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Abstract. We have estimated changes in surface solar ul-has been depleted the most after 1980. Between 2000 and
traviolet (UV) radiation under cloud free conditions in the 2100 surface erythemal irradiance is projected to decrease
21st century based on simulations of 11 coupled Chemistry-over midlatitudes by 5 to 15%, while at the southern high lati-
Climate Models (CCMs). The total ozone columns and ver-tudes the decrease is twice as much. In this study we have not
tical profiles of ozone and temperature projected from CCMsincluded effects from changes in cloudiness, surface reflec-
were used as input to a radiative transfer model in ordertivity and tropospheric aerosol loading, which will likely be

to calculate the corresponding erythemal irradiance levelsaffected in the future due to climate change. Consequently,
Time series of monthly erythemal irradiance received at theover some areas the actual changes in future UV radiation
surface during local noon are presented for the period 1960@nay be different depending on the evolution of these param-
t0 2100. Starting from the first decade of the 21st century, theeters.

surface erythemal irradiance decreases globally as a result of
the projected stratospheric ozone recovery at rates that are

larger in the first half of the 21st century and smaller towards1 Introduction
its end. This decreasing tendency varies with latitude, be-

ing more pronounced over areas where stratospheric OZON& the past three decades, stratospheric ozone depletion has

been a high priority environmental concern, due to the con-
sequent increase in solar ultraviolet radiation reaching the

Correspondence tdK. Tourpali earth’s surface (e.g., Herman et al., 1999; Kerr et al., 2003),
BY (tourpali@auth.gr) and related skin cancer risks (e.g., Slaper et al., 1996). The
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variability of surface UV radiation in the past has been ex- provide zonal-mean ozone and temperature profiles and total
tensively investigated using both measured and reconstructeszone column, for the entire globe for UV irradiance calcula-
records (e.qg., Lindfors et al., 2007; Lindfors and Vuilleumier, tions (Eyring et al., 2005a, b, 2007). The CCMVal standard
2005; Feister et al., 2008; den Outer et al., 2005; Krzyscinoutput of these reference simulations did not include infor-
et al., 2004; Rieder et al., 2008; Chubarova, 2008), show-mation on clouds. Greenhouse gases (GHGS) in the simu-
ing increasing of UV irradiance in response to the observedations followed the IPCC (Intergovernmental Panel on Cli-
ozone reductions in the 1980s and 1990s. Recent observanate Change) SRES (Special Report on Emission Scenar-
tions suggest that the concentration of ozone depleting subios) (IPCC, 2002) A1B (medium) scenario and surface halo-
stances in the atmosphere have started to decrease as a regédhs were prescribed according to the Ab scenario of WMO
of the measures taken under the Montreal Protocol and it$2003). Sea surface temperatures (SSTs) and sea ice concen-
Amendments and Adjustments (WMO, 2007). Future levelstrations in the CCM simulations were taken from coupled
of surface UV radiation will depend on the evolution of var- atmosphere-ocean model projections using the same GHG
ious factors, known to influence the propagation of solar UV scenario. REF2 includes only anthropogenic forcings, while
radiation in the atmosphere. Some of these factors, such agatural forcings, such as solar variability, were not gener-
ozone, clouds, and surface reflectivity are included in stanally included, and no external forcing was employed to en-
dard output products of coupled Chemistry-Climate Modelsforce the quasi biennial oscillation (QBO) in CCMs lacking
(CCMs) (e.g., Eyring et al., 2006, 2007). The prediction the capability of simulating the QBO as an internal mode of
of future aerosol levels and their optical characteristics arevariability. However, AMTRAC and E39C models include
also very important for the attenuation of UV radiation, but future solar forcing and E39C includes also an externally
this is more complex and a topic of ongoing research. Un-forced QBO. Basic information on the CCMs considered in
der cloud free skies, the most important factors affecting UVthis study is given in Table 1, and further details are given in
radiation are stratospheric ozone, followed by tropospheriadhe listed reference for each model. For two models, there
ozone and aerosols and, to a lesser extent, @, and are differences from the description of the runs as given in
other trace gases in the atmosphere of urban areas. The dtyring et al. (2007): (a) the run from CCSRNIES model has
fects of ozone depend on its column abundance, but also oheen extended until 2100, and (b) the MRI model group pro-
its vertical distribution and the corresponding temperature avided new runs, extended until 2080, with improved trans-
each level (Lapeta et al., 2000; Kazantzidis, 2005; McKenzieport of chemical species (Shibata and Deushi, 2008).
et al., 2003; Bruhl and Crutzen, 1989). Prediction of future Each model provided simulated monthly mean results on
surface UV levels can be achieved through radiative transdifferent grids. The results were linearly interpolated to a
fer model calculations using the above-mentioned factors astandard 5x5° grid, which was used in the radiative trans-
input (Bais et al., 2007). Erythemally weighted irradiance fer model calculations of surface UV irradiance. All mod-
(McKinlay and Diffey, 1987) is here chosen as a suitable pa-els resolve the atmosphere at up to the lower mesosphere or
rameter to quantify future UV levels. The quantity dependshigher, except E39C which resolves the atmosphere only up
on irradiance over a broad spectral region in the ultravioletto 10 hPa. For this model, the temperature and ozone pro-
and provides a direct link to the harmful biological effects of files for the region above the 10 hPa level were taken from
UV radiation. the AFGL model atmosphere (Anderson et al., 1986) for the
In order to simulate surface erythemal irradiance fields forappropriate latitude and season. The upward extended ozone
the 21st century, we use here monthly mean total ozone angrofiles of E39C were scaled to match the total ozone column
zonal-mean vertical profiles of ozone and temperature as prosimulated by this model in each grid point and month.
jected by the CCMs which participated in the CCM Valida-  For the UV irradiance calculations we used the UVSPEC
tion Activity (CCMVal) for the WCRP’s (World Climate Re- model of the libRadtran package (Mayer and Kylling, 2005)
search Programme) of SPARC (Stratospheric Processes andth the DISORT solver running with 6 streams (Stamnes
their Role in Climate project). All irradiance simulations and Swanson, 1981; Stamnes et al., 1988). Surface UV re-
have been carried out assuming cloud free skies, since, dtectivity was set to 0.05, except for the polar regions where
present, information about the future levels of the other UVit was set to 0.7. For the aerosol optical depth, the default
influencing factors is either uncertain (e.g., clouds) or notprofile by Elterman (1968) was used. This profile results in
available in a form that could be used in radiative transfera columnar optical depth of 0.38 at 340 nm, which is cer-
calculations (e.g., cloud and aerosol optical thickness in thdainly not appropriate for all locations and for the future at-
ultraviolet at different altitudes). mosphere, but is more realistic than assuming an atmosphere
free of aerosols. It should be noted that there is no quan-
titative information on the evolution of tropospheric aerosol
2 Methodology and data loading in the 21st century, an issue that was not addressed
in the CCMVal simulations used here. Consequently, in the
Eleven CCMs (see Table 1) which took part in the CCMVal CCM runs it was assumed that the stratospheric aerosol pro-
reference simulations for the future (“REF2") were used tofile will remain constant at 1999 levels, when the volcanic
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Table 1. A summary of the Climate Chemistry Models used in this study.

Nameof model Domain/resolution No/type of  Period of References
model runs  simulation
AMTRAC 2°x2.5°, 148, 0.0017 hPa 3xREF2 1990-2099 Austin and Wilson (2006); Austin et al. (2007)
CCSRNIES T42,134,0.01hPa 1xREF2 1980-2100 Akiyoshi et al. (2004); Shiogama et al. (2005);
Kurokawa et al. (2005)

CMAM T32,L71, 0.0006 hPa 3xREF2 1960-2099 de Gragdpial. (2000); Beagley et al. (1997)
E39C T30, L39, 10 hPa 3xSCN2 2000-2019 Dameris et al. (2005, 2006)
GEOSCCM 2°x2.5°, L55, 0.01 hPa 1xREF2 2000-2099 Stolarski et al. (2006); Pawson et al. (2008)
MAECHAM4/CHEM T30, L39, 0.01 hPa 1xREF2 2000-2019 Manzini et al. (2003); Steil et al. (2003)
MRI T42,168, 0.01hPa 1xREF2 1980-2080 Shibata et al. (2005); Shibata and Deushi (2005)
SOCOL T30, L39, 0.01hPa 1xREF2 1980-2050 Rozanov et al. (2005); Egorova et al. (2005)
ULAQ 10°x22.5°, L26, 0.04 hPa 1xREF2 1980-2050 Pitari et al. (2002)
UMSLIMCAT 2.5°x3.75°, L64, 0.01 hPa 1xREF2 1980-2019 Tian and Chipperfield (2005)
WACCM (v.3) 4 x5°, 166,4.5x10-6hPa 3xREF2 1980-2050 Garcia et al. (2007)

influencehad declined, to the end of the simulations. In this ] ‘ e (0) 55N 25N

study we are primarily concerned with relative changes in
erythemal irradiance throughout the 21st century which are:
practically unaffected when constant aerosols are used for;
the entire period in the UV simulations. However, future
(unpredicted) volcanic eruptions could in practice have im-
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and, MAECHAM4/CHEM), we calculated the 6-year aver- A s e A

1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100

age from 2000 through 2005. Finally, when there were more
than one simulations available for a particular model (i.e. _. ) _ o
AMTRAC, E39C, CMAM and WACCM) the ensemble av- Fig. 1. Time series pf annually averaged surface.erythemal irradi-
o ance changes relative to the mean over the period 1996-2005, as

erage \{vas calculated from the individual runs C?f thqt model. zonal means for five latitude belts denoted on each panel. Lines of

In th's study we focus on future surfacg UV irradiance aS gifferent colours correspond to calculations based on results from
a relative rather than absolute change, since the absolute t@yferent cCMs (indicated with the same colour in the right-middle
tal ozone is slightly different for each CCM (for details see panel. The suffix “e” in the model names indicates ensemble means
Eyring et al., 2007). This therefore demonstrates the relativgaverage of multiple runs). The black line represents the average
effect on UV radiation of changes in ozone, as changes irchange from all models.
the other major factors, such as clouds, aerosol and surface
reflectivity, are not included in the calculations.

3 Results

Figure 1 shows annually and zonally averaged changes in
surface erythemal irradiance relative to the average of the
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Fig. 2. Same as Fig. 1 but for total column ozone simulated by the Year

CCMs used in this study.
Fig. 3. Same as Fig. 1 but for erythemal irradiance changes av-
eraged for October and November and for the two most southern
period 1996—2005 for the latitude belts*T™6-55" N, 55° N— latitude belts, 55S-75 S (top) and 75S-9C S (bottom).
25° N, 25°N-25"S, 25 S-55 S, and 583S-75 S, repre-
senting the high and the middle latitudes of the two hemi-
spheres and the tropics. The changes are shown as annualryg magnitude of the calculated changes in erythemal ir-

means in order to eliminate the short term variability caused,, jiance varies significantly, as a result of the variations in
by the seasonal variations of the simulated ozone. the predicted ozone columns from the CCMs. After the first

The erythemal irradiance under cloud-free skies starts 1q, . arter of the 21st century the calculated relative changes
decrease after the first two decades of the 21st century, W'tgtart to diverge among the models, especially after 2050

higher rate; in the high latitudes of both hemispheres, reﬂect\-Nhen results from only four models (two with multiple runs)
ing the projected ozone recovery for the next few decades, o ayaiable. The projected reduction of erythemal irradi-

shown in Fig. 2 and discussed in detail in Eyrin_g etal. (2007).4nce towards 2100 ranges between 5% and 15% for midlati-
The changes in ozone have been calculated in the same Wayyes and is only a few percent in the tropics. At the southern

as the changes in UV irradiance. In the tropics, the erythemaf,ion |atitudes the reductions are about twice as large, ranging
irradiance changes are smaller in absolute value but still Negrom about 10% to 25%.

ative. The highest UV levels have been calculated for the ) ) ) )
period 1990-2010, when the simulated ozone has reached its 1N€ €volution of the erythemal irradiance changes in the

minimum. The negative relative changes of iradiance dur-two southernmost latitude belts averaged over the months of

ing the 1980s and early 1990s suggest that total ozone, aQctoberan_d November is shown in Fig. 3.. During this season
simulated by the CCMs, had not reached its minimum un-the Antarctic ozone hole reaches its maximum in area and in-
til early 2000s. These changes in irradiance for the northerr€NSity: The simulated ozone columns from all CCMs show
middle and high latitudes are generally smaller thé&¥ per & marked interannual variability at these latitudes, hence the
decade, and they are in accordance with the changes report&ythemal irradiance presents a similarly high interannual
for various locations over Europe from measured or recon-yariability. In the 53-75’S belt, the predicted erythemal

structed irradiance data (e.g., Krzyscin et al., 2004 Lindfors/Tadiance changes are negative for all models after about

etal., 2007; den Outer et al., 2005; Feister et al., 2008: Riedef020, réaching on the averag@5% in 2100. At the south-
et al., 2008; Chubarova, 2008). ernmost belt (75-90° S) the relative changes are negative for

all models about 10 years later than in midlatitudes, and are
larger in magnitude (~—40% in 2100). During this season,
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— OO o 3353" e aAREL e mistet ChanG 2099 (right panel) relative to the 1996—-2005 average as a function
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50 the local noon of the 15th of each month and under cloud free skies
_ (b) 75°N - 55°N and reflect the predicted changes in total ozone by the CCMs. The
8z 25| model results included in each panel are dependent on the simula-
%g i tion period covered by each model (Table 1).
E3
E S
3] . .
}i’g which the three different ensemble members result from the
EE forcing by different SSTs, as well as for AMTRAC, E39C
5 and WACCM, where the three different ensemble members
<50 e

1050 1980 2000 2020 2040 2060 2080 2100 result from different initial states.
Year Figure 5 shows the change in the clear-sky erythemal irra-
diance averaged over three decades (2010-2019, 2040-2049
Fig. 4. Same as Fig. 1 but for erythemal irradiance changes averand 2090-2099) of the 21st century relative to the 1996—2005
aged for March and April and for the two most northern latitude 5yerage as a function of season and latitude, averaged over all
belts, 73 N-9G° N (top) and 53N-75" N (bottom). the models. In the 2010s, the changes relative to the period
1996-2005 are predicted to be small (of the order of 1-2%),

the variability for the other latitude belts (not shown here) is @nd only in the Southern Hemisphere spring there are signs
much smaller, i.e. similar to the annual patterns presented if greater reductions. In the 2040s and particularly in the
Fig. 1. All these changes in erythemal irradiance reflect the2090s, erythemal irradiance is calculated to be lower than in
corresponding changes in the simulated ozone fields. the 1996-2005 decade over all latitudes for the entire calen-
In Fig. 4 the relative changes in surface erythemal irradi-dar year. The smallest changes, of the order of a few percent,
ance for the northern high and polar latitudes and for late@"® predicted for the tropical region while more pronounced
winter — early spring months (March—April) are presented cha}nges occur in hlgher latitudes. The.Antarctlc_regmn.ex-
(note the different ordinates between Figs. 2 and 3). Againibits the largest reduction, up to 47%, in the spring period.
the inter-annual variability of the ozone field simulated by All these reductions are a result of the projected recovery of
each CCM is large, especially in the polar regions and es{he ozone layer.
pecially for the MRI model. Nevertheless the variability is
smaller than in the Southern Hemisphere. The pronounced Discussion and conclusions
decrease in UV irradiance is attributed to the predicted ozone
recovery from about the mid 2020s, earlier than in the South4dn all the calculations presented here we have used total
ern Hemisphere. These changes are about half those in ttezone data together with the vertical ozone and temperature
Southern Hemisphere (Fig. 3). distribution provided by the CCMs. However, even if we
In the case of ensemble simulations, as made by the AMhad used only the total ozone and constant ozone profiles
TRAC, E39C, CMAM and WACCM models, the variability from AFGL scaled to match the temporally varying ozone
between the ensemble members is large in the polar regiongplumns, the results would have been very similar to those
mainly in the late winter — early spring months, such as Octo-discussed above, at least outside the polar regions. In the
ber in the Southern and March in the Northern Hemispherepolar regions, the difference is of the order of a few percent,
This variability, suppressed in the annual or seasonal averreflected mostly in the year-to-year variability of each model.
ages, remains large until about the mid 2030s and is reduced@he negative correlation between total ozone and surface UV
afterwards. However, the spread between ensemble memrradiance is so high, that total ozone might be viewed as the
bers of any model used in ensemble mode is smaller thamost important component in predicting future UV irradi-
the spread among all the models. This holds for CMAM, for ance levels under clear skies and constant aerosol loading.
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would result in a decrease of surface UV radiation over these sjusser, J. R., and Zerefos, C.: Surface ultraviolet radiation: Past,
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surface erythemal irradiance due to changes in ozone. Sur- Assessment of Ozone Depletion: 2006, Global Ozone Research
face reflectivity enhances the upwelling radiation, part of and Monitoring Project, Report No. 47, World Meteorological
which is backscattered by air molecules towards the surface, Organization, 58, 2007.
thus increasing the irradiance at the surface and over ared&€29'®, S. R., Grandg#, J. D., Koshyk, J. N., McFarlane, N. A.,
within several kilometres. and Shepherd, T. G.: Radiative- dynamical climatology of the
In conclusion, the projected recovery of the ozone layer giggsngéatz'gg gggaiﬂg;?Mlddle Atmosphere Model, Atmos.
during thg 21st century In Conjunctlon with the expgcted Briihl, C. and Crutzen, P. J.: On the disproportionate role of tropo-
changes in other UV |anuen9|ng factors due to climate spheric ozone as a filter against solar UV-B radiation, Geophys.
changes are expected to modify accordingly the erythemal Reg | ett., 16(7), 703-706, 1989.
solar irradiance at the Earth's surface. In general decreaseshubarwa, N. Y.: UV variability in Moscow according to long-
are largest in areas where the ozone depletion has been mostierm UV measurements and reconstruction model, Atmos.
pronounced, such as over Antarctica. The calculated UV Chem. Phys., 8, 3025-3031, 2008,
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