In 1988, Europe, Canada,
and Russia coordinated an ozonesonde network to meas-
ure ozone amounts within the polar vortex. The net-
work consists of 19 stations and has provided assess-
ments of chemical ozone loss for almost every winter
since 1988—1989 (Rex et al., 2002). Preliminary analysis
of the profiles suggests that trends in ozone concentra-
tions as a function of altitude are most significant in the
lower and middle stratosphere, at pressure altitudes of
approximately 100 to 25 hPa.

5.4. Factors affecting surface ultraviolet
radiation levels in the Arctic

The factors that affect UV radiation levels in the Arctic
are generally well established (WMO, 2003), and are
illustrated in Fig. 5.5. Atmospheric ozone levels, solar
zenith angle, clouds, aerosols, and altitude are all major
factors affecting UV radiation levels reaching the sur-
face of the earth. In the Arctic, snow and ice cover add
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Fig. 5.5. Factors affecting UV radiation in the Arctic.

further complexity to the estimation of UV radiation
exposure. When UV radiation passes through the atmo-
sphere it is partially absorbed by ozone, and scattered
by air molecules, aerosol particles, and clouds.
Attenuation of UV-B radiation as it passes through the
ozone layer is primarily a consequence of the sharp
increase in the ozone absorption cross section at shorter
wavelengths. The ratio of diffuse to global (direct and
diffuse) radiation is greater in the UV than in the visible
spectrum, primarily due to the wavelength dependence
of Rayleigh scattering. Moreover, the ratio is usually

Table 5.1. Factors affecting surface UV irradiance in the Arctic.
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higher in the Arctic than at lower latitudes due to large
solar zenith angles and frequent snow cover.

Many of the factors affecting UV radiation have large
natural variations, which makes it difficult to discern
changes in UV radiation levels that result from ozone
depletion. Furthermore, the factors are not independ-
ent but interact in complex ways. For example,
enhancement of surface UV irradiance by multiple
scattering depends on both surface albedo and cloud
conditions. These features make polar regions, includ-
ing the Arctic, unique and complex in terms of their
UV radiation environments.

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

5.4.1. Extraterrestrial solar spectrum

The radiation output of the sun varies over a range of
timescales. Over the last century, the largest variation
has been the 11-year solar cycle, which can be estimat-
ed by the average number of sunspots. The variation in
solar irradiance is dependent on wavelength, with
greater variability at shorter wavelengths (Solanki and
Unruh, 1998). It has been estimated, using models and
data from the Upper Atmosphere Research Satellite
Solar Stellar Irradiance Comparison Experiment
instrument, that although the total solar irradiance
varies by only about 0.1% over the 11-year solar cycle,
the amplitude of variation is as high as 8.3% for wave-

Factor Correlation with UV Summary remarks

doses

Solar activity Negative In the past century, changes in solar activity have caused fluctuations in surface
UV irradiance on the order of a few percent.

Solar zenith angle Negative Diurnal and seasonal changes in solar zenith angle depend on latitude. In the
Arctic, seasonal variations are extreme while diurnal variations are smaller than
those at lower latitudes.

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

radiation reaching the troposphere and the surface of the earth.

Cloudiness Negative/Positive

Thick clouds can attenuate UV radiation reaching the surface of the earth by tens

of percent. Multiple reflections between clouds and snow-covered surfaces can
lead to increases in surface UV irradiance, also of the order of tens of percent.

Aerosols can attenuate UV radiation reaching the surface of the earth.

Estimated changes in erythemal UV irradiance with altitude vary from 7 to 25%

per 1000 m altitude gain.

Atmospheric aerosols Negative
Altitude Positive
Surface albedo Positive

Snow and ice cover Negative/Positive

Reflection off snow can increase surface UV doses by more than 50%.

Changes in the extent and duration of snow or ice cover can expose organisms

currently shielded from UV radiation. Organisms living above the snow or ice cover
will receive lower UV doses as melting snow or ice reduces the surface albedo.

Water quality Not applicable

The amount of UV radiation penetrating through water is affected by UV-

absorbing dissolved organic carbon. Organisms in the near-surface layer
experience the greatest exposure to UV radiation.

Receptor orientation Not applicable

The UV radiation doses received by a vertical surface (such as eyes or face) in

the Arctic can be substantially higher than those that are received by a
horizontal surface.
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lengths in the 200 nm range and 0.85% for wave-
lengths in the 300 nm range (Lean, 2000).

Fligge and Solanki (2000) reconstructed solar spectral
irradiance from 1700 to the present using a model of
the magnetic features of the surface of the sun.

Their results suggest that since the Maunder solar
activity minimum in 1700, solar irradiance has
increased by approximately 3% at wavelengths shorter
than 300 nm. According to Rozema et al. (2002), the
increased solar activity since 1700 has led to enhanced
atmospheric ozone production and reduced surface
UV-B irradiance. Thus, while the 11-year solar cycle
has only a small effect on surface UV-B irradiance,
longer-term variations in solar activity have the poten-
tial to affect future UV radiation levels.

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

5.4.2. Solar zenith angle

The solar zenith angle (SZA) is the angle between
zenith and the position of the sun. Its cosine is approxi-
mately inversely proportional to the path length that
the direct solar beam has to travel through the atmo-
sphere to reach the surface of the earth. At large SZAs,
when the sun appears low in the sky, atmospheric gases
and aerosols absorb more UV radiation owing to the
longer path length that photons must travel. Variations
in the SZA cause clear diurnal and annual variations in
surface UV radiation levels. The SZA is also responsible

Fig. 5.6. Modeled clear-sky daily erythemal UV radiation dose
at latitudes of 50°, 70°, and 80° N.
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for most of the latitudinal variation in surface UV radi-
ation levels. The percentage change between summer
and winter UV radiation levels is higher in the Arctic
than at lower latitudes, while diurnal variations in the
SZA are smaller at higher latitudes. In general, SZAs
are large in the Arctic and therefore, arctic UV irradi-
ances are typically lower than those at lower latitudes.
However, when daily integrated doses are compared,
the length of arctic summer days somewhat compen-
sates for the effect of large SZAs. The annual variation
of the clear-sky daily erythemal dose at latitudes of
50°, 70°, and 80° N is shown in Fig. 5.6. The values are
based on radiative transfer calculations assuming mod-
erate polar ozone levels (300 DU), snow-free condi-
tions with a surface albedo of 0.03, and clear skies.
The seasonal variation in erythemal dose is caused
solely by the seasonal variation in the SZA.

5.4.3. Ozone levels

Absorption by ozone causes attenuation of UV-B
irradiance. It has been repeatedly demonstrated that a
decrease in total column ozone leads to an increase in
UV radiation levels (WMO, 2003). The relationship
depends somewhat on the vertical distribution of
ozone in the atmosphere. At small SZAs, a redistribu-
tion of ozone from the stratosphere to the troposphere
leads to a decrease in UV-B radiation levels at the
surface (Briihl and Crutzen, 1989). At very large
SZAs, this redistribution leads to an increase in UV-B
radiation levels (Krotkov et al., 1998). Lapeta et al.
(2000) and Krzyscin (2000) further quantified this
effect, and concluded that the erythemally weighted
UV dose rate varies by a maximum of 5% owing to
changes in the ozone profile.

The change in surface UV irradiance as a result of a
change in total column ozone depends highly on the
wavelength of the radiation. Traditionally, radiation
amplification factors (RAFs) have been used to quantify
the change in biologically effective irradiances as a
result of a change in total column ozone (e.g., Booth
and Madronich, 1994; van der Leun et al., 1989;
WMO, 1989). These factors can also be used to indi-
cate the sensitivity of a particular UV radiation effect
to a change in total column ozone. Values of RAFs
depend largely on the biological effect and vary
between 0.1 and approximately 2.5 (Madronich et al.,
1998). The RAF for the standard erythemal action
spectrum (CIE, 1998) is 1.1 at small SZAs (Madronich
et al., 1998), indicating that a 1% decrease in total col-
umn ozone leads to a 1.1% increase in erythemal UV
radiation. For large changes in total ozone, the rela-
tionship is nonlinear, and a more complex relationship
is required to estimate the corresponding changes in
biologically effective UV radiation (Booth and
Madronich, 1994). In the Arctic, where SZAs are often
large, RAFs should be used with caution due to their
pronounced dependence on the SZA and on total col-
umn ozone at large SZAs (Micheletti et al., 2003).

For example, at an 80° SZA and total column ozone of



Fig. 5.7. Erythemal radiation amplification factor (RAF) as a
function of total column ozone and solar zenith angle (SZA).

300 DU, the erythemal RAF is reduced to approxi-
mately 0.8, which is about 27% lower than that for
smaller SZAs typical of the mid-latitudes (Fig. 5.7).

5.4.4. Clouds

The effect of clouds on UV radiation is difficult to
quantify because of their complex three-dimensional
character and rapid temporal variation. A uniform
cloud layer generally leads to a decrease in irradiance
at the surface of the earth, because part of the radia-
tion that is reflected upward by the cloud layer escapes
into space. However, local surface UV irradiance can
be increased if clouds are not obstructing the disk of
the sun and additional radiation is reflected from the
side of a broken cloud field toward the ground (Mims
and Frederick, 1994; Nack and Green, 1974). In mete-
orology, cloud cover is traditionally measured in
“octas”. The sky is divided into eight sectors and the
octa number, between zero and eight, is based on the
number of observed sectors containing clouds. Bais et
al. (1993) and Blumthaler et al. (1994a) showed that
when the solar disk is clear of clouds, cloud amounts
up to six octas have little effect on irradiance com-
pared to clear-sky situations. Thiel et al. (1997) and
Josefsson and Landelius (2000) have further parameter-
ized the attenuation of UV irradiance as a function of
cloud cover and type.

Cloud transmittance of UV radiation depends on wave-
length (Frederick and Erlick, 1997; Kylling et al.,
1997; Seckmeyer et al., 1996). The maximum trans-
mittance occurs at approximately 315 nm, although the
actual location of this maximum depends on the cloud
optical depth, the amount of tropospheric ozone, and
the SZA (Mayer et al., 1997). In general, clouds in the
Arctic tend to be optically thinner than clouds at lower
latitudes owing to reduced atmospheric water vapor
content. When the ground is covered by snow, attenua-
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tion of UV radiation by clouds is further diminished
owing to multiple scattering between the ground sur-
face and the cloud base (Nichol et al., 2003).

5.4.5. Aerosols

Aerosols are solid or liquid particles suspended in the
atmosphere, found primarily in the lower part of the
troposphere. The attenuation of surface UV irradiance
by aerosols depends on the aerosol optical depth
(AOD), single scattering albedo, asymmetry factor, and
aerosol profile. Measurements of AOD are routinely
carried out at visible and UV-A wavelengths (e.g.,
Holben et al., 1998). The AOD is generally assumed to
follow Angstrém’s law, which states that AOD is pro-
Eortional to A%, where A is wavelength and o is the
Angstrom coefficient. Converting the AOD measured
at longer wavelengths to an AOD value for the UV-B
spectrum is not straightforward, however, because o is
not easy to measure and is likely to have some wave-
length dependence. The single scattering albedo is the
ratio of the scattering cross section of the aerosol to its
extinction cross section, and is typically greater than
0.95 in relatively unpolluted areas of the Arctic
(d’Almeida et al., 1991).

Episodes of long-range transport of pollutants have
been observed in the Arctic. These episodes, combined
with the lower rates of particle and gas removal in the
cold and stable arctic atmosphere, can lead to a phe-
nomenon called “arctic haze” (Shaw, 1985, 1995).
Arctic haze events result in increased aerosol concen-
trations and mostly occur in winter and spring.

Relatively few studies have addressed the role of
aerosols in attenuating solar UV radiation in the Arctic.
Wetzel et al. (2003) conducted field investigations at
Poker Flat, Alaska, and sampled different air mass types
originating from sources outside the region. The meas-
ured AOD at 368 nm ranged from 0.05 to 0.25, and

SZA = 80"

Fig. 5.8. Percentage decrease in erythemal UV irradiance as a
function of aerosol optical depth (AOD), based on theoretical
calculations with a radiative transfer model (w=aerosol single
scattering albedo).
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estimates for the single scattering albedo varied from
0.63 to 0.95, the former being for spring air masses
originating from Asia and the latter for cleaner air
masses of marine origin. Herber et al. (2002) summa-
rized eight years of measurements of AOD at the
Koldeway station in Ny Alesund, Norway, and reported
strong arctic haze events, mainly in late winter and
spring. The mean AOD at 371 nm during arctic haze
conditions was about 0.18, while in the autumn the
average AOD was only 0.05. Quinn et al. (2002) pre-
sented results from three years of simultaneous meas-
urements of aerosol chemical composition and light
scattering and absorption at Barrow, Alaska. They found
that sulfate concentrations were highest at Barrow and
decreased with latitude from Poker Flat to Denali to
Homer, suggesting a north—south gradient. Ricard et
al. (2002) studied the chemical properties of aerosols
in northern Finland, and found that, compared to
other arctic sites, the aerosols reflect smaller contribu-
tions from arctic haze and marine events in winter and
larger contributions from biogenic sources in summer.
For the range of aerosols sampled at Poker Flat, Alaska,
Wetzel et al. (2003) found that the attenuation of UV
radiation at 305 nm and 368 nm ranged from a few
percent up to about 11%.

Figure 5.8 illustrates the decrease in erythemal UV
irradiance as a function of AOD, based on theoretical
calculations with a radiative transfer model (Mayer et
al., 1997). The figure indicates that in the Arctic,
where SZAs tend to be high, the reduction of erythe-
mal UV irradiance by aerosols depends strongly on
aerosol properties, including the single scattering albe-
do, and on surface properties, including surface albedo.
In practice, AOD and single scattering albedo cannot
be directly translated into UV attenuation, as the asym-
metry factor, vertical distribution, and other factors
must also be taken into account.

5.4.6. Altitude

Ultraviolet radiation levels increase with altitude for
several reasons. At higher elevations, the atmosphere is
optically thinner, and therefore fewer particles exist to
absorb or scatter radiation. Higher elevations also
experience a reduced influence from tropospheric
ozone or aerosols in the boundary layer. In the Arctic
and in mountainous regions, the ground is more likely
to be covered by snow at higher altitudes, which leads
to higher albedo and increased UV reflectance. Clouds
below a mountain summit have a reflective effect simi-
lar to snow-covered ground, and will therefore
increase UV radiation levels at the summit. In con-
trast, the same cloud may reduce UV radiation levels
in a valley below the mountain. The variation of UV
radiation levels with altitude depends on several fac-
tors, all of which have different wavelength dependen-
cies; therefore, this variation cannot be expressed by a
simple relationship. Changes in erythemal UV irradi-
ance with altitude reported in the literature vary
between 7 and 25% per 1000 m of altitude gain
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(Blumthaler et al., 1994b, 1997; Grobner et al., 2000;
McKenzie et al., 2001a).

5.4.7. Surface albedo

The extent and duration of snow cover in the Arctic
has a significant effect on surface UV radiation doses.
An increase in surface albedo leads to an increase in
downwelling UV radiation, as part of the radiation that
is reflected upward is backscattered by air molecules or
clouds. Snow is particularly efficient at reflecting UV
radiation; multiple reflections between snow-covered
ground and clouds, therefore, can lead to a significant
increase in surface UV radiation levels compared to a
snow-free situation (Kylling et al., 2000a).

Surface albedo at UV wavelengths is generally low,
except in the presence of snow cover. Blumthaler and
Ambach (1988) measured erythemally weighted sur-
face albedos for various snow-free surfaces and report-
ed values ranging between 0.01 and 0.11. Spectral
measurements by Feister and Grewe (1995) and
McKenzie and Kotkamp (1996) confirm these low
values. For snow-covered surfaces, the measurements
suggest values ranging from 0.50 to 0.98. In general,
dry new snow has the highest albedo, which ranges
from 0.90 to 0.98 (Grenfell et al., 1994). The albedo
of a snow-covered surface depends not only on snow
depth and condition, but also on topography, vegeta-
tion, and man-made structures (Fioletov et al., 2003).
Albedo is an important factor affecting UV radiation
levels in the Arctic, where the ground is covered by
snow for extensive periods of the year. Figure 5.9
shows the spectral amplification of surface UV irradi-
ance by surface albedo for clear-sky conditions.

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

Albedo=0.2

Albedo=0.6 Albedo=0.8

Fig. 5.9. Spectral amplification of surface UV radiation by surface
albedo under clear-sky conditions (adapted from Lenoble, 1998).



164

Scattering in the atmosphere may occur far away from
the location of interest; therefore, the ground proper-
ties of a large area around the measurement site must
be considered. The regionally averaged albedo is often
referred to as the “effective albedo” (Grobner et al.,
2000; Kylling et al., 2000b), and can be considered the
albedo estimate that gives the best agreement between
measured and modeled irradiances when used in a
radiative transfer model. Three-dimensional radiative
transfer models have shown that the area of signifi-
cance, defined by an increase in UV irradiance of more
than 5% when effective albedo is taken into account,
can extend more than 40 km around the point of inter-
est (Deglinther et al., 1998; Lenoble, 2000; Ricchiazzi
and Gautier, 1998).

5.4.8. Snow and ice cover

Many arctic ecosystems are shielded from UV radiation
for much of the year by snow or ice cover. The trans-
mission of UV radiation through snow or ice depends
on wavelength, the thickness of the cover, and the
optical properties of the snow or ice. In general,
radiation is attenuated by a factor that changes expo-
nentially with the thickness of the snow or ice cover.
Shorter wavelengths are more strongly attenuated than
longer wavelengths. Field measurements conducted at
Alert, Canada, suggest that a 10 cm snow-cover depth
reduces the amount of transmitted 321 nm UV radia-
tion by two orders of magnitude (King and Simpson,
2001). According to Perovich (1993), approximately
1.3 m of white ice would be required to achieve a
similar attenuation of transmitted 300 nm UV radia-
tion. It is difficult to project how changes in snow and
ice cover will affect the amount of UV radiation to
which terrestrial and aquatic life forms in the Arctic
are exposed. Observed and projected changes in
sea-ice and snow cover are discussed in sections 6.3
and 6.4, respectively.

5.4.9. Water quality

The water quality parameters that are known to affect
underwater UV radiation levels are dissolved organic
carbon and chlorophyll a (Kuhn et al., 1999; Laurion
etal., 1997; Morris et al., 1995; Scully and Lean,
1994). A general optical characterization of water
columns is obtained from diffuse attenuation coeffi-
cients (K (1)), which are calculated from measure-
ments of spectral irradiance at various depths.

For comparative purposes, wavelength-specific 10%
depths (the depth to which 10% of the below-surface
irradiance penetrates) are often derived from the K (%)
values. It is important to note that the choice of 10%
depth is arbitrary and is not based upon any correlation
with biological effects. Figure 5.10 shows 10% pene-
tration depths in Lake Cromwell, the St. Lawrence
River estuary, and the Gulf of St. Lawrence, Canada.
In clear ocean water, 10% of the radiation at longer
UV wavelengths can penetrate to a depth of nearly

100 m. In shallower water, this depth may be of the
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Fig. 5.10. Ten percent depth penetrations at selected locations
in eastern Canada (data from Booth and Morrow, 1997; Kuhn et
al,, 1999; Scully and Lean, 1994; and Smith and Baker, 1979).

order of only a meter, but organisms living within this
1 m layer would still be at risk. At 310 nm, 10%
penetration depths are 20 m for clear ocean water
(Smith and Baker, 1979); 1 to 4 m for the Gulf of St.
Lawrence and for coastal zones (Booth and Morrow,
1997; Kuhn et al., 1999); 0.5 m for estuarine waters;
and 0.1 m for Lake Cromwell, Quéebec (Scully and
Lean, 1994). Measurements made in arctic waters
suggest that 10% penetration depths are typically less
than 5 m (Aas et al., 2001). Ultraviolet-A radiation
generally reaches greater depths. Organisms residing in
the near-surface layer experience the greatest exposure
to UV radiation.

5.4.10. Receptor orientation

Ultraviolet irradiance has traditionally been measured
on a flat, horizontal surface. While this approach has
sound physical merit, it does not accurately represent
the UV irradiance that reaches many biological recep-
tors. The amount of UV radiation incident on a vertical
(as opposed to horizontal) surface has important
biological implications, particularly in terms of effects
on the eye (Meyer-Rochow, 2000; Sliney, 1986, 1987).
Recent studies have explored both the effect of high
snow reflectivity (e.g., McKenzie et al., 1998;
Schmucki et al., 2001) and the orientation of the
receptor on UV radiation doses. Some investigators
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have measured the amount of UV radiation incident on
a surface oriented perpendicular to the rays of the sun
(e.g., Philipona et al., 2001) while others have meas-
ured the amount incident on a vertical surface (Jokela
et al., 1993; Weatherhead, 1998; Webb et al., 1999).
As reported by Webb et al. (1999), the relationship
between irradiance measured on a horizontal surface
and that measured on a vertical surface depends on the
orientation of the vertical surface, the SZA, and the
wavelength. For wavelengths shorter than 400 nm,
Webb et al. (1999) found distinct maxima in the
vertical to horizontal irradiance ratios during the
morning and afternoon. Under cloudless, snow-free
conditions, the maximum ratios ranged from 1.4 at
300 nm to 7 at 500 nm. Snow cover, which increases
surface albedo, may substantially increase these ratios.
For example, in the presence of fresh snow cover and
at SZAs greater than 60°, Philipona et al. (2001)
reported a 65% increase in erythemal UV irradiance
on a surface oriented perpendicular to the sun com-
pared to the irradiance observed on a horizontal sur-
face under the same conditions.

Similar results were obtained by Jokela et al. (1993),
who pointed UV radiometers azimuthally South,
North, West, and East to assess UV dose rates on
vertical surfaces in Saariselka, Finland. The results
indicated a snow albedo of 0.83, in good agreement
with data presented by Blumthaler and Ambach
(1988). The ratios of vertical to horizontal dose rates
varied from about 0.25 to 1.4, depending on direction
and on whether the ground was barren or covered
with fresh snow. In general, the observations indicated
that spring ozone depletion could greatly increase ocu-
lar UV radiation doses because of the significant effect
of snow reflection. The measurements by Jokela et al.
(1993) show that ocular doses of UV radiation in
Saariselkd can be higher at the end of April than at any
other time of the year. These high doses suggest that
the amount of UV radiation incident on the eye when
looking toward the horizon can be equivalent or
greater than the amount of UV radiation incident on
the eye when looking directly upward.

For many biological systems, the actinic flux (the radia-
tion incident at a point) is a more relevant quantity
than the horizontal irradiance. Only recently have
measurements of the spectral actinic flux become more
common (Hofzumahaus et al., 1999; Webb et al.,
2002). Webb et al. (2002) found that the ratio of actinic
flux to horizontal irradiance varied between 1.4 and
2.6 for UV wavelengths, and depended on wavelength,
SZA, and the optical properties of the atmosphere.

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

Several instruments and methods have been used to
determine surface UV irradiance in the Arctic.
Spectral and broadband radiometers, as well as nar-
rowband multi-filter instruments, are used to measure
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surface UV irradiance. Quality-controlled measure-
ments of UV irradiance have been available for little
more than a decade in the Arctic, with limited spatial
coverage. In addition to the direct ground-based UV
irradiance measurements, surface UV irradiance can
be reconstructed using satellite data, or by using
observed total column ozone combined with com-
monly available meteorological data. In addition,
historic UV-B radiation levels can be reconstructed
using biological proxies.

5.5.1. Ground-based measurements

Surface UV irradiance measurements have been made
in the Arctic for many years (Hisdal, 1986; Stamnes et
al., 1988; Wester, 1997), and a discernible improve-
ment in the quality of these measurements occurred
during the 1990s. Lantz et al. (1999) and Bais et al.
(2001) reported that similarly calibrated spectroradio-
meters typically differ by less than 5% in the UV-A
spectrum, and by 5 to 10% in the UV-B spectrum.
However, reliable data have only been available since
the 1990s, which is inadequate for long-term trend
analyses (Weatherhead et al., 1998). Nevertheless, the
measured surface UV irradiance time series illustrate
the variability of UV radiation and the role of different
processes that affect UV irradiance at each of the mon-
itoring sites. The ground-based UV irradiance records
are also crucial for validating the indirect methods of
estimating UV irradiance.

The current network of ground-based UV irradiance
measurement stations in the Arctic is shown in

Fig. 5.11. Only those installations operated on a
regular basis are shown. The measuring instruments fall

Spectroradiometer
Multifilter
Broadband

Fig. 5.1 1. Stations monitoring surface UV irradiance in and
near the Arctic.
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into three categories: spectroradiometers, multi-filter
instruments, and broadband instruments. Spectroradio-
meters scan radiation in narrow wavelength bands with
a typical resolution of 1 nm or less (Seckmeyer et al.,
2001). They provide the greatest measurement accuracy
and the spectral information enables versatile data use.
However, spectroradiometers are costly and require
trained personnel for maintenance and operation.
Multi-channel or multi-filter instruments typically con-
sist of several filtered photodetectors that measure radi-
ation in selected wavelength bands (Bigelow et al.,
1998; Dahlback, 1996; Harrison et al., 1994).

They provide much faster sampling than conventional
scanning spectroradiometers, allowing the evaluation of
both short- and long-term changes in UV irradiance.
Methods have also been developed to reconstruct the
high-resolution spectrum from these multi-filter instru-
ment measurements (Dahlback, 1996; Fuenzalida,
1998; Min and Harrison, 1998). Broadband instruments
collect radiation over a portion of the spectrum and
apply a weighting function to the measurements.

Many of these instruments are designed to measure the
erythemal irradiance. Broadband instruments are com-
paratively inexpensive and easy to maintain. However,
their spectral response often deviates from the one that
they are attempting to estimate. Thus, the calibration of
broadband instruments depends on solar zenith angle
and total column ozone: determining the calibration
(Bodhaine et al., 1998; Mayer and Seckmeyer, 1996)
and maintaining the long-term stability of the broad-
band instruments can be very demanding (Borkowski,
2000; Weatherhead et al., 1997). In addition to the
instruments described previously, the UV radiation dose
(the biological dose rate integrated over time), can be
measured using biological UV dosimeters, which direct-
ly quantify the biologically effective solar irradiance
affecting certain processes by allowing biological sys-
tems to act as UV radiation sensors. A number of differ-
ent sensors have been developed, based on triggers that
include direct DNA damage, the inactivation of bacteri-
al spores and bacteriophages, photochemical reactions
involving vitamin D photosynthesis, and the accumula-
tion of polycrystalline uracil. Agreement with weighted
spectroradiometer measurements has been shown for
some of these systems (Bérces et al., 1999; Furusawa et
al., 1998; Munakata et al., 2000).

The Canadian UV-monitoring network includes four
arctic measurement sites: Churchill, Resolute, Eureka,
and Alert. Monitoring at these sites began in 1992,
1991, 1997, and 1995, respectively. There are reports
of increased UV-B radiation levels in the Arctic during
six winters in the 1990s (Fioletov and Evans, 1997,
Kerr and McElroy, 1993), but according to Tarasick et
al. (2003), the maximum UV indices (section 5.1)
measured at the Canadian Arctic monitoring sites were
8 in Churchill, 4 in Resolute and Eureka, and 3 in
Alert. These values are relatively small compared to the
UV indices measured at Canadian monitoring sites out-
side of the Arctic. However, the maximum observed
UV index may not be the best indicator of UV radia-
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tion doses received in the Arctic because it does not
take into account day length or receptor orientation.
Moreover, the Canadian UV measurements imply that
snow is a major factor affecting UV irradiance at high
latitudes, and may enhance the dose received by a hori-
zontal surface by 40%.

Measurements of spectral UV irradiance at Sodankyla,
Finland began in 1990. Lakkala et al. (2003) analyzed
the Sodankyld data for the period from 1990 to 2001,
incorporating corrections for temperature, cosine
error, noise spikes, and wavelength shifts. No statisti-
cally significant changes in any month were found over
the 12-year period, which may be a result of the rela-
tively short period of analysis coupled with the high
natural interannual variability of UV irradiance.

The lack of a distinct trend over this particular period
may also be linked to ozone levels, which decreased in
the early 1990s, reached a minimum in the middle of
the analysis period, and then increased in the very late
1990s and early 2000s. Arola et al. (2003) applied
methods to separate the effects of the different factors
that affect short- and long-term changes in UV irradi-
ance to the Sodankyld data and found that in some
cases, ozone levels accounted for nearly 100% of the
short-term variability in monthly mean irradiance,
although on average they accounted for about 35% of
the variability. The effects of clouds were smaller,
accounting for a maximum of 40% and an average of
12% of the short-term irradiance variability.
Albedo-related effects were strongest at Sodankyld
during the month of May, accounting for a maximum
of 21% and an average of 7% of the short-term
irradiance variability.

Measurements are also available from Tromso, Norway
and were recently used by Kylling et al. (2000a) to ana-
lyze the effects of albedo and clouds on UV irradiance.
The results, shown in Fig. 5.12, indicate that snow

Fig. 5.12. Relative change in monthly erythemal UV radiation
doses owing to the presence of clouds and albedo from snow
cover (adapted from Kylling et al., 2000a).
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increases monthly erythemal UV radiation doses by
more than 20% in spring and early summer. The albedo
effect at Tromso is relatively small because the area is
influenced by the Gulf Stream, which prevents the adja-
cent ocean from freezing over. In addition, the terrain
around Tromso is inhomogeneous, consisting of open
fjords surrounded by high mountains. Results from a
three-dimensional radiative transfer model (Kylling and
Mayer, 2001) suggest that the inhomogeneous surface
albedo reduces the effective albedo to only 0.55 to
0.60. On specific days, clouds can reduce daily erythe-
mal UV radiation doses at Tromso by up to 85%.
Clouds reduce average monthly erythemal UV radiation
doses by 20 to 40% (Fig. 5.12) and this attenuation is
fairly constant throughout the year. Multiple scattering
between the ground and cloud base links the effects of
surface albedo and cloud cover. Attempts to separate
the two factors (e.g., Arola et al., 2003 and Kylling et
al., 2000a) are only approximations.

Spectroradiometer measurements at Barrow, Alaska
commenced in January 1991 (Booth et al., 2001).
Increased levels of UV radiation were observed in
1993, which were probably due to low ozone levels
related to the injections of acrosols into the strato-
sphere from the eruption of Mt. Pinatubo (Gurney,
1998). Photochemically induced ozone depletion
events at Barrow have primarily occurred during
March and April. The most notable case occurred on
18 April 1997, when the daily erythemal UV radiation
dose was 36% higher than the climatological average
dose. This increase is still small compared to spikes
seen in UV radiation measurements at sites affected by
the Antarctic ozone hole. By comparing measured and
modeled spectra, Bernhard et al. (2003) estimated that
Barrow’s effective UV albedo (surface albedo for UV
wavelengths) during the winter and early spring is
0.85+0.10. The albedo is greater than that of Tromse
because the ocean adjacent to Barrow is frozen until
late in the spring, and the treeless tundra surrounding
the measurement site is covered by snow until June.
The higher albedo leads to a 40 to 55% enhancement
of erythemal UV radiation when skies are clear.

No statistically significant changes in UV irradiance
were found at Barrow for the period from 1991 to
2001 (Booth et al., 2001), for reasons similar to those
for Sodankyli. It should be noted that the observed
reductions in ozone levels have been much greater in
the European and Russian sectors of the Arctic than
over Alaska. UV radiation increases at Barrow are
therefore less pronounced compared to those meas-
ured at the other arctic sites.

5.5.2. Reconstructed time series

In order to assess variations in UV irradiance over
longer time periods, various empirical methods for
reconstructing UV irradiance data have been devel-
oped. These methods are usually based on total column
ozone or other commonly available weather data,
including global (direct and diffuse) radiation levels.
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Bodeker and McKenzie (1996), for example, presented
a model based on total column ozone, broadband radi-
ation measurements, and radiative transfer calculations.
Similar methods were developed and used by
McArthur et al. (1999), Kaurola et al. (2000), and
Feister et al. (2002) for estimating UV irradiance at
various locations in Canada and Europe. Gantner et al.
(2000) estimated clear-sky UV irradiance using an
empirically determined statistical relationship between
clear-sky UV irradiance and total column ozone.

The results obtained with reconstruction methods
generally compare well with observations, but there
are some sources of uncertainty. For example, account-
ing for the influence of aerosols on the amount of UV
radiation reaching the surface of the earth is difficult,
as is accounting for sulfur dioxide from volcanic and
anthropogenic sources, although Fioletov et al. (1998)
reported that sulfur dioxide had a negligible influence
on erythemal UV irradiance at 12 out of 13 Canadian
and Japanese sites. The importance of examining the
homogeneity of the data cannot be overestimated when
using long time series of measurements as input data
for estimating past UV radiation levels. Likewise, it is
of great importance to properly validate the empirical
methods against independent measurement data.

Fioletov et al. (2001) developed a statistical model
using global radiation levels, total column ozone, dew
point temperature, and snow cover data to reconstruct
past UV irradiance at several Canadian sites, including
Churchill. The model is based on previous efforts to
estimate UV-A irradiance from pyranometer measure-
ments (McArthur et al., 1999). Fioletov et al. (2001)
produced UV irradiance estimates for the period from
1965 to 1997, and found a statistically significant
increase in the erythemally weighted UV irradiance
(~11% per decade) over the period from 1979 to 1997.
This increase follows a reported decline in UV radiation
levels from 1965 to 1980. The increase in UV irradi-
ance between 1979 and 1997 is more than twice the
increase that would be expected to result from the
observed decline in total column ozone, because con-
current changes in surface albedo and cloud conditions
have enhanced the increase in surface UV irradiance
over this period. Fioletov et al. (2001) also examined
the frequency of extreme values of UV irradiance at
Churchill, and reported that the number of hours when
the UV index exceeds five increased from an average of
26 per year during the period 1970 to 1979 to an aver-
age of 58 per year during the period 1990 to 1997.

Diaz et al. (2003) estimated narrowband (303.030—
307.692 nm) irradiances for Barrow from pyranometer
data and satellite-measured total column ozone, and
found that spring UV irradiance increased between
1979 and 2000. Lindfors et al. (2003) presented a
method for estimating daily erythemal UV radiation
doses using total column ozone, sunshine duration, and
snow depth as input data. They estimated UV radiation
doses at Sodankyla for the period from 1950 to 1999,

and found a statistically significant March increase



168

(3.9% per decade). April also showed an increasing
trend. For both March and April, the trend was more
pronounced during the latter part of the period
(1979—-1999), suggesting a connection to stratospheric
ozone depletion. For July, a statistically significant
decreasing trend of 3.3% per decade was found, attrib-
uted to changes in total column ozone and sunshine
duration (defined by the World Meteorological Organ-
ization as the time during which direct solar radiation
exceeds 120 W/m?). June and August exhibited decreas-
ing trends, although not statistically significant, and
trends for May and September were negligible.

In addition to atmospheric observations, biological
proxies can be used to estimate past UV irradiance.
For example, Leavitt et al. (1997) proposed that the
past UV radiation environment of freshwater ecosys-
tems could be reconstructed by studying fossil pig-
ments in lake sediments, because some algae and other
aquatic organisms produce photoprotective pigments
when exposed to UV radiation. However, the long-
term variation of underwater UV irradiance is primari-
ly controlled by the amount of dissolved organic mat-
ter, which limits the use of fossil pigment sediments
for reconstructing surface UV irradiance without ancil-
lary information about dissolved organic matter
(Leavitt et al., 2003).

Archaeological findings offer further evidence that UV
radiation has long been a concern in the Arctic. Goggles
found in the ancestral remains of indigenous peoples
have thin slits, which allow the wearer to see but limit
the amount of sunlight reaching the eyes (Hedblom,
1961; Sliney, 2001). The indigenous peoples of the
Arctic have historically relied heavily on the environ-
ment for their livelihood and well-being, and have
therefore been acutely aware of changes in climate-
related variables. Fox (2000) documented some of these
observations, which include reports of sunburn and
increased incidence of snow blindness in populations
not normally experiencing these effects. The existence
of goggles confirms that arctic peoples have long sought
protection from the sun and its glare, but the reports of
sunburn and other effects of UV radiation suggest that
the recent changes in UV irradiance are unusual when
considered in this longer context. This information
serves as a useful proxy of UV irradiance over time, and
provides firsthand evidence of UV radiation impacts
resulting from ozone depletion in the Arctic. The infor-
mation also helps to corroborate available UV radiation
and ozone measurements.

5.5.3. Surface estimates from satellite data

Estimates of surface UV irradiance derived from satel-
lite data use a radiative transfer model, with input
parameters determined from the satellite measure-
ments. In addition to total column ozone, satellite-
derived information about clouds, aerosols, and surface
albedo is needed to accurately model these parameters,
and various sources of data have been used for that pur-
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pose (Herman et al., 1999; Krotkov et al., 2001; Li et
al., 2000; Lubin et al., 1998; Meerkoetter et al., 1997;
Verdebout, 2000). The advantages of satellite measure-
ments include global or near-global spatial coverage and
long-term data continuity. However, there are limita-
tions: the best spatial resolution of the currently avail-
able data from ozone-monitoring satellite instruments is
40x 40 km and satellites usually provide only a single
overpass per day. Satellite instruments also have difficul-
ty probing the lower atmosphere, where UV-absorbing
aerosols or tropospheric ozone can significantly affect
surface UV irradiance. Fortunately, neither absorbing
aerosols nor tropospheric ozone are major factors
affecting UV radiation in the Arctic, with the exception
of air masses occasionally transported from lower lati-
tudes (section 5.4.5).

Several studies have assessed the accuracy and limita-
tions of satellite-based UV irradiance estimates by com-
paring them to ground-based data (Arola et al., 2002;
Chubarova et al., 2002; Fioletov et al., 2002; Kalliskota
et al., 2000; McKenzie et al., 2001b; Slusser et al.,
2002; Wang et al., 2000). For noon irradiance, the root
mean square difference between the TOMS-derived
estimates and ground-based measurements is of the
order of £25%. Estimating surface UV irradiance in the
Arctic is more uncertain than that at lower latitudes:
when the ground is snow-covered, the satellite-derived
UV irradiance estimates have been systematically lower
than the ground-based measurements. The bias origi-
nates from underestimates of surface albedo, which is a
critical parameter for accurately estimating surface UV
irradiance in the Arctic. Some studies have addressed
surface albedo variations related to snow and ice cover
(Arola et al., 2003; Lubin and Morrow, 2001;
Tanskanen et al., 2003), but none of the proposed
methods have completely resolved the issue. Snow or
ice cover also complicates the determination of cloud
optical depth properties (Krotkov et al., 2001), and the
radiative transfer models are less accurate at high solar
zenith angles. Because of these limitations, the accuracy
of current satellite retrieval algorithms is not adequate
for monitoring arctic surface UV irradiance, although
some information on variations in UV irradiance over
time can be inferred. The satellite-derived daily erythe-
mal UV radiation dose in and near the Arctic on 21
March 2000 is shown in Fig. 5.13.

Long-term trends in surface UV irradiance were deter-
mined using time series derived from TOMS data.

The analyses were performed for clear-sky estimates
(i.e., the modulation of surface UV radiation by clouds
or aerosols was not considered). The trend analysis
methods applied were similar to those used to study
long-term changes in total column ozone. The trend
models take into account changes in solar activity and
oscillations in the atmospheric circulation that affect
stratospheric ozone levels. Using TOMS Version 7
ozone and reflectivity data from 1979 to 1992 and the
corresponding TOMS surface UV retrieval algorithm,
Herman et al. (1996) estimated that zonally averaged
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Fig. 5.13. Distribution of the daily erythemal UV radiation dose
in and near the Arctic on 2| March 2000 calculated from TOMS
total ozone data (Finnish Meteorological Institute, 2004, using
data from the National Aeronautics and Space Administration).

mean annual surface UV irradiances at 300, 310, and
320 nm increased by 15%, 6%, and 2% per decade,
respectively, for the latitude band 60° to 70° N.

The greatest increases were found in winter and spring.
Ziemke et al. (2000) studied the spatial distribution of
the trends in erythemally weighted surface UV irradi-
ance at northern latitudes using TOMS/Nimbus-7 data
and found positive trends exceeding 10% per decade at
high latitudes in Eastern Siberia. Unfortunately,

the studies based on long-term satellite data did not
include the region north of 65° N, and the retrieval
algorithm used for the calculations is known to
underestimate surface UV irradiance over snow-
covered terrain.

5.6. Future changes in ozone

Stratospheric ozone levels over the polar regions are
very different from levels over the mid-latitudes.

Total column ozone over the Arctic in winter and
spring is usually higher than that over the equator and
northern mid-latitudes. Ozone levels over the Arctic
are marked by a strong annual cycle, with a peak in the
spring, and a decrease in late summer and throughout
the autumn. Low stratospheric temperatures provide
the potential for substantial ozone depletion in the
winter and early spring, reducing ozone levels at a time
when they would normally be high and when repro-
duction and new growth leave ecosystems particularly
vulnerable. The same physical and chemical processes
govern ozone levels and ozone depletion over both the
Arctic and Antarctic. However, a stronger, less dis-
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turbed polar vortex over Antarctica and thus uniformly
lower stratospheric temperatures, have resulted in
greater percentage ozone losses over the past two
decades in the Antarctic compared to the Arctic. In the
years where dynamic conditions allow for similarly
cold stratospheric temperatures in the Arctic, signifi-
cant ozone losses have been observed at northern high
latitudes as well.

The Montreal Protocol and its amendments have
already resulted in a decrease in the atmospheric con-
centrations of some ozone-depleting substances
(Anderson et al., 2000; Montzka et al., 1999).
Although scientific understanding of the dynamics and
other factors influencing ozone depletion remains
incomplete, most projections suggest that mid-latitude
ozone levels will gradually recover over the next

50 years (WMO, 2003). Confirming either a change in
ozone trends or an actual increase in ozone levels is
likely to require some time because of natural variabili-
ty and intrinsic measurement errors (Reinsel et al.,
2002; Weatherhead et al., 1998, 2000). In polar
regions, the projections of recovery are complicated by
the effects of dynamic processes and climate change.

Recovery of the ozone layer is likely to occur in stages.
The first signs of recovery should be a reduction in the
downward trend followed by an increase in ozone lev-
els. Final recovery may be defined as an overall return
to pre-depletion ozone levels or as the determination
that ozone levels are no longer being affected by
anthropogenic ozone-depleting substances. Newchurch
et al. (2003) reported evidence of a reduction in the
downward trend in ozone levels based on satellite
estimates averaged over 60° S to 60° N. Their analysis
indicates that since 1997 there has been a slowdown in
mid- and low-latitude stratospheric ozone losses at alti-
tudes of 35 to 45 km. These changes in loss rates are
consistent with the slowdown in total stratospheric
chlorine increases, and, if they continue, will represent
the first stage of a mid-latitude ozone recovery. No evi-
dence of this change in loss rates has been reported for
polar latitudes, and it is also important to note that
ozone at the altitudes where these reduced loss rates
are being observed plays a lesser role than total column
ozone in absorbing UV radiation.

Several models have been used to project future ozone
levels (WMO, 1999, 2003). Intercomparison of these
models (WMO, 2003) shows qualitative agreement
between the projections, although specific projections
of recovery rates can disagree significantly. Two-
dimensional models have been used for global ozone
level projections, while three-dimensional chemistry—
climate models are useful for simulating polar processes
(Austin et al., 2003; WMO, 2003). Three-dimensional
models can provide multi-year time slice simulations,
which have the advantage that several realizations are
available for a single year, allowing a better assessment of
the projections. Three-dimensional models are also able
to address dynamic changes in well-mixed greenhouse
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gases and provide a more detailed evolution of ozone
levels based on the mechanisms that are likely to occur
in the atmosphere. These models can also provide infor-
mation on the expected range of interannual variability.

Austin et al. (2003) compared several chemistry—
climate models used in recent ozone assessments
(WMO, 2003). These include the Unified Model with
Eulerian Transport and Chemistry (UMETRAC;
Austin, 2002), the Canadian Middle Atmosphere
Model (de Grandpre et al., 2000), the Middle Atmo-
sphere European Centre Hamburg Model (ECHAM)
with chemistry (Manzini et al., 2002; Steil et al.,
1998, 2003), the ECHAM model with chemistry run
at Deutschen Zentrum fiir Luft- und Raumfahrt
(E39/C; Hein et al., 2001; Schnadt et al., 2002), the
University of Illinois at Urbana-Champaign (UIUC)
model (Rozanov et al., 2001; Yang et al., 2000), the
Center for Climate System Research/National
Institute for Environmental Studies (CCSR/NIES)
model (Nagashima et al., 2002; Takigawa et al., 1999),
the Goddard Institute for Space Studies (GISS) model
(Shindell et al., 1998b), and the Universita degli Studi
dell’Aquila (ULAQ) model (Pitari et al., 2002).

The models were compared based on their ability to
simulate ozone climatologies for the current atmo-
sphere. For the Northern Hemisphere, all the models
tended to overestimate the area-weighted hemispheric
total column ozone, by an average of 7.2%. The mod-
els were unable to simulate the observed loss rates
within the arctic polar vortex (Becker et al., 1998,
2000; Bregman et al., 1997; Hansen et al., 1997,
Woyke et al., 1999), so the modeled ozone depletion
is less than that observed. Uncertainties in the model
projections include temperature biases, leading to the
“cold pole problem” (Pawson et al., 2000); these bias-
es are worse in some models than in others. In the
Northern Hemisphere, the biases are sometimes posi-
tive at certain altitudes, resulting in projections of
insufficient ozone depletion in early winter, but excess
depletion in spring. The cold pole problem is due
largely to the absence of gravity-wave forcing, which
many models now include. Other uncertainties
include the inability of the models to accurately simu-
late PSCs and to account for all aspects of constituent
(chemical) transport, including processes occurring at
the upper boundary of the model. Changes in plane-
tary waves and heat flux also pose uncertainties, and
are discussed in greater detail in section 5.6.2.

5.6.1. Considerations for projecting
future polar ozone levels

The chemical contributions to ozone depletion are gen-
erally understood well enough to describe the annual
ozone losses observed over Antarctica as a result of
efforts to understand the ozone hole observed there.
Over the Arctic, however, ozone depletion processes
are often much more complicated and depend greatly
on climate conditions and climate change. For example,
when potential increases in stratospheric water vapor
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and corresponding stratospheric cooling resulting from
climate change are included in models, the resulting
projected mid-latitude ozone decrease in the 2030s sur-
passes that resulting from the projected amounts of
CFC-derived halogens (Shindell and Grewe, 2002).

At high latitudes, the effects of stratospheric water
vapor and stratospheric cooling on the ozone column
are anticipated to be even larger due to the effects of
PSCs. Separating the chemical and dynamic/climate-
related contributions to ozone depletion is not a simple
task, and many questions concerning the future of
ozone over the Arctic remain unanswered.

Most model projections suggest small but continuing
ozone losses over the Arctic for at least the next two
decades (Austin et al., 2000; WMO, 2003).

Ozone depletion in the Arctic is strongly influenced
by the dynamics of the polar atmosphere: changes in
circulation, and particularly changes that affect air
temperatures in the polar region, can have a substantial
effect. For example, a strong polar vortex results in
decreasing stratospheric temperatures, which further
strengthen the polar vortex. This positive feedback
effect contributes to increased ozone depletion, and is
likely to be exacerbated by the stratospheric cooling
projected to occur as a result of future climate change.

While dynamics determine the onset of ozone deple-
tion and also influence the rate and severity of the
depletion processes, the main driver for upper strato-
spheric (~40 km) ozone loss and for the spring losses
in the polar stratosphere is the chemistry associated
with chlorine and bromine (Solomon, 1999; WMO,
1999, 2003). The Montreal Protocol and its amend-
ments have led to a reduction in atmospheric chlorine
concentrations, and concentrations of ozone—depleting
halogens are expected to continue to decrease between
2000 and 2050. The decreases were first reported in
the troposphere (Montzka et al., 1996, 1999), but have
also been observed in the upper stratosphere
(Anderson et al., 2000). Bromine is another halogen
particularly effective at destroying ozone, and its over-
all levels may increase or remain high because of short-
er-lived substances, such as bromoform (Dvortsov et
al., 1999). However, the magnitude of ozone loss will
depend greatly on dynamic and climate conditions
(section 5.2), with low temperatures contributing to
the formation and persistence of PSCs. Over the polar
regions, heterogeneous chemistry in or on these clouds
converts stable chlorine and bromine reservoirs to
more active forms that can deplete ozone. Future vol-
canic eruptions could also change stratospheric ozone
levels worldwide for at least several years, and could
have a large effect on arctic ozone levels as long as

halogen loading remains large (Tabazadeh et al., 2002).

5.6.2.The role of climate change in arctic
ozone recovery

Projections of the recovery of ozone levels in the
Arctic depend on projections of global climate change.
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Understanding long-term changes (natural and anthro-
pogenic), will be essential to improving assessments
and projections of the dynamic structure of the strato-
sphere (E.C., 2003). Current chemical and dynamics
models project that climate change resulting from
increased atmospheric concentrations of carbon diox-
ide and other greenhouse gases will warm the tropo-
sphere, but will cool the stratosphere. In the Arctic,
this cooling is likely to lead to increased ozone
destruction, as lower temperatures are likely to result
in the formation and persistence of PSCs, which aid in
the activation of ozone-depleting compounds and can
therefore accelerate ozone depletion. Stratospheric
cooling resulting from climate change is therefore like-
ly to lead to an increased probability of larger and
longer-lasting ozone holes in the Antarctic and exten-
sive, more severe ozone losses over the Arctic
(Dameris et al., 1998). On the other hand, climate
change could possibly trigger an increase in planetary
waves, enhancing the transport of warm, ozone-rich air
to the Arctic (Schnadt et al., 2002). This increased
transport would counter the effects of heterogeneous
chemistry and possibly hasten recovery of the ozone
layer. Understanding this “dynamic effect on chemistry”
requires improved information about the effects of
increasing greenhouse gas concentrations so that the
balance between dynamics and radiation can be
deduced. If radiative effects dominate, planetary wave
activity would be more likely to decrease, resulting in
more ozone depletion at arctic latitudes.

Another climate feedback affecting ozone is a potential
increase in stratospheric water vapor due to changes in
tropopause temperatures (Evans et al., 1998). Few
long-term datasets of water vapor concentrations are
available, but previous studies of existing observations
have suggested that stratospheric water vapor has been
increasing (Oltmans and Hofmann, 1995; Oltmans et
al., 2000; Randel et al., 1999). Analyses of 45 years of
data (1954—-2000) by Rosenlof et al. (2001) found a 1%
per year increase in stratospheric water vapor concen-
trations. Analyses of satellite data, however, have shown
less evidence of a water vapor increase (Randel et al.,
2004). Increased water vapor is likely to contribute to
increased ozone destruction by affecting the radiation
balance of the stratosphere (Forster and Shine, 2002;
Shindell, 2001). Greater water vapor concentrations in
the stratosphere can raise the threshold temperatures
for activating heterogeneous chemical reactions on
PSCs, and can cause a decrease in the temperature of
the polar vortex (Kirk-Davidoff et al., 1999).

Ozone itself is central to climate change science: it is
an important greenhouse gas in the infrared part of
spectrum and is the primary absorber of solar UV radi-
ation. Ozone is critical to the radiation balance of the
atmosphere, and to the dynamics of the stratosphere.
Indeed, recent observational findings confirm that “the
stratosphere is a major player in determining the mem-
ory of the climate system” (Baldwin et al., 2003).
Stratospheric ozone levels play a role in determining
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many properties of the polar atmosphere, including the
strength of the polar vortex. Observations show that
the strengths of the polar vortices affect surface tem-
peratures in the polar regions and at mid-latitudes in
both hemispheres. Connections between ozone levels
and other properties of the stratosphere can alter
weather processes in the troposphere, with an effect
whose magnitude is comparable to that of the El
Nino—Southern Oscillation (Gillett and Thompson,
2003; Hartmann et al., 2000).

Projected future changes in ozone levels over the polar
regions differ from projected changes over the rest of
the globe, where stratospheric temperatures do not
reach the low thresholds necessary for the formation of
PSCs. In recent years, the arctic polar vortex has
increased in strength and has become more persistent
(Waugh et al., 1999; Zhou et al., 2000). A strong polar
vortex can enhance the amount of depletion experi-
enced over the Arctic. If these strong polar vortex con-
ditions continue in future years, arctic ozone recovery
is likely to be substantially delayed (Shindell et al.,
1998b). For example, in an analysis of approximately
2000 ozonesonde measurements, Rex et al. (2004)
found that each 1 °C cooling of the arctic stratosphere
resulted in an additional 15 DU of chemical ozone loss.
Their findings indicate that over the past four decades,
the potential for the formation of PSCs increased by a
factor of three, resulting in stratospheric conditions that
have become significantly more favorable for large arc-
tic ozone losses. This relationship between potential
amounts of PSCs and ozone loss is not well-represented
in current chemistry—climate models. If the arctic strat-
osphere continues to cool as a result of climate change,
the region is likely to continue to experience severe
ozone depletion until chlorine and bromine loadings
have returned to background levels. Any delay in the
recovery of the ozone layer over polar regions means a
longer-lasting, and perhaps more severe, threat of
ecosystem damage due to increased UV irradiance.

5.6.3. Projected Changes in ozone amounts

A number of two-dimensional models using specified
scenarios of atmospheric halocarbon concentrations
were used to estimate future ozone levels for the most
recent Scientific Assessment of Ozone Depletion
(WMO, 2003). These included the Atmospheric and
Environmental Research (AER) model (Weisenstein et
al., 1998), the Max-Planck Institute (MPI) model
(GrooB et al., 1998), the Goddard Space Flight Center
(GSFC) model (Fleming et al., 1999), GSFC-INT
(interactive version of the GSFC model; Rosenfield et
al., 1997), the National Oceanic and Atmospheric
Administration/National Center for Atmospheric
Research (NOCAR) model (Portmann et al., 1999),
the University of Oslo (OSLO) model (Stordal et al.,
1985), the National Institute for Public Health and the
Environment (RIVM) model (Velders, 1995), the State
University of New York — St. Petersburg (SUNY-SPB)
model (Smyshlyaev et al., 1998), UIUC (Wuebbles et
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al., 2001), and ULAQ (Pitari and Rizi, 1993).

Figure 5.14 shows the spring (March—May) changes in
ozone for the latitude band 60° to 90° N (relative to
1980 levels) projected by these two-dimensional mod-
els. The spring is interesting because ozone depletion
reaches its most severe levels and UV irradiance can
also be relatively high during what is the beginning of
the growth period for many biological systems.

The model results shown are for the greenhouse gas
scenario MA2 and baseline halocarbon scenario AB
(WMO, 2003). All the models except RIVM include
arctic chemistry, while only the MPI and UIUC models
include the 11-year solar cycle. The projected spring
changes in arctic ozone levels are about twice as large
as those projected for the Northern Hemisphere mid-
latitudes and about three times as large as projected
changes in the 60° N to 60° S annual average. Gener-
ally, the models simulate local minimums in arctic
ozone levels in the late 1990s, followed by a gradual
increase. The majority of the models project signifi-
cantly lower ozone levels in 2020 compared to 1980.

Because the two-dimensional models are unable to
incorporate dynamic effects, their results are consid-
ered very rough projections for the polar regions,
where ozone levels are strongly influenced by atmo-
spheric dynamics. The model simulations used in the
2002 assessment (WMO, 2003) differed from those
used in prior assessments in that they incorporate a
lower level of stratospheric aerosols and thus project a
more rapid recovery of the ozone layer. About half of
the models project recovery to 1980 levels by 2050.
A two-dimensional model simulation with the GSFC-
INT model by Rosenfield et al. (2002) projects that
arctic ozone recovery will be slowest in the spring,
with total column ozone returning to 1980 levels after
2050, and earliest in the autumn, with total column

MPI
UlucC
— TOMS/SBUV

Fig. 5.14. Two-dimensional model projections of the change in
spring (March—May) total column ozone relative to 1980; aver-
aged over the band from 60° to 90° N. TOMS/SBUV observa-

tions are shown for comparison.
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ozone returning to 1980 levels before 2035. The
results from the two-dimensional models project a
range of arctic ozone recovery rates, from about 0.5%
per decade to about 2% per decade.

Three-dimensional model simulations for the Arctic are
also presented in the assessment (WMO, 2003).

These models offer greater insight into the dynamic
factors affecting current and future arctic ozone levels.
Figure 5.15 shows the spring (March—May) average
change in ozone relative to 1980 for the latitude band
60° to 90° N projected by the UMETRAC and GISS
models, which are transient simulations, and E39/C,
which is a time-slice simulation. In general, the three-
dimensional models simulate larger ozone depletion
over the Arctic between 1980 and 2000 than do the
two-dimensional models. The different three-
dimensional models project quite different future
ozone levels. The UMETRAC model provides projec-
tions through 2020; these projections indicate slow
recovery (a few percent) between 2000 and 2020.

The E39/C model provides simulations for 1960, 1980,
and 1990, and a projection for 2015. The ozone levels
simulated by the E39/C model for 1980 are about 6%
lower than the 1960 levels, but this large decrease
between 1960 and 1980 is not corroborated by obser-
vations. The E39/C model simulates the same rate of
decrease between 1980 and 1990, while the projec-
tions for 2015 show ozone levels above those of 1980
but still lower than 1960. The GISS model is the only
three-dimensional model that provides projections
beyond 2020; these projections indicate further ozone
depletion between 1995 and 2015, with only modest
recovery in 2045.

1960
UMETRAC

— TOMS/SBUY

Fig. 5.15. Three-dimensional model projections of the change in
spring (March—May) total column ozone relative to 1980; aver-
aged over the band from 60° to 90° N. Error bars represent
variability in model projections averaged over 5 years for the
GISS model, and twice the standard deviation of the 20 individ-
ual years within each model sample for the E39/C model.
TOMS/SBUV observations are shown for comparison.
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RIVM NOCAR UMETRAC
AER SUNY-SPB

ULAQ OosLO

GSFC_INT MPI

GSFC uUiuc

Fig. 5.16. Two- and three-dimensional model projections of
spring (March—May) total column ozone averaged over the band
from 60° to 90° N. TOMS/SBUV observations through 2002 are
shown for comparison.

The two- and three-dimensional model projections of
spring total column ozone for the 60° to 90° N band
are shown in Fig. 5.16. The results indicate large differ-
ences in the projected total ozone column amounts,
with most models projecting lower ozone levels than
have been observed. All of the models project that
ozone levels will remain substantially below pre-
depletion levels for at least the next two decades.

The three-dimensional models can offer insight into
the spatial distribution of ozone depletion and recov-
ery. As Fig. 5.17 shows, both the E39/C and UME-
TRAC models project greater changes near Greenland
than elsewhere in the Arctic, although the UMETRAC
model projects continued depletion and the E39/C
model projects earlier recovery for this region. These
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differences indicate the uncertainty in the spatial distri-
bution of future ozone levels. Zonally symmetric
dynamics in the GISS model result in near-zonally sym-
metric ozone loss and recovery.

Austin et al. (2003) summarized the uncertainties in
many of the chemistry—climate models that are used to
project future ozone levels. Some of the most impor-
tant uncertainties related to arctic projections are due
to the cold temperature biases in the arctic winter that
most models have, and that the models are forced with
less than half the observed trend in stratospheric water
vapor. Differences in gravity-wave and planetary-wave
simulations as well as model resolution can lead to very
different projections of polar temperatures and trans-
port of ozone to the poles. Arctic ozone depletion is
also subject to large natural variability, complicating
definitive projections of how ozone levels will evolve
(Austin et al., 2003; WMO, 2003).

As this section suggests, modeling past and future
ozone levels, particularly in the Arctic, is challenging.
One of the primary challenges is the difficulty of sim-
ulating observed polar temperatures, which are essen-
tial for determining the severity of chemical ozone
depletion by anthropogenic chlorine and bromine.
Many of the current chemistry—climate models do not
reproduce the observed occurrence of PSCs or the
large observed increase in PSC occurrence since the
1960s (Austin et al., 2003, Pawson and Naujokat,
1999; WMO, 2003). Some models are also unable to
accurately reproduce the observed ozone loss rates
within the arctic polar vortex. As reported by Rex et
al. (2004), the limitations of accurately simulating the
relationship between potential amounts of PSCs and
ozone depletion may be leading to more optimistic
projections of arctic ozone levels than are likely to
occur given the influences of climate change. The diffi-
culties in simulating arctic stratospheric temperatures
stem partly from the strong influence of polar
dynamics, and until these processes are better under-
stood, future changes in arctic dynamics and ultimate-
ly in arctic ozone levels will be difficult to project.

Change (%g

Fig. 5.17. Percentage change in average annual total column ozone projected by (a) the UMETRAC model for the period
2010-2019 (average over the time slice) relative to 1980-1984; (b) the E39/C model for 2015 relative to 1980; and (c) the GISS
model for the period 2010-2019 (average over the time slice) relative to 1980.
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Because of the anticipated decline in stratospheric
chlorine and bromine concentrations resulting from
the Montreal Protocol and its amendments, an
increase in arctic ozone levels is expected to occur
eventually. However, any quantitative statements con-
cerning the timing and magnitude of arctic ozone layer
recovery are highly uncertain.

5.7. Future Changes in ultraviolet
radiation

While there are early signs that the Montreal Protocol
and its amendments are working, a return to normal
ozone levels is not likely to occur for several decades.
Scientists primarily concerned with chemical contribu-
tions may be interested in the earlier signs of ozone
recovery (for example, a reduction in the downward
trend in ozone levels), while those studying UV radia-
tion and its effects are likely to focus on an overall
recovery from depleted values. Delayed recovery of
total column ozone in the polar regions implies the pos-
sibility of increased UV irradiance at northern latitudes
for another one to five decades. Although there are
many uncertainties in the models, current projections
indicate that ozone depletion over the Arctic is likely to
continue for 50 years or more (WMO, 1999, 2003).

Because ozone depletion at polar latitudes is expected
to persist, and possibly worsen, over the next few
decades (WMO, 2003), UV radiation reaching the
surface is likely to remain at levels greater than those
observed in the past. Using ozone projections from the
GISS chemistry—climate model, which projects the
most severe, longest-lasting ozone depletion of any of
the models, Taalas et al. (2000) estimated that the
worst-case spring erythemal UV radiation doses aver-
aged over the period from 2010 to 2020 will increase
by up to 90% relative to average 1970—1992 condi-
tions. By comparison, the annual UV radiation dose
increases for the entire Northern Hemisphere are esti-
mated to be 14% for 2010 to 2020, and 2% for 2040
to 2050. Ultraviolet radiation projections depend on
future ozone levels, which are highly uncertain. Future
UV radiation levels will also be complicated by changes
in snow and ice cover and albedo and are likely to vary
locally as well as regionally. Reuder et al. (2001) simu-
lated ozone levels using various CFC emissions scenar-
ios, as well as changes in future temperatures and
dynamics and used these results to project UV radia-
tion conditions over central Europe. Their results indi-
cate a slight increase in spring UV radiation levels
between the present and 2015, and the potential for
continued above-normal late winter and spring UV
radiation levels through approximately 2050, although
future climate-induced forcings of arctic ozone recov-
ery still need to be better explored.

Continued increased UV levels are likely to have pro-
found effects on human health. Slaper et al. (1996)
estimated that reaching minimum ozone levels around

the year 2000 (based on the Copenhagen Amendments
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to the Montreal Protocol) would be likely to result in a
10% increase in skin cancer 60 years later. While these
results were based on analyses at mid-latitudes, they
illustrate the long-range effects of increased UV radia-
tion levels on human health. These human health
effects are discussed in more detail in section 15.3.3.

While humans can choose clothing, sunglasses or gog-
gles, and other protection to reduce their exposure to
UV radiation, plants and animals in the Arctic must
adapt to their environment through slower, biological
means or by migrating or seeking shelter to reduce
their exposure. Section 7.3.2 describes plant and ani-
mal adaptations to UV radiation exposure in greater
detail. These adaptations include thick leaves and pro-
tective pigments in plants and reflective white feathers
and fur in arctic animals. Sections 8.6 and 9.4 also
address potential adaptations and protections for
organisms experiencing increased UV radiation expo-
sure. If UV radiation levels in the Arctic remain high
into the 21st century, the relative incidence and time
frame of effects on human health and on plants and ani-
mals would also be extended.

Ozone levels and future changes in these levels are not
the only factors affecting anticipated UV irradiance in
the Arctic; aerosol concentrations and cloud cover also
play a role (see section 5.4). These factors are likely to
change, at least on a regional basis, in the future.

A more active hydrological cycle in the Arctic, project-
ed to occur as a result of climate change (IPCC, 2001),
is likely to result in changes in cloud cover. In general,
increases in cloud cover will reduce UV irradiance at
the surface, except in certain conditions when multiple
reflections between clouds and a snow-covered surface
may enhance the UV radiation dose. Current model
projections suggest that cloud cover over the Arctic is
likely to increase in some areas and decrease in others.
Uncertainties in projections of future aerosol or cloud
changes and in the understanding of aerosol—cloud—UV
radiation interactions complicate projections of future
surface UV irradiance.

Sea ice and snow cover are also likely to be affected by
climate change, and can have major effects on incident
UV radiation, both by reflecting radiation and by pro-
tecting organisms buried beneath it. Almost all climate
models project increases in precipitation in the Arctic
(IPCC, 2001). Model projections indicate that overall
temperatures in the Arctic are likely to be warmer,
suggesting that for late spring through early autumn,
much of the precipitation increase is likely to be in the
form of rain, or of rain falling on existing snow cover,
possibly enhancing the rate of snowmelt. The extent
and duration of snow cover in the Arctic is important
in part because of its relation to UV radiation doses.
In the polar regions, UV radiation doses affecting bio-
logical organisms depend greatly on the local surface
albedo. Reflection off snow, for example, can increase
the amount of UV radiation reaching an organism’s
face, eyes, or other surface. These amplified doses can
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be particularly pronounced at low solar elevations, or
in the presence of increased multiple scattering by
non-absorbing aerosols. Any shift in the extent or
duration of snow cover, particularly during the critical
spring months, is likely to amplify the biologically
effective UV radiation doses received by ecosystems
potentially already stressed by climate change. In areas
normally covered by snow, early spring snowmelt,
such as has been observed by Stone et al. (2002),

is very likely to leave organisms at ground level vul-
nerable to increased UV irradiance during periods of
spring ozone depletion.

UV radiation exposure can have a range of effects on
humans and on the overall arctic environment. Human
health concerns include skin cancers, corneal damage,
cataracts, immune suppression, and aging of the skin.
Ultraviolet radiation can also have deleterious effects
on both terrestrial and aquatic ecosystems, and is
known to affect infrastructure through damage to plas-
tics, wood, and other materials. Many of these effects
require increased study. The combination of future cli-
mate change and the likelihood of prolonged increases
in arctic UV radiation levels present a potentially chal-
lenging situation for the people and environment of the
Arctic. These effects and some of their expected conse-
quences are discussed in greater detail in sections 7.3,

7.4,8.6,9.4,14.12,15.3.3,16.3.1, and 17.2.2.3.

5.8. Gaps in knowledge, future
research, and observational needs

Four key areas of research activity will improve the
ability of the scientific community to assess the
changes in and effects of ozone depletion and UV radi-
ation in the Arctic: addressing unanswered scientific
questions concerning variability and long-term
changes in both ozone levels and UV irradiance;
ensuring accurate and comprehensive monitoring of
ozone and UV radiation levels; improving analysis of
emerging data and incorporating this new understand-
ing into modeling efforts; and undertaking cross-
disciplinary studies to determine the effects of changes
in UV irradiance. All four areas are important both to
improve scientific understanding and to provide rele-
vant information for policy decisions.

There are a number of unanswered scientific questions
concerning the sources of variability in ozone and UV
radiation levels in the Arctic. Improved knowledge is
needed to quantify the effects of trace gases, dynamics,
and temperature on arctic ozone levels. The influence
of climate change on both ozone and UV radiation lev-
els needs to be better understood. Understanding the
controls on and interactions between various processes
will greatly improve projections of future ozone levels.
In addition to ozone levels, several other factors,
including cloud conditions, aerosol concentrations,
and surface albedo, affect surface UV irradiance.

The interactions between and overall influence of these
factors are still the subject of much uncertainty, but
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future changes in any one parameter — for example, in
cloudiness or snow melt timing — could substantially
affect UV radiation levels in the Arctic. Quantifying
these factors across the Arctic will provide opportuni-
ties to more realistically assess changes in UV irradi-
ance and their effects.

Although many of the questions regarding the cause of
ozone depletion have been addressed and confirmed in
a number of studies both within and outside the Arctic,
questions still remain concerning the future of ozone
and UV radiation levels in the Arctic. Current model
projections vary widely in terms of future ozone and
UV radiation levels, with the large differences due
mainly to uncertainties regarding the roles of dynam-
ics, temperature, and trace gases. Because of these
uncertainties, continued monitoring of both ozone and
UV radiation levels in the Arctic is important. Ozone
levels and the stratosphere are also known to play a key
role in influencing and modulating climate. Monitoring
efforts are necessary both to document the evolution
of ozone and UV radiation levels over time and to vali-
date model projections. Past monitoring of ozone and
UV radiation levels has shown that changes occur on a
regional basis even within the Arctic, indicating that
regional observations are critical for assessing the over-
all status of the Arctic. Satellite monitoring of the
Arctic for most times of the year has been ongoing for
the past few decades, but continued observations will
be necessary to understand the evolution of arctic
ozone. The continuation of ground-based monitoring
of ozone levels depends on available funding and is
highly uncertain at this time. Adding UV radiation
monitoring in the Russian Arctic and coordinating the
existing surface UV radiation and ozone level monitor-
ing throughout the Arctic would allow for a more accu-
rate assessment of the changes that are occurring.

Analyses of emerging ozone and UV radiation data
continue to reveal new information concerning the rel-
ative importance of trace gases, dynamics, and temper-
atures in the Arctic. Continued studies are likely to add
to the understanding of UV radiation levels in the
Arctic. Campaigns with intensive measurements of a
variety of parameters as well as detailed monitoring of
trace gases and vertically resolved ozone concentra-
tions are important for advancing this understanding.
Analyzing these measurements and using the available
information in conjunction with model results will
help achieve the best possible insight into future ozone
and UV radiation levels, as well as the impacts of spe-
cific changes in these levels. Recent studies support the
idea that advanced three-dimensional models will be
fundamental for obtaining improved projections of
future ozone levels over the Arctic.

One of the most important issues to address in the
Arctic is determining the impacts of increased UV irra-
diance, particularly as levels are likely to remain higher
than normal in the coming decades. This work requires
coordinated cooperation between the UV radiation
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monitoring community and the biological and impacts
communities. Few cross-disciplinary efforts have been
implemented so far, but the collaboration that has taken
place has resulted in many of the impact studies cited in
other chapters of this assessment. Many questions
remain concerning the impacts of UV radiation on indi-
vidual species, ecosystems, and human health. Because
the Arctic is likely to have elevated spring UV radiation
levels for some time, understanding the magnitude of
potential impacts will be critical for future policy deci-
sions. Because of projected future changes in emissions
and atmospheric concentrations of various trace gases,
future arctic ozone levels are highly uncertain, not only
for the next few decades but throughout the rest of the
21st century. Policy decisions regarding trace gas emis-
sions are likely to directly influence ozone levels in the
Arctic, and should be based on not only improved
understanding of how ozone and UV radiation levels are
likely to evolve, but also on increased knowledge of
how the ecosystems, infrastructure, industries, and peo-
ple of the Arctic will be affected.

In addition to the scientific requirements outlined
above, there is ongoing concern about maintaining the
existing international legislation to protect the ozone
layer. Most developed countries have ratified the
Montreal Protocol and its amendments, but economic
and political pressures have led some countries to sug-
gest that they cannot meet their obligations under the
current agreements. The atmospheric concentrations of
most ozone-depleting substances are decreasing due to
compliance with the Protocol and its amendments, but
future compliance is uncertain and requires vigilance
and cooperation. In addition, because arctic ozone and
UV radiation levels are strongly influenced by climate
change, including the effects of changes in tempera-
ture, trace gas concentrations, and dynamics, interna-
tional legislation regarding climate change is likely to
directly affect arctic ozone levels in the coming
decades. Any climate change policies need to be con-
sidered in light of the impacts both on arctic climate
and on arctic ozone and UV radiation levels.

References

Aas, E., J. Hokedal, N.K. Horjerslev, R. Sandvik and E. Saksnaug,
2001. Spectral properties and UV-attenuation in Arctic marine
waters. In: D.O. Hessen (ed.). UV-Radiation and Arctic
Ecosystems, pp. 23—56. Springer-Verlag.

Anderson, J.G., W.H. Brune and M.H. Proffitt, 1989. Ozone destruc-
tion by chlorine radicals within the Antarctic vortex — the spatial
and temporal evolution of ClO-O, anticorrelation based on in situ
ER-2 data. Journal of Geophysical Rescarch,
94(D9):11465-11479.

Anderson, J., ].M. Russell III, S. Solomon and L.E. Deaver, 2000.
HALOE confirmation of stratospheric chlorine decreases in accor-
dance with the Montreal Protocol. Journal of Geophysical
Research, 105:4483-4490.

Appenzeller, C., A.K. Weiss and ]. Stachelin, 2000. North Atlantic
Oscillation modulates total ozone winter trends.Geophysical
Research Letters, 27(8):1131.

Arola, A., S. Kalliskota, P.N. den Outer, K. Edvardsen, G. Hansen,

T. Koskela, T.]. Martin, J. Matthijsen, R. Meerkoetter, P. Peeters,

G. Seckmeyer, P. Simon, H. Slaper, P. Taalas and J. Verdebout, 2002.
Four UV mapping procedures using satellite data and their validation
against ground-based UV measurements. Journal of Geophysical

Research, 107, (D16):4310 doi:10.1029/2001]JD000462.

Arctic Climate Impact Assessment Report

Arola, A., J. Kaurola, L. Koskinen, A. Tanskanen, T. Tikkanen, P. Taalas,
J.R. Herman, N. Krotkov and V. Fioletov, 2003. A new approach to
estimating the albedo for snow-covered surfaces in the satellite UV
method. Journal of Geophysical Research, 108(D17):4531
doi:10.1029/2003]D003492.

Austin, J., 1992. Toward the four dimensional assimilation of strato-
spheric chemical constituents. Journal of Geophysical Research,
97(D2):2569-2588.

Austin, J., 1994. The influence of climate change and the timing of
stratospheric warming on ozone depletion. Journal of Geophysical
Research, 99(D1):1127-1145.

Austin, J., 2002. A three-dimensional coupled chemistry-climate
model simulation of past stratospheric trends. Journal of
Atmospheric Sciences, 59:218-232.

Austin J. and N. Butchart, 1992. A three-dimensional modelling study
of the influence of planctary wave dynamics on polar ozone photo-
chemistry. Journal of Geophysical Research, 97(2):2569-2588.

Austin, J., D.J. Hofmann, N. Butchart and S.J. Oltmans, 1995. Mid
stratospheric ozone minima in polar regions. Geophysical Research
Letters, 22(18):2489-2492.

Austin, J., J. Knight and N. Butchart, 2000. Three-dimensional chemi-
cal model simulations of the ozone layer:1979-2015. Quarterly
Journal of the Royal Meteorological Society, 126(565 Part
B):1533-1556.

Austin, J., D. Shindell, S.R. Beagley, C. Bruhl, M. Dameris,

E. Manzini, T. Nagashima, P. Newman, S. Pawson, G. Pitari,

E. Rozanov, C. Schnadt and T.G. Shepherd, 2003. Uncertainties and
assessments of chemistry-climate models of the stratosphere.
Atmospheric Chemistry and Physics, 3:1-27.

Bais, A.F., C.S. Zerefos and C. Meleti, 1993. Spectral measurements
of solar UV-B radiation and its relations to total ozone, SO,, and
clouds. Journal of Geophysical Research, 98(D3):5199-5204.

Bais, A.F., B.G. Gardiner, H. Slaper, M. Blumthaler, G. Bernhard,

R. McKenzie, A.R. Webb, G. Seckmeyer, B. Kjeldstad, T. Koskela,
P.J. Kirsch, J. Grébner, J.B. Kerr, S. Kazadzis, K. Leszczynski,

D. Wardle, C. Brogniez, W. Josefsson, D. Gillotay, H. Reinen,

P. Weihs, T. Svenoe, P. Eriksen, F. Kuik, A. Redondas, 2001. SUS-
PEN intercomparison of ultraviolet spectroradiometers. Journal of
Geophysical Research, 106(D12):12509-12525.

Baldwin, M.P., D.W. J. Thompson, E.F. Shuckburgh, W.A. Norton and
N.P. Gillett, 2003. Weather from the stratosphere? Science,
301:317.

Becker, G., R. Miller, D.S. McKenna, M. Rex and K.S. Carslaw, 1998.
Ozone loss rates in the Arctic stratosphere in the winter
1991/1992: Model calculations compared with Match results.
Geophysical Research Letters, 25:4325-4328.

Becker, G., R. Miller, D.S. McKenna, M. Rex, K.S. Carslaw and
H. Oclhauf, 2000. Ozone loss rates in the Arctic stratosphere in
the winter 1994/1995: Model simulations underestimate results of
the Match analysis. Journal of Geophysical Research,
105:14184—15175.

Bérces, A., S. Fekete, P. Gaspa, P. Grof, P. Rettberg, G. Horneck and
G. Ronto, 1999. UV dosimeters in the assessment of the biological
hazard from environmental radiation. Journal of Photochemistry
and Photobiology B-Biology, 53:36—43.

Bernhard, G., C.R. Booth and R. McPeters, 2003. Calculation of total
column ozone from global UV spectra at high latitudes. Journal of
Geophysical Research, 108(D17):4532 doi:
10.1029/2003]JD003450.

Bigelow, D.S., J.R. Slusser, A.F. Beaubien and J.H. Gibson, 1998.

The USDA Ultraviolet Radiation Monitoring Program. Bulletin of
the American Meteorological Society, 79:601-615.

Blumthaler, M. and W. Ambach, 1988. Solar UVB-albedo of various
surfaces. Photochemistry and Photobiology, 48(1):85-88.

Blumthaler, M., W. Ambach and M. Salzgeber, 1994a. Effects of
cloudiness on global and diffuse UV irradiance in a high-mountain
area. Theoretical and Applied Climatology, 50:23-30.

Blumthaler, M., A.R. Webb, G. Seckmeyer, A.F. Bais, M. Huber and
B. Mayer, 1994b. Simultaneous spectroradiometry: a study of solar
UV irradiance at two altitudes. Geophysical Research Letters,
21(25):2805-2808.

Blumthaler, M., W. Ambach and R. Ellinger, 1997. Increase in solar
UV radiation with altitude. Journal of Photochemistry and
Photobiology B Biology, 39:130—134.

Bodeker, G.E. and R.L. McKenzie, 1996. An algorithm for inferring
surface UV irradiance including cloud effects. Journal of Applied
Meteorology, 35:1860—1877.

Bodeker, G.E., ].C. Scott, K. Kreher and R.L. McKenzie, 2001.
Global ozone trends in potential vorticity coordinates using TOMS
and GOME intercompared against the Dobson network. Journal of
Geophysical Research, 106(D19):23029-23042.



Chapter 5 * Ozone and Ultraviolet Radiation

Bodhaine, B.A., E.G., Dutton, R.L. McKenzie and P.V. Johnston,
1998. Calibrating broadband UV instruments: ozone and solar
zenith angle dependence. Journal of Atmospheric and Oceanic
Technology, 15:916-926.

Booth, C.R. and S. Madronich, 1994. Radiation amplification factors:
improved formulation accounts for large increases in ultraviolet
radiation associated with Antarctic ozone depletion. In: C.S.
Weiler and P.A. Penhale (eds.). Antarctic Research Series, 62,
pp- 39-42.

Booth, C.R. and J.H. Morrow, 1997. The penetration of UV into nat-
ural waters. Photochemistry and Photobiology, 65(2):254—257.

Booth, C.R., G. Bernhard, J.C. Ehramjian, V.V. Quang, and S.A.
Lynch, 2001. NSF Polar Programs UV Spectroradiometer
Network 1999-2000 Operations Report. Biospherical
Instruments, San Diego, 219pp.

Borkowski, J.L., 2000. Homogenization of the Belsk UV-B series
(1976—1997) and trend analysis. Journal of Geophysical Research,
105(D4):4873-4878.

Braathen, G., M. Miller, B.-M. Sinnhuber, P. von der Gathan,

E. Kyré, I.S. Mikkelsen, B. Bojkov, V. Dorokhov, H.Fast,

C. Parrondo and H. Kanzawa, 2000. Temporal evolution of ozone
in the Arctic vortex from 1988-89 to 1999-2000. Results from
the Third European Stratospheric Experiment on Ozone (THE-
SEO), Palermo, Italy, 2000.

Bregman, A., M. van den Brock, K.S. Carslaw, R. Miiller, T. Peter,
M.P. Scheele and J. Lelieveld, 1997. Ozone depletion in the late
winter lower Arctic stratosphere: observations and model results.
Journal of Geophysical Research, 102:10815-10828.

Brithl, C. and P.J. Crutzen, 1989. On the disproportionate role of
tropospheric ozone as a filter against solar UV-B radiation.
Geophysical Research Letters, 16(7):703—706.

Butler, J.H., S.A. Montzka, A.D. Clarke, ].M. Lobert and J.W. Elkins,
1998. Growth and distribution of halons in the atmosphere.
Journal of Geophysical Research, 103(D11):1503—-1511.

Chang, A.Y., R.]. Salawitch and H.A. Michelson, 1996. A comparison
of measurements from ATMOS and instruments aboard the ER-2
aircraft: halogenated gases. Geophysical Research Letters,
23(17):2393-2396.

Chipperfield, M.P. and J.A. Pyle, 1998. Model sensitivity studies of
Arctic ozone depletion. Journal of Geophysical Research,
103(D21):28389-28403.

Chubarova, N.Y., A.Y. Yurova, N.A. Krotkov, J.R. Herman and P.K.
Bhartia, 2002. Comparisons between ground based measurements
of broadband UV irradiance (300—380 nm) and TOMS UV esti-
mates at Moscow for 1979-2000. Optical Engineering,
41(12):3070-3081.

CIE, 1998. Erythema Reference Action Spectrum and Standard
Erythema Dose. Joint ISO/CIE Standard, ISO 17166:1999/CIE
S007—-1998, Commission Internationale de I’Eclairage.

Dahlback, A., 1996. Measurements of biologically effective UV
doses, total ozone abundances, and cloud effects with multichan-
nel, moderate bandwidth filter instruments. Applied Optics,
35(33):6514—6521.

d’Almeida, G.A., P. Koepke and E.P. Shettle, 1991. Atmospheric
Aerosols: Global Climatology and Radiative Characteristics.

A. Deepak Publishing, 561pp.

Dameris, M., V. Grewe, R. Hein and C. Schnadt, 1998. Assessment of
the future development of the ozone layer. Geophysical Research
Letters, 25:3579-3582.

Danilin, M.Y., N.-D. Sze, M.K.W. Ko, ].M. Rodrigues and A.
Tabazadeh, 1998. Stratospheric cooling and Arctic ozone recovery.
Geophysical Research Letters, 25:2141-2144.

de Grandpre, J., S.R. Beagley, V. Fomichey, E. Griffion, J.C.
McConnell, A.S. Medvedev and T.G. Shepherd, 2000. Ozone cli-
matology using interactive chemistry: results from the Canadian
Middle Atmosphere Model. Journal of Geophysical Research,
105:26475-26491.

Degiinther, M., R. Meerkoetter, A. Albold and G. Seckmeyer, 1998.
Case study on the influence of inhomogeneous surface albedo on
UV irradiance. Geophysical Research Letters, 25:3587-3590.

Diaz. S., D. Nelson, G. Deferrari and C. Camilién, 2003. A model to
extend spectral and multiwavelength UV irradiances time series:
model development and validation. Journal of Geophysical
Research, 108(D4): 10.1029/2002]D002134.

Dvortsov, V.L. and S. Solomon, 2001. Response of the stratospheric
temperatures and ozone to past and future increases in stratospheric
humidity. Journal of Geophysical Research, 106:7505-7514,

Dvortsov, V.L., M.A. Geller, S. Solomon, S.M. Schauffler, E.L. Atlas
and D.R. Blake, 1999. Rethinking reactive halogen budgets in the
midlatitude lower stratosphere. Geophysical Research Letters,

26(12):1699—-1702.

177

E.C., 2003. Ozone-climate interactions: air pollution research report
No 81. Directorate-General for Research, Environment, and sus-
tainable development programme, European Commission.

Evans, S.J., R. Toumi, J.E. Harries, M.P. Chipperficld and J.M.
Russell, 1998. Trends in stratospheric humidity and the sensitivity
of ozone to these trends. Journal of Geophysical Research,
103:8715-8725.

Eyring, V., M. Dameris, V. Grewe, I. Langbein and W. Kouker, 2003.
Climatologies of subtropical mixing derived from 3D models.
Atmospheric Chemistry and Physics, 3:1007-1021.

Farman, J.C., B.G. Gardiner and J.D. Shanklin, 1985. Large losses of
total ozone in Antarctica reveal seasonal ClO _/NO_ Interaction.
Nature, 315:207-210.

Feister, U. and R. Grewe, 1995. Spectral albedo measurements in the
UV and visible region over different types of surfaces.
Photochemistry and Photobiology, 62(4):736-744.

Feister, U., E. Jakel and K. Geridee, 2002. Parameterization of daily
solar global ultraviolet radiation Photochemistry and
Photobiology, 76(3):281-293.

Fioletov, V.E. and W.E.]. Evans, 1997. The influence of ozone and
other factors on surface radiation. In: D.I. Wardle, J.B. Kerr, C.T.
McElroy and D.R. Francis (eds.). Ozone Science: a Canadian
Perspective on the Changing Ozone Layer, pp. 73-90.
Environment Canada Report CARD 97-3.

Fioletov, V.E., E. Griffioen and ].D. Kerr, 1998. Influence of volcanic
sulfur dioxide on spectral UV irradiance as measured by Brewer
spectroradiometer. Geophysical Research Letters, 25(10):
1665-1668.

Fioletov, V.E., L.].B. McArthur, J.B. Kerr and D.I. Wardle, 2001.
Long-term variations of UV-B irradiance over Canada estimated
from Brewer observations and derived from ozone and pyranome-
ter measurements. Journal of Geophysical Research,
106(D19):23,009-32,027.

Fioletov, V.E., ]J.B. Kerr, D.I. Wardle, N. Krotkov and ].R. Herman,
2002. Comparison of Brewer UV irradiance measurements with
TOMS satellite retrievals. Optical Engineering, 41(12):
3051-3061.

Fioletov, V.E., J.B. Kerr, L.].B. McArthur, D.I. Wardle and T.W.
Mathews, 2003. Estimating UV Index climatology over Canada.
Journal of Applied Meteorology, 42:417-433.

Fleming, E.L., C.H. Jackman, R.S. Stolarski and D.B. Considine,
1999. Simulation of stratospheric tracers using an improved
empirically based two-dimensional model transport formulation.
Journal of Geophysical Research, 104:23911-23934.

Fligge, M. and S. Solanki, 2000. The solar spectral irradiance since
1700. Journal of Geophysical Research, 27(14):2157-2160.

Forster, P.M. and K.P. Shine, 2002. Assessing the climate impact of
trends in stratospheric water vapor. Geophysical Research Letters,
29(6):1029/2001GLO13909.

Fox, S.L., 2000. Arctic climate change: observations of Inuit in the
Eastern Canadian Arctic. In: F. Fetterer and V. Radionov (eds.).
Arctic Climatology Project, Environmental Working Group Arctic
Meteorology and Climate Atlas. U.S. National Snow and Ice Data
Center, Boulder. CD-ROM.

Frederick, J.E. and C. Erlick, 1997. The attenuation of sunlight by
high latitude clouds: spectral dependence and its physical mecha-
nisms. Journal of Atmospheric Sciences, 54:2813-2819.

Fuenzalida, H.A., 1998. Global ultraviolet spectra derived directly
from observations with multichannel radiometers. Applied Optics,
37(33):7912-7919.

Furusawa, Y., L.E. Quintern, H. Holtschmidt, P. Koepke and M.
Saito, 1998. Determination of erythema-effective solar radiation
in Japan and Germany with a spore monilayer film optimized for
the detection of UVB and UVA — results of a field campaign.
Applied Microbiology and Biotechnology, 50:597-603.

Fusco, A.C. and M.L. Salby, 1999. Interannual variations of total
ozone and their relationship to variations of planetary wave activi-
ty. Journal of Climate, 12:1619—-1629.

Gantner, L., P. Winkler and U. Kohler, 2000. A method to derive
long-term time series and trends of UV-B radiation (1968—1997)
from observations at Hohenpeissenberg (Bavaria). Journal of
Geophysical Research, 105(D4):4879—-4880.

Gillett, N.P. and D.W.]. Thompson, 2003. Simulation of recent
Southern Hemisphere climate change. Science, 302:273.

Goutail, F., J.P. Pommereau and C. Philips, 1999. Depletion of col-
umn ozone in the Arctic during the winters of 1993/94 and
1994/95. Journal of Atmospheric Chemistry, 32:1-34.

Grenfell, T.C., S.G. Warren and P.C. Mullen, 1994. Reflection of
solar radiation by the Antarctic snow surface at ultraviolet, visible,
and near-infrared wavelengths. Journal of Geophysical Research,
99:18,669-18,684.



178

Grobner, J., A. Albold, M. Blumthaler, T. Cabot. A. De la Casiniere,
J. Lenoble, T. Martin, D. Masserot, M. Miiller, R. Philipona,
T. Pichler, E. Pougatch, G. Rengarajan, D. Schmucki, G. Seckmeyer,
C. Sergent, M.L. Toure and P. Weihs, 2000. Variability of spectral
solar ultraviolet irradiance in an Alpine environment. Journal of
Geophysical Research, 105(D22):26,991-27,003.

GrooB, J.-U., C. Brithl and T. Peter, 1998. Impact of aircraft emis-
sions on tropospheric and stratospheric ozone, I, Chemistry and
2-D model results. Atmospheric Environment, 32:3173-3184.

Guirlet, M., M.P. Chipperfield, J.A. Pyle, F. Goutail, J.P. Pommereau
and E. Kyro, 2000. Modeled Arctic ozone depletion in winter
1997/1998 and comparison with previous winters. Journal of
Geophysical Research, 105(D17):22185-22200.

Gurney, K.R., 1998. Evidence for increasing ultraviolet irradiance at
Point Barrow, Alaska. Geophysical Research Letters, 25:903—906.

Hansen, G., T. Svenoe, M.P. Chipperfield, A. Dahlbade and V.P.
Hoppe, 1997. Evidence of substantial ozone depletion in winter
1995/96 over northern Norway Geophysical Research Letters,
24:799-804.

Harnisch, J., R. Borchers and P. Fabian, 1996. Tropospheric trends
for CF4 and C2F6 since 1982 derived from SF6 dated strato-
spheric air Geophysical Research Letters, 23(10):1099-1102.

Harris, N.R.P., M. Rex, F. Goutail, B.M. Knudsen, G.L. Manney,

R. Muller and P. von der Gathen, 2002. Comparison of empirical-
ly derived ozone loss rates in the Arctic. Journal of Geophysical
Research, 107(D20), doi:10.1029/2001]JD000482.

Harrison, L., J. Michalsky and J. Berndt, 1994. Automated multifilter
rotating shadow-band radiometer and instrument for optical depth
and radiation measurements. Applied Optice, 33:5118-5125.

Hartmann, D.L., ].M. Wallace, V. Limpasuvan, D.W.]. Thompson and
J.R. Holton, 2000. Can ozone depletion and global warming
interact to produce rapid climate change. Proceedings of the
National Academy of Sciences, 97:1412—1417.

Hedblom, E.E., 1961. Snowscape eye protection. Archives of
Environmental Health, 2:685-704.

Hein, R., M. Dameris and C. Schnadt, 2001. Results of an interac-
tively coupled atmospheric chemistry-general circulation model:
comparison with observations. Annales Geophysicae, 19(4):
435-437.

Herber, A., L.W. Thomason, H. Gernandt, U. Leiterer, D. Nagel,
K.-H. Schulz, J. Kaptur, T. Albrecht and J. Not, 2002. Continuous
day and night aerosol optical depth observations in the Arctic
between 1991 and 1999. Journal of Geophysical Research,
107(D10): 10.1029/2001JD000536.

Herman, J.R. and D. Larko, 1994. Low ozone amounts during 1992
and 1993 from Nimbus 7 and Meteor 3 total ozone mapping spec-
trometers. Journal of Geophysical Research, 99:3483-3496.

Herman, J.R., PK. Bhartia and ]. Ziemke, 1996. UV-B increases
(1979—1992) from decreases in total ozone. Geophysical Research
Letters, 23(16):2117-2120.

Herman, J.R., N. Krotkov, E. Celarier, D. Larko and G. Labow, 1999.
The distribution of UV radiation at the Earth’s surface from TOMS
measured UV-backscattered radiances. Journal of Geophysical
Research, 104:12059-12076.

Hisdal, V., 1986. Spectral distribution of global and diffuse solar radi-
ation at Ny Alesund, Spitzbergen. Polar Research, 5:1-27.

Hofzumahaus, A., A. Kraus and M. Muller, 1999. Solar actinic flux
spectroradiometry: a technique for measuring photolysis frequen-
cy in the atmosphere. Applied Optics, 38(21):4443—4460.

Holben, B.N., T.F. Eck and I. Slutsker, 1998. AERONET-A federated
instrument network and data archive for aerosol characterization.
Remote Sensing of the Environment, 66(1):1-16.

Hood, L., S. Rossi and M. Beulen, 1999. Trends in lower strato-
spheric zonal winds, Rossby wave breaking behavior, and column
ozone at northern midlatitudes. Journal of Geophysical Research,
104:24,321-24,339.

IPCC, 2001. Climate Change 2001: Impacts, Adaptation, and
Vulnerability. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate
Change. J.] McCarthy, O.F. Canziani, N.A. Leary, D.]. Dokken and
K.S. White (eds.). Cambridge University Press, 1032pp.

James, P.M., 1998. A climatology of ozone mini-holes over the
Northern Hemisphere. International Journal of Climatology,
18(12):1287-1303.

Jokela, K., K. Leszczynski and R. Visuri, 1993. Effects of Arctic
ozone depletion and snow on UV exposure in Finland.
Photochemistry and Photobiology, 58(4):559-566.

Josefsson, W. and T. Landelius, 2000. Effect of clouds on UV irradi-
ance: as estimated from cloud amount, cloud type, precipitation,
global radiation, and sunshine duration. Journal of Geophysical

Research, 105(D4):4927-4935.

Arctic Climate Impact Assessment Report

Kalliskota, S., J. Kaurola, P. Taalas, J.R. Herman, E.A. Celarier and
N. Krotkov, 2000. Comparison of daily UV doses estimated from
Nimbus 7/TOMS measurements and ground-based spectroradio-
metric data. Journal of Geophysical Research, 105:5059-5067.

Kaurola, J., P. Taalas and T. Koskela, 2000. Long-term variations of
UV-B doses at three stations in northern Europe. Journal of
Geophysical Research, 105(D16):20813-20820.

Kerr, ].B. and C.T. McElroy, 1993. Evidence for large upward trends
of ultraviolet-B radiation linked to ozone depletion. Science,
262(5136):1032-1034.

King, M.D. and W.R. Simpson, 2001. Extinction of UV radiation in
Arctic snow at Alert, Canada (82° N). Journal of Geophysical
Research, 106(D12):12499-12507.

Kirk-Davidoff, D.B., E.]. Hintsa, J.G. Anderson and D.W. Keith,
1999. The effect of climate change on ozone depletion through
changes in stratospheric water vapor. Nature, 402:399-401.

Knudsen, B.M., N. Larsen, I.S. Mikkelsen, J-]J. Morcrette, G.O.
Braathen, E. Kyro, H. Fast, H. Gernandt, H. Kanzawa, H. Nakane,
V. Dorokhov, V. Yushkov, G. Hansen, M. Gil and R.]. Shearman,
1998. Ozone depletion in and below the arctic vortex for 1997.
Geophysical Research Letters, 25:627-630.

Kodera, K. and H. Koide, 1997. Spatial and seasonal characteristics of
recent decadal trends in the Northern Hemisphere troposphere
and stratosphere. Journal of Geophysical Research, 102:
19,433-19,447.

Kouker, W., D. Offermann, V. Kill, T. Reddmann, R. Ruhnke and
A. Franzen, 1999. Streamers observed by the CRISTA experiment
and simulated in the KASIMA model. Journal of Geophysical
Research, 104:16405-16418.

Krotkov, N.A., PK. Bhartia, J.R. Herman, V. Fioletov and ]. Kerr,
1998. Satellite estimation of spectral surface UV irradiance in the
presence of tropospheric acrosols - 1. Cloud-free case. Journal of
Geophysical Research, 103(D8):8779-8793.

Krotkov, N.A., J.R. Herman, P.K. Bhartia, V. Fioletov and Z. Ahmad,
2001. Satellite estimation of spectral surface UV irradiance 2.
Effects of horizontally homogeneous clouds and snow. Journal of
Geophysical Research, 106:11743—11759.

Krzyscin, J.W., 2000. Total ozone influence on the surface UV-B radi-
ation in late spring-summer 1963—1997: An analysis of multiple
timescales Journal of Geophysical Research, 105(D4):4993-5000.

Kuhn, P., H. Browman and B. McArthur, 1999. Penetration of ultravi-
olet radiation in the waters of the estuary and Gulf of St.
Lawrence. Limnology and Oceanography, 44(3):710-716.

Kuroda, Y. and K. Kodera, 1999. Role of planctary waves in the strat-
osphere-troposphere coupled variability in the Northern
Hemisphere winter. Geophysical Research Letters,
26:2375-2378.

Kylling, A. and B. Mayer, 2001. Ultraviolet radiation in partly snow
covered terrain: observations and three-dimensional simulations.
Geophysical Research Letters, 27(9):1411-1414.

Kylling, A., A. Albold and G. Seckmeyer, 1997. Transmittance of a
cloud is wavelength-dependent in the UV-range: physical interpre-
tation. Geophysical Research Letters, 24(4):397—400.

Kylling, A., A Dahlback and B. Mayer, 2000a. The effect of clouds and
surface albedo on UV irradiances at a high latitude site.
Geophysical Research Letters, 27(9):1411-1414.

Kylling, A., T. Persen, B. Mayer and T. Svenoe, 2000b. Determination
of an effective spectral surface albedo from ground based global
and direct UV irradiance measurements. Journal of Geophysical
Research, 105:4949-4959.

Lakkala, K., E. Kyro and T. Turunen, 2003. Spectral UV measure-
ments at Sodankyld during 1990-2001. Journal of Geophysical
Research, 108(D19): doi:10.1029/2002JD003300.

Lantz, K.O., P. Disterhoft, ]J.]. DeLuisi, E. Early, A. Thompson,

D. Bigelow and J. Slusser, 1999. Methodology for deriving clear-
sky erythemal calibration factors for UV broadband radiometers of
the U.S. Central Calibration Facility. Journal of Atmospheric and
Oceanic Technology, 16:1736-1752.

Lapeta, B., O. Engelsen and Z. Litynska, 2000. Sensitivity of surface
UV radiation and ozone column retrieval to ozone and tempera-
ture profiles. Journal of Geophysical Research, 105(D4):
5001-5007.

Laurion, I., W.F. Vincent and S Lean, 1997. Underwater ultraviolet
radiation: Development of spectral models for northern high lati-
tude lakes. Photochemistry and Photobiology, 65(1):107—114.

Lean, J., 2000. Evolution of the Sun’s spectral irradiance since the
Maunder minimum. Journal of Geophysical Research,
27(16):2425-2428.

Leavitt, P.R., R.D. Vinebrooke, D.B. Donald, J.P. Smol and D.W.
Schindler, 1997. Past ultraviolet radiation environments in lakes
derived from fossil pigments. Nature, 388:457-459.



Chapter 5 * Ozone and Ultraviolet Radiation

Leavitt, PR., B.F. Cumming and J.P. Smol, 2003. Climatic control of
ultraviolet radiation effects on lakes. Limnology and
Oceanography, 48(5):2062—-2069.

Lenoble, J., 1998. Modeling of the influence of snow reflectance on
ultraviolet irradiance for cloudless sky. Applied Optics,
37(12):2441-2447.

Lenoble, J., 2000. Influence of the environment reflectance on the
ultraviolet zenith radiance for cloudless sky. Applied Optics,
39:4247-4254.

Li, Z., P. Wang and ]. Cihlar, 2000. A simple and efficient method for
retrieving surface UV radiation dose rate from satellite. Journal of
Geophysical Research, 105:5027-5036.

Lindfors, A.V., A. Arola, ]. Kaurola, P. Taalas and T. Svenoe, 2003.
Long-term erythemal UV doses at Sodankyla estimated using total
ozone, sunshine duration, and snow depth. Journal of Geophysical
Research, 108(D16):10.1029/2002JD003325.

Lubin, D. and E. Morrow, 2001. Ultraviolet radiation environment of
Antarctica. 1. Effect of sea ice on top-of-atmosphere albedo and on
satellite retrievals. Journal of Geophysical Research, 106:
33453-33461.

Lubin, D., E.H. Jensen and H.P. Gies, 1998. Global surface ultraviolet
radiation climatology from TOMS and ERBE data. Journal of
Geophysical Research, 103:26061-26091.

Madronich, S.; R.L. McKenzie, L.O. Bjérn and M.M. Caldwell, 1998.
Changes in biologically active radiation reaching the Earth’s sur-
face. Journal of Photochemistry and Photobiology B, 46:5-19.

Manney, G., L. Froidevaux and J.W. Waters, 1996. Arctic ozone deple-
tion observed by URAS MLS during the 1994/95 winter.
Geophysical Research Letters, 23:85-88.

Manzini, E., B. Steil, C. Bruhl, M. Giorgetta and K. Kruger, 2002.

A new interactive chemistry climate model. 2: sensitivity of the
middle atmosphere to ozone depletion and increase in greenhouse
gases: implications for recent stratospheric cooling. Journal of
Geophysical Research, 108:10.1029/2002]JD002977.

Mayer, B. and G. Seckmeyer, 1996. All-weather comparison between
spectral and broadband (Robertson-Berger) UV measurements.
Photochemistry and Photobiology, 64(5):792—799.

Mayer, B., G. Seckmeyer and A. Kylling, 1997. Systematic long-term
comparison of spectral UV measurements and UVSPEC modeling
results. Journal of Geophysical Research, 102(D7):8755-8768.

McArthur, L.].B., V.E. Fioletov, ].B. Kerr, C.T. McElroy and D.I.
Wardle, 1999. Derivation of UV-A irradiance from pyranometer
measurements. Journal of Geophysical Research, 104(D23):
30139-30151.

McKenzie, R.L. and M. Kotkamp, 1996. Upwelling UV spectral irra-
diance and surface albedo measurements at Lauder, New Zealand.
Geophysical Research Letters, 23(14):1757-1760.

McKenzie, R.L., K.]. Paulin and S. Madronich, 1998. Effects of snow
cover on UV irradiance and surface albedo: a case study. Journal of
Geophysical Research, 103(D22):28785-28792.

McKenzie, R.L., P.V. Johnston, D. Smale, B.A. Bodhaine and S.
Madronich, 2001a. Altitude effects on UV spectral irradiance
deduced from measurements at Lauder, New Zealand, and at
Mauna Loa Observatory, Hawaii. Journal of Geophysical Research,
106(D19):22845-22860.

McKenzie, R.L., G. Seckmeyer, A.F. Bais, ].B. Kerr and S.
Madronich, 2001b. Satellite retrievals of erythemal UV dose com-
pared with ground-based measurements at northern and southern
midlatitudes. Journal of Geophysical Research, 106(D20):
24051-24062.

McKinlay, A.F. and B.L. Diffey, 1987. A reference action spectrum for
ultraviolet induced/ erythema in human skin. CIE (Commission
International de I’Eclairage) Research Note, 6(1):17-22.

McPeters, R.D., P.K. Bhartia, A.J. Krueger, J.R. Herman, B.M.
Schlesinger, C.G. Wellemeyer, C.]. Seftor, G. Jaross, S.L. Taylor,

T. Swissler, O. Torres, G. Labow, W. Byerly and R.P. Cebula, 1996.
Total Ozone Mapping Spectrometer (TOMS) Data Products User’s
Guide. NASA Ref. Publ. No 1384.

Meerkoetter, R., B. Wissinger and G. Seckmeyer, 1997. Surface UV
from ERS-2/GOME and NOAA/AVHRR data: a case study.
Geophysical Research Letters, 24:1939-1942.

Meyer-Rochow, V.B., 2000. Risks, especially for the eye, emanating
from the rise of solar UV-radiation in the Arctic and Antarctic
regions. International Journal of Circumpolar Health, 59:38-51.

Micheletti, M.I., R.D. Piacentini and S. Madronich, 2003. Sensitivity
of biologically active UV radiation to stratospheric ozone changes:
effects of action spectrum shape and wavelength range.
Photochemistry and Photobiology, 78(5):465-461.

Mims, .M. Il and J.E. Frederick, 1994. Cumulus clouds and UV-B.
Nature, 371:291.

179

Min, Q. and L. Harrison, 1998. Synthetic spectra for terrestrial ultra-
violet from discrete measurements. Journal of Geophysical
Research, 105:17,033-17,039.

Molina, M.]. and E.S. Rowland, 1974. Stratospheric sink for chloro-
fluoromethanes: chlorine atom-catalysed destruction of ozone.
Nature, 249(5460):810-812.

Montzka, S.A., ].H. Butler, R.C. Myers, T.M. Thompson, T.H.
Swanson, A.D. Clarke, L.T. Lock and ].W. Elkins, 1996. Decline
in the tropospheric abundance of halogen from halocarbons: impli-
cations for stratospheric ozone depletion. Science, 272(5266):
1318-1322.

Montzka, S.A., J.H. Butler, J.W. Elkins, T.M. Thompson, A.D. Clarke
and L.T. Lock, 1999. Present and future trends in the atmospheric
burden of ozone-depleting halogens. Nature, 398:690-694.

Montzka, S.A., J.H. Butler, B.D. Hall, D.]J. Mondeel and ].W. Elkins,
2003. A decline in tropospheric organic bromine. Geophysical
Research Letters, 30(15):doi:10.1029/2003GL017745.

Morris, D.P., H. Zagarese and C.E. Williamson, 1995. The attenua-
tion of solar UV radiation in lakes and the role of dissolved organ-
ic carbon. Limnology and Oceanography, 40(8):1381-1391.

Miiller, R., P.J. Crutzen, J.U. Gross, C. Bruhl, ].M. Russell, H.
Gernant, D.S. McKenna and A.F. Tuck, 1997. Severe chemical
loss in the Arctic during the winter of 1995-96. Nature, 389:
709-712.

Munakata, N., S. Kazadzis, A. Bais, K. Hieda, G. Ronto, P. Rettberg
and G. Horneck, 2000. Comparisons of spore dosimetry and spec-
tral photometry of solar-UV radiation at four sites in Japan and
Europe. Photochemistry and Photobiology, 72:739-745.

Nack, M.L. and A.E.S. Green, 1974. Influence of clouds, haze, and
smog on the middle ultraviolet reaching the ground. Applied
Optics, 13:2405-2415.

Nagashima, T., M. Takahashi, M. Takigawa and H. Akiyoshi, 2002.
Future development of the ozone layer calculated by a general cir-
culation model with fully interactive chemistry. Geophysical
Research Letters, 29(8) doi:10.1029/2001GL014026.

Newchurch, M.]J., E-S. Yang, D.M. Cunnold, G.C. Reinsel,

J.M. Zawodny and J.M. Russell III, 2003. Evidence for slowdown
in stratospheric ozone loss: first stage of ozone recovery. Journal
of Geophysical Research, 108(D16):4507
d0i:10.1029/2003]D003471.

Newman, P., J. Gleason, R. McPeters and R. Stolarski, 1997.
Anomalously low ozone over the Arctic, Geophysical Research
Letters, 24:2689-2692.

Nichol, S.E., G. Pfister, G.E. Bodeker, R.L. McKenzie, S.W. Wood
and G. Bernhard, 2003. Moderation of cloud reduction of UV in
the Antarctic due to high surface albedo. Journal of Applied
Meteorology, 42(8):1174—1183.

Oltmans, S.]J. and D.J. Hofmann, 1995. Increase in lower-
stratospheric water vapor at a mid-latitude Northern Hemisphere
site from 1981 to 1994. Nature, 374:146-149.

Oltmans, S.J., H. Vomel, D.]. Hofmann, K.H. Rosenlof and D. Kley,
2000. The increase in stratospheric water vapor from balloon
borne, frost point hygrometer measurements at Washington, DC,
and Boulder, Colorado. Geophysical Research Letters,
27(21):3453—-3456.

Orsolini, Y.J. and V. Limpasuvan, 2001. The North Atlantic Oscillation
and the occurrences of ozone miniholes. Geophysical Research
Letters, 28(21):4099-4102.

Pawson, S. and B. Naujokat, 1999. The cold winters in the middle
1990s in the northern lower stratosphere. Journal of Geophysical
Research, 104(D12):14209-14222.

Pawson, S., K. Kodera, K. Hamilton, (plus 37 others), 2000. The
GCM-Reality Intercomparison Project for SPARC (GRIPS): scien-
tific issue and initial results. Bulletin of the American
Meteorological Society, 81(4):781-796.

Perovich, D.K., 1993. A theoretical model of ultraviolet light trans-
mission through Antarctic sea ice. Journal of Geophysical
Research, 98:22579-22587.

Peters, D., J. Egger and G. Entzian, 1995. Dynamical aspects of ozone
mini-hole formation. Meteorology and Atmospheric Physics,
55:205-214.

Philipona, R., A. Schilling and D. Schmucki, 2001. Albedo-enhanced
maximum UV irradiance measured on a surface oriented normal
to the sun. Photochemistry and Photobiology, 73(4):366—-369.

Pitari, G. and V. Rizi, 1993. An estimate of the chemical and radiative
perturbation of stratospheric ozone following the eruption of Mt.
Pinatubo. Journal of Atmospheric Sciences, 50:3260-3276.

Pitari, G., E. Mancini, V. Rizi and D.T. Shindell, 2002. Impact of
future climate and emission changes on stratospheric aerosols and
ozone. Journal of Atmospheric Sciences, 59:414—440.



180

Portmann, R.W., S.S. Brown, T. Gierczak, R.K. Talukdar, ].B.
Burkholder and A.R. Ravishankara, 1999. Role of nitrogen oxides
in the stratosphere: A reevaluation based on laboratory data.
Geophysical Research Letters, 26:2387-2390.

Quinn, PK., T.L. Miller, T.S. Bates, J.A. Ogren, E. Andrews and G.E.
Shaw, 2002. A 3-year record of simultancously measured acrosol
chemical and optical properties at Barrow, Alaska. Journal of
Geophysical Research, 107(D11):4130,
doi:10.1029/2001]JD001248.

Randel, W.]., F. Wu, .M. Russell IIl and ]. Waters, 1999. Space-time
patterns of trends in stratospheric constituents derived from UARS
measurements. Journal of Geophysical Research, 104:3711-3727.

Randel, W.]., F. Wu and R. Stolarski, 2002. Changes in column ozone
correlated with the stratospheric EP flux. Journal of the
Meteorological Society of Japan, 80(4B):849—-862.

Randel, W.]., F. Wu, S.]. Oltmans, K. Rosenlof and G. Nedoluha,
2004. Interannual changes of stratospheric water vapor and corre-
lations with tropical tropopause temperatures. Journal of the
Atmospheric Sciences, 61:2133-2148.

Randeniya, L.K., P.F. Vohralik and I. Plumb, 2002. Stratospheric
ozone depletion at northern mid latitudes in the 21st century: the
importance of future concentrations of greenhouse gases nitrous
oxide and methane. Geophysical Research Letters, 29(4):

1051, 2002.

Reinsel, G.C., G.C.Tiao, D.]. Wuebbles, ].B. Kerr, A.]J. Miller, R.M.
Nagatani, L. Bishop and L.H.Ying, 1994. Seasonal trend analysis of
published ground-based and TOMS total ozone data through 1991.
Journal of Geophysical Research, 99:5449—-5464.

Reinsel, G.C., E. Weatherhead, G.C. Tiao, A.]. Miller, R.M. Nagatani,
D.J. Wuebbles and L.E. Flynn, 2002. On detection of turnaround
and recovery in trend for ozone. Journal of Geophysical Research,
107: 10.1029/2001JD000500.

Reuder, J., M. Dameris and P. Koepke, 2001. Future UV radiation in
Central Europe modeled from ozone scenarios. Journal of
Photochemistry and Photobiology, 61:94—105.

Rex, M., P. von der Gathen, N.R.P. Harris, B.M. Knudsen, G.O.
Brathen, H. de Backer, R. Fabian, H. Fast, M. Gil, E. Kyro, I.S.
Mikkelsen, M. Rummukainen, J. Stahelin and C. Varotsos, 1998.
In situ measurements of stratospheric ozone depletion rates in the
Arctic winter 1991/1992: a Lagrangian approach. Journal of
Geophysical Research, 103:5843-5853.

Rex, M., P. von der Gathen, G.O. Braathen, N.P.L. Harris, E. Reimer,
A. Beck, R. Alfier, R. Kruger-Carstensen, M.P. Chipperfield, H.
DeBacker, F. O’ Connor, H. Dier, V. Dorokhov, H. Fast, A. Gamma,
M. Gil, E. Kyro, Z. Litynska, I.S. Mikkelsen, M. Molyneux, G.
Murphy, S.]. Reid, M. Rummukainen, C. Zerefos, 1999. Chemical
ozone loss in the Arctic winter 1994/95 as determined by the Match
technique. Journal of Atmospheric Chemistry, 32:35-99.

Rex, M., R.]. Salawitch, N.R.P. Harris (plus 61 others), 2002.
Chemical loss of Arctic ozone. Journal of Geophysical Research,
107(D20): doi:10.1029/2001]D000533.

Rex, M., R.]. Salawitch, P. von der Gathen, N.R.P. Harris, M.P.
Chippertfield and B. Naujokat, 2004. Arctic ozone loss and climate
change. Geophysical Research Letters, 31:L04116,
doi:10.1029/2003GL0O18844.

Ricard, V., J.-L. Jaffrezo, V.-M. Kerminen, R.E. Hillamo, M. Sillanpii,
S. Ruellan, C. Liousse and H. Cashier, 2002. Two years of continu-
ous acrosol measurements in northern Finland. Journal of
Geophysical Research, 107(D11):4129-4139.

Ricchiazzi, P.J. and C. Gautier, 1998. Investigation of the effect of sur-
face heterogeneity and topography on the radiation environment of
Palmer Station, Antarctica with a hybrid 3-D radiative transfer
model. Journal of Geophysical Research, 103, 6161-6176.

Rinsland, C.P., E. Mathieu, R. Zander, N.B. Jones, M.P. Chipperficld,
A. Goldman, J. Anderson, ].M. Russell, P. Demoulin, J. Notholt,
G.C.Toon, ].F. Blavier and B. Sen, 2003. Long-term trends of inor-
ganic chlorine from ground-based infrared solar spectra: past
increases and evidence for stabilization. Journal of Geophysical
Research, 108(D8): 4252, doi:10.1029/2002]D003001.

Rosenfield, J.E., ].B. Considine, P.E. Meade, J.T. Bacmeister, C.H.
Jackman and M.R. Schoeberl, 1997. Stratospheric effects of Mount
Pinatubo acrosol studied with a coupled two-dimensional model.
Journal of Geophysical Research, 102:3649-3670.

Rosenfield, J.E., A.R. Douglas and D.B. Considine, 2002. The impact
of increasing carbon dioxide on ozone recovery. Journal of
Geophysical Research, 107(D6): doi:10.1029/2001]JD000824.

Rosenlof, K.H., S.]. Oltmans, D. Kley, ].M. Russell, E.W. Chiou, W.P.
Chu, D.G. Johnson, K.K. Kelly, H.A. Michelsen, G.E. Nedoluha,
E.E. Remsberg, G.C.Toon and M.P. McCormick, 2001.
Stratospheric water vapor increases over the past half-century.
Geophysical Research Letters, 28(7):1195—1198.

Arctic Climate Impact Assessment Report

Rozanov, E.V., M.E. Schlesinger and V.A. Zubov, 2001. The University
of Illinois at Urbana-Champaign three-dimensional stratosphere-
troposphere general circulation model with interactive ozone pho-
tochemistry: fifteen-year control run climatology. Journal of
Geophysical Research, 106:27233-27254.

Rozema, J., B. van Geel, L. Bjorn, J. Lean and S. Madronich, 2002.
Toward solving the UV Puzzle. Science, 296:1621-1622.

Russell, ].M.; M.Z. Luo and R.]. Cicerone, 1996. Satellite confirma-
tion of the dominance of chlorofluorocarbons in the global strato-
spheric chlorine budget. Nature, 379(6565):526-529.

Schmidt, U. and A. Khedim, 1991. In situ measurements of carbon
dioxide in the winter Arctic vortex and mid-latitudes — an indicator
of the age of stratospheric air. Geophysical Research Letters,
18(4):763-766.

Schmucki, D., S. Voigt, R. Philipona, C. Frohlich, J. Lenoble,

A. Ohmura and C. Wehrli, 2001. Effective albedo derived from UV
measurements in the Swiss Alps. Journal of Geophysical Research,
106(D6):5369-5383.

Schnadt, C. and M. Dameris, 2003. Relationship between North
Atlantic Oscillation changes and stratospheric ozone recovery in
the Northern Hemisphere in a chemistry-climate model.
Geophysical Research Letters, 30(9): 1487,
doi:10.1029/2003GL017006.

Schnadt, C., M. Dameris, M. Ponater, R. Hein, V. Grewe and B. Steil,
2002. Interaction of atmospheric chemistry and climate and its
impact on stratospheric ozone. Climate Dynamics, 18:501-517.

Schulz, A., M. Rex, ]. Steger (plus 27 others), 2000. Match observa-
tions in the Arctic winter 1996/97: high stratospheric ozone loss
rates correlate with low temperatures deep inside the polar vortex.
Geophysical Research Letters, 27:205-208.

Scully, N.M. and D.S. Lean, 1994. The attenuation of ultraviolet radia-
tion in temperate lakes. Archiv fiir Hydrobiologie, 43:135—144.
Seckmeyer, G., A. Albold and R. Erb, 1996. Transmittance of a cloud is
wavelength-dependent in the UV-range. Geophysical Research

Letters, 23(20):2753—2755.

Seckmeyer, G., A. Bais, G. Bernhard, M. Blumthaler, C.R. Booth,

P. Disterhoft, P. Eriksen, R.L. McKenzie, M. Miyauchi and C. Roy,
2001. Instruments to measure solar ultraviolet radiation. Part 1:
Spectral instruments. Global Atmospheric Watch Publication No.
125, WMO TD No. 1066. World Meteorological Organization.

Shaw, G.E., 1985. On the climatic relevancy of Arctic haze: static
energy balance considerations. Tellus B, 37(1):50-52.

Shaw, G.E., 1995. The Arctic haze phenomenon. Bulletin of the
American Meteorological Society, 76:2403-2413.

Shepherd, T.G., 2000. The middle atmosphere. Journal of Atmospheric
and Terrestrial Physics, 62:1587-1601.

Shindell, D.T., 2001. Climate and ozone response to increased strato-
spheric water vapor. Geophysical Research Letters, 28:1551-1554.

Shindell, D.T. and V. Grewe, 2002. Separating the influence of halogen
and climate changes on ozone recovery in the upper stratosphere.
Journal of Geophysical Research, 107(D12):
d0i:10.1029/2001JD000420.

Shindell, D.T., D. Rind and P. Lonergan, 1998a. Climate change and
the middle atmosphere: Part IV: ozone response to doubled CO,.
Journal of Climate, 11(5):895-918.

Shindell, D.T., D. Rind and P. Lonergan, 1998b. Increased polar strato-
spheric ozone losses and delayed eventual recovery owing to
increasing greenhouse gas concentrations. Nature, 392:589-592.

Slaper, H., G.]J.M. Velders, ].S. Daniel, F.R. deGruijl and J.C.
vanderLeun, 1996. Estimates of ozone depletion and skin cancer
incidence to examine the Vienna Convention achievements. Nature,
384(6606):256-258.

Sliney, D.H., 1986. Physical factors in cataractogenesis: ambient ultra-
violet radiation and temperature. Investigative Ophthalmology and
Visual Science, 27:781-790.

Sliney, D.H., 1987. Estimating the solar ultraviolet radiation exposure
to an intraocular lens patient. Journal of Cataract and Refractive
Surgery, 13:269-301.

Sliney, D.H., 2001. Photoprotection of the eye — UV radiation and
sunglasses. Photochemistry and Photobiology, 64:166—175.

Slusser, J., W. Gao and R. McKenzie, 2002. Advances in UV ground-
and space-based measurements and modeling. Optical Engineering,
41(12):3006—3007.

Smith, R.C. and K.S. Baker, 1979. Penetration of UV-B and biological-
ly effective dose rates in natural water. Photochemistry and
Photobiology, 29(2):311-323.

Smyshlyaev, S.P., V.L. Dvortsov, M.A. Geller and V. Yudin, 1998.

A two-dimensional model with input parameters from a general
circulation model: ozone sensitivity to different formulations for
the longitudinal temperature variation. Journal of Geophysical
Research, 103:28373-28387.



Chapter 5 * Ozone and Ultraviolet Radiation

Solomon, S., 1999. Stratospheric ozone depletion: a review of con-
cepts and history. Reviews of Geophysics, 37:275-316.

Solanki, S. andY. Unruh, 1998. A model of the wavelength depend-
ence of solar irradiance variations. Astronomy and Astrophysics.
329:747-753.

Stachelin, J., J. Mader, A.K. Weiss and C. Appenzeller, 2002. Long-
term trends in Northern mid-latitudes with special emphasis on
the contribution of changes in dynamics. Physics and Chemistry of
the Earth, 27(6-8):461 469.

Stamnes, K., K Henriksen and P. Ostensen, 1988. Simultaneous
measurement of UV radiation received by the biosphere and total
ozone amount. Geophysical Research Letters, 15:4418-4425.

Steil, B., M. Dameris, C. Bruhl, P.J. Crutzen, V. Grewe, M. Ponater
and R. Sausen, 1998. Development of a chemistry module for
GCMs: first results of a multiannual integration. Annales
Geophysicae, 16(2):205-208.

Steil, B., C. Bruhl, E. Manzini, P.J. Crutzen, ]. Lelieveld, P.]. Rasch,
E. Roeckner and K. Kruger, 2003. A new interactive chemistry
climate model. 1: Present day climatology and interannual vari-
ability of the middle atmosphere using the model and 9 years of
HALOE/UARS data. Journal of Geophysical Research,
108:10.1029/2002JD002971.

Stenke, A. and V. Grewe, 2003. Impact of ozone mini-holes on the
heterogeneous destruction of stratospheric ozone. Chemosphere,
50(2):177-190.

Stone, R.S., E.G., Dutton, J.M. Harris and D. Longenecker, 2002.
Earlier spring snowmelt in northern Alaska as an indicator of cli-
mate change. Journal of Geophysical Research, 107(D10):
10.1029/2000]D000286.

Stordal, F., [.S.A. Isaksen and K. Horntveth, 1985. A diabatic circula-
tion two-dimensional model with photochemistry: simulations of
ozone and long-lived tracers with surface sources. Journal of
Geophysical Research, 90:5757-5776.

Taalas, P., J. Kaurola, A. Kylling, D. Shindell, R. Sausen, M. Dameris,
V. Grewe, J. Herman, J. Damski and B. Steil, 2000. The impact of
greenhouse gases and halogenated species on future solar UV radi-
ation doses. Geophysical Research Letters, 27:1127-1130.

Tabazadeh, A., M.L. Santee, M.Y. Danilin, H.C. Pumphrey, P.A.
Newman, P.J. Hamill and J.L. Mergenthaler, 2000. Quantifying
denitrification and its effect on ozone recovery. Science, 288:
1407—-1411.

Tabazadeh, A, K. Drdla, M.R. Schoeberl, P. Hamill and O.B. Toon,
2002. Arctic ‘ozone hole’ in a cold volcanic stratosphere.
Proceedings of the national Academy of Sciences of the United
States of America, 99(5):2609-2612.

Takigawa, M., M. Takahashi and H. Akiyoshi, 1999. Simulation of
ozone and other chemical species using a Center for Climate
Systems Research/National Institute for Environmental Studies
atmospheric GCM with coupled stratospheric chemistry. Journal
of Geophysical Research, 104:14003—-14018.

Tanskanen, A., A. Arola and J. Kujanpéd, 2003. Use of the moving
time-window technique to determine surface albedo from TOMS
reflectivity data. In: Proceedings of the International Society for
Optical Engineering Vol. 4896.

Tarasick, D.W., V.E. Fioletov, D.I. Wardle, J.B. Kerr, J.B. McArthur
and C.A. McLinden, 2003. Climatology and trends in surface UV
radiation survey article. Atmosphere-Ocean, 41(2) 121-138.

Thiel, S., K. Steiner and H.K. Seidlitz, 1997. Modification of global
erythemal effective irradiance by clouds. Photochemistry and
Photobiology, 65(6):969-973.

UNEP, 1998. Environmental Effects of Ozone Depletion. United
Nations Environment Programme.

UNEP, 2003. Environmental Effects of Ozone Depletion: 2002
Assessment. Photochemistry and Photobiology, 2:1-72. United
Nations Environment Programme

Van der Leun, J.C.,Y. Takizawa and ].D. Longstreth, 1989. Human
Health. In: Environmental Effects Panel Report. United Nations
Environment Programme, 19pp.

Velders, G.J.M., 1995. Scenario Study of the Effects of CFC, HCFC,
and HFC Emissions on Stratospheric Ozone. RIVM Report
722201006, National Institute of Public Health and the
Environment, Netherlands.

Verdebout, J., 2000. A method to generate surface UV radiation maps
over Europe using GOME, Meteosat, and ancillary geophysical
data, Journal of Geophysical Research, 105:5049—-5058.

Volk, C.M., ].W. Elkins, D.W. Fahey, G.S. Dutton, ].M. Gilligan,

M. Loewenstein, ].R. Podolske, K.R. Chan and M.R. Gunson,
1997. Evaluation of source gas lifetimes from stratospheric
observations. Journal of Geophysical Research,

102(D21):25543-25564.

181

Wamsley, PR., J.W. Elkins, D.W. Fahey, G.S. Dutton, C.M. Volk, R.C.
Myers, S.A. Montzka, J.H. Butler, A.D. Clarke, P.]. Fraser, L.P.
Steele, M.P. Lucarelli, E.L. Atlas, S.M. Schauffler, D.R. Blake, F.S.
Rowland, R.M. Stimpfle, K.R. Chan, D.K. Weisenstein and
M.K.W. Ko, 1998. Distribution of halon-1211 in the upper tropo-
sphere and lower stratosphere and the 1994 total bromine budget.
Journal of Geophysical Research, 103(D1):1513—1526.

Wang, P., Z. Li and ]. Cihlar, 2000. Validation of an UV inversion algo-
rithm using satellite and surface measurements. Journal of
Geophysical Research, 105:5037-5048.

Waugh, D.W,, W]J. Randel, S. Pawson, P.A. Newman and E.R. Nash,
1999. Persistence of the lower stratospheric polar vortices. Journal
of Geophysical Research, 104:27,191-27,201.

Waugh, D.W.,, D.B. Considine and E.L. Fleming, 2001. Is upper
stratospheric chlorine decreasing as expected? Geophysical
Research Letters, 28(7):1187-1190.

Weatherhead, E.C. (Ed.), 1998. Climate change, ozone, and ultravio-
let radiation. In: AMAP Assessment Report: Arctic Pollution Issues,
pp- 717-774. Arctic Monitoring and Assessment Programme, Oslo.

Weatherhead, E.C., G.C.Tiao, G.C. Reinsel, J.E. Frederick, ].]J.
DeLuisi, D. Choi and W.K. Tam, 1997. Analysis of long-term behav-
ior of ultraviolet-B radiation measured by Robertson-Berger
meters at 14 sites in the United States. Journal of Geophysical
Research, 102(D7):8737-8754.

Weatherhead, E.C., G.C. Reinsel, G.C. Tiao, J.E. Frederick, X.L.
Meng, D. Choi, W.K. Cheang, T. Keller, J. DeLuisi, D. Wuebbles,

J. Kerr and A.]. Miller, 1998. Factors affecting the detection of
trends: statistical considerations and applications to environmental
data. Journal of Geophysical Research, 103(D14):17,149—17,161.

Weatherhead, E.C., G.C. Reinsel, G.C. Tiao, C.H. Jackman,

L. Bishop, S.M. Hollandsworth Frith, ]J. DeLuisi, T. Keller, S.J.
Oltmans, E.L. Fleming, D.]. Wuebbles, ].B. Kerr, A.]. Miller,

J. Herman, R. McPeters, R.M. Nagatani and J.E. Frederick, 2000.
Detecting the recovery of total column ozone. Journal of
Geophysical Research, 105:22201-22210.

Webb, A.R., P. Weihs and M. Blumthaler, 1999. Spectral UV irradiance
on vertical surfaces: a case study. Photochemistry and
Photobiology, 69:464-470.

Webb, A.R., A.F. Bais and M. Blumthaler, 2002. Measuring spectral
actinic flux and irradiance: experimental results from the Actinic
Flux Determination from Measurements of Irradiance (ADMIRA)
project. Journal of Atmospheric and Oceanic Technology,
19(7):1049-1062.

Weisenstein, D.K., M.K.W. Ko, I.G. Dyominov, G. Pitari, L.
Ricciardulli, G. Visconti and S. Bekki, 1998. The effects of sulphur
emissions from HSCT aircraft: A 2-D model intercomparison.
Journal of Geophysical Research, 103:1527-1547.

Wester, U., 1997. A portable lamp system circulated between Nordic
solar UV laboratories. In: B. Kjeldstad, B. Johnsen and T. Koskela
(eds.). The Nordic Intercomparision of Ultraviolet and Total Ozone
Instruments at Izana, Oct. 1996: Final Report, pp. 25—42.
Yliopistopaino, Helsinki.

Wetzel, M.A., G.E. Shaw, J.R. Slusser, R.D. Borys and C.F. Cahill,
2003. Physical, chemical, and ultraviolet radiative characteristics of
aerosol in central Alaska. Journal of Geophysical Research,
108:10.1029/2002]D003208.

WHO, 2002. Global Solar UV Index: A Practical Guide. A joint
recommendation of the World Health Organization, World
Meteorological Organization, United Nations Environment
Programme, and the International Commission on Non-Ionizing
Radiation Protection.

WMO, 1989. Scientific Assessment of Stratospheric Ozone: 1989.
Global Ozone Research and Monitoring Project, Report No. 20,
vol. 1, World Meteorological Organization, 387pp.

WMO, 1990. Report of the International Ozone Trends Panel: 1988.
Global Ozone Research and Monitoring Project, Report No. 18,
World Meteorological Organization.

WMO, 1992. Scientific Assessment of Ozone Depletion, 1991. WMO
Ozone Report 25, World Meteorological Organization.

WMO, 1995. Scientific Assessment of Ozone Depletion: 1994. WMO
Ozone Report 37, World Meteorological Organization.

WMO, 1999. Scientific Assessment of Ozone Depletion: 1998. WMO
Ozone Report 44, World Meteorological Organization.

WMO, 2003. Scientific Assessment of Ozone Depletion: 2002. Global
Ozone Research and Monitoring Project — Report No. 47. World
Meteorological Organization Geneva, 498pp.

Woyke, T., R. Miiller, F. Stroh, D.S. McKenna, A. Engel, J.]. Margitan,
M. Rex and K.S. Carslaw, 1999. A test of our understanding of the
ozone chemistry in the Arctic polar vortex based on in situ meas-

urements of ClO, BrO and O, in the 1994/1995 winter. Journal of
Geophysical Research, 104:18755—18768.



182

Wouebbles, D.]., K.O. Patten, M.T. Johnson and R. Kotamarthi, 2001.

New methodology for Ozone Depletion Potentials of short-lived
compounds: n-propyl bromide as an example. Journal of
Geophysical Research, 106(D13):14551-14571.

Yang, P.C., X.]. Zhou and J.C. Bien, 2000. A nonlinear regional
prediction experiment on a short-range climate process of the
atmospheric ozone. Journal of Geophysical Research, 105(D10):
12253-12258.

Zander, R., E. Mahieu and M.R. Gunson, 1996. The 1994 northern
mid latitude budget of stratospheric chlorine derived from
ATMOS/ATLAS-3 observations. Geophysical Research Letters,
23(17):2357-2360.

Zhou, S.T., M.E. Gelman, A.]. Miller and ].P. McCormack, 2000.
An inter-hemisphere comparison of the persistent stratospheric
polar vortex. Geophysical Research Letters, 27(8):1123—1126.

Ziemke, J.R., S. Chandra and ]. Herman, 2000. Erythemally weight-
ed UV trends over northern latitudes derived from Nimbus 7
TOMS measurements. Journal of Geophysical Research,
105(D6):7373-7382.

Arctic Climate Impact Assessment Report



	Summary
	5.1. Introduction
	5.2. Factors affecting arcti...
	5.2.1. Halogens and trace gases
	5.2.2. Arctic ozone depletio...
	5.2.3. Large-scale dynamics ...

	5.3. Long-term change and va...
	5.3.1. Monitoring stratosphe...
	5.3.2. Total column ozone on...
	5.3.3. Total column ozone tr...
	5.3.4. Variations in arctic ...
	5.3.5. Ozone profiles

	5.4. Factors affecting surfa...
	5.4.1. Extraterrestrial sola...
	5.4.2. Solar zenith angle
	5.4.3. Ozone levels
	5.4.4. Clouds
	5.4.5. Aerosols
	5.4.6. Altitude
	5.4.7. Surface albedo
	5.4.8. Snow and ice cover
	5.4.9. Water quality
	5.4.10. Receptor orientation

	5.5. Long-term change and va...
	5.5.1. Ground-based measurem...
	5.5.2. Reconstructed time se...
	5.5.3. Surface estimates fro...

	5.6. Future changes in ozone
	5.6.1. Considerations for pr...
	5.6.2. The role of climate c...
	5.6.3. Projected changes in ...

	5.7. Future changes in ultra...
	5.8. Gaps in knowledge, futu...
	References

