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28 Abstract. This study analyses the variability and trends of ultraviolet-B (UV-B, wavelength 280-320 nm)
29 radiation that can cause DNA damage, which are caused by climate change due to enhanced greenhouse gas
30 (GHG) concentrations. The analysis is based on DNA active irradiance, total ozone, total cloud cover, and
31 surface albedo calculations with the EMAC Chemistry-Climate Model (CCM) free running simulations
32 following the RCP-6.0 climate scenario for the period 1960-2100. The model output is evaluated with DNA
33 active irradiance ground-based measurements, satellite SBUV (v8.7) total ozone measurements and satellite
34  MODIS/Terra cloud cover data. The results show that the model reproduces the observed variability and
35  change of total ozone, DNA active irradiance, and cloud cover for the period 2000-2018 quite well. Between
36 50° N-50° S, the DNA-damaging UV radiation is expected to decrease until 2050 and to increase thereafter,
37  as it was shown previously by Eleftheratos et al. (2020). This change is associated with decreases in the
38  model total cloud cover and insignificant trends in total ozone after about 2050. The new study confirms the
39  previous work by adding more stations over low and mid-latitudes (13 instead of 5 stations). In addition, we
40 include estimates from high latitude stations with long-term measurements of UV irradiance (2 stations in
41 the northern high latitudes and 4 stations in the southern high latitudes greater than 55°). In contrast to the
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42 predictions for 50° N-50° S, it is shown that DNA active irradiance will continue to decrease after the year
43 2050 over high latitudes because of upward ozone trends. At latitudes poleward of 55° N, we estimate that
44 DNA active irradiance will decrease by 10.6 + 3.7% from 2050 to 2100. Similarly, at latitudes poleward of
45 55° S, DNA active irradiance will decrease by 4.8 + 2.9% after 2050. The results for the high latitudes refer
46 to the summer period and not to the seasons when ozone depletion occurs, i.e., in late winter and spring. The
47 contributions of ozone, cloud and albedo trends on the DNA active irradiance trends are estimated and
48 discussed.

49 1 Introduction

50 The observed depletion of stratospheric ozone in the middle and high latitudes in the 1980s and the 1990s
51 was followed by a general stabilization in the 2000s and by signs of recovery in the 2010s (Solomon et al.,
52 2016; Weber et al., 2018; Krzyscin and Baranowski, 2019). The general behavior of ozone in the last 4
53 decades motivated research into the response of UV variability to ozone variability during periods with and
54  without ozone decline. UV-B radiation is of special importance because of its effects on human health and
55 the environment. In the short-term, the biological effects of UV-B radiation on humans include skin effects
56  (erythema, photodermatitis) and eye effects (keratitis, conjunctivitis). Long-term effects include skin cancer,
57 skin aging and cataracts. UV radiation can also damage the immune system and DNA (Lucas et al., 2019,

58 Section 3.2 and references therein).

59  Changes in UV-B radiation and their relation to the depletion of the ozone layer in the stratosphere are being
60 studied since the early 1990s (e.g., Blumthaler and Ambach, 1990; McKenzie, 1991; Bais and Zerefos, 1993;
61 Bais et al., 1993). Early measurements of solar UV irradiance suggested that the long-term increase of the
62  strongly ozone dependent wavelength of 305 nm was solely attributed to the observed stratospheric ozone
63  decline and that it was not the result of improvements of air quality in the troposphere and changes in
64  environmental conditions (Kerr and McElroy, 1993; Zerefos et al., 1998). Later studies based on longer
65 atmospheric measurements looked at the effects of cloud cover, aerosols, air pollutants and surface
66 reflectance on the long-term UV variability (e.g., Bernhard et al., 2007; den Outer et al., 2010; Kylling et al.,
67  2010; Douglass et al., 2011). Over Canada, Europe, and Japan, it was found that the observed positive change
68 in UV-B irradiance could not be explained solely by the observed ozone change and that a large part of the
69 observed UV increase was attributed to tropospheric aerosol decline, the so-called brightening effect (Wild
70  etal.,, 2005), since cloudiness had no significant trends (Zerefos et al., 2012). At high latitudes on the other
71 hand, it was found that the long-term variability of UV-B irradiance was not affected by aerosol trends but
72 by ozone trends (Eleftheratos et al., 2015).

73 Further efforts to understand the interactions between solar UV radiation and related geophysical variables
74  were done by Fountoulakis et al. (2018). They concluded that the long-term changes in UV-B radiation vary
75  greatly over different locations over the Northern Hemisphere, and that the main drivers of these changes are

76  changes in aerosols and total ozone. Updated analysis of total ozone and spectral UV data recorded at four
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77 European stations during 1996-2017 revealed that long-term changes in UV are mainly driven by changes
78 in aerosols, cloudiness, and surface albedo, while changes in total ozone play a less significant role
79 (Fountoulakis et al., 2020b). Over higher latitudes, part of the observed changes may be attributed to changes
80 in surface reflectivity and clouds (Fountoulakis et al., 2018 and references therein). Dedicated studies
81 assessing trends of UV radiation in Antarctica provided further evidence that the UV indices are now
82 decreasing in Antarctica during summer months, but not yet during spring when the ozone hole leads to large
83 UV index variability (Bernhard and Stierle, 2020). The downward trends in UV index during summer are

84  associated with upward trends in total ozone.

85 Long-term predictions of UV radiation are governed by assumptions about the future state of the ozone layer,
86 changes in clouds, changes in tropospheric pollution, mainly aerosols, and changes in surface albedo.
87 Unpredictable volcanic eruptions, increasing emissions of GHGs, effects from growing air traffic, changes
88 in air quality and changes in the oxidizing capacity of the atmosphere induce uncertainties to long-term
89  predictions of ozone and therefore to UV radiation levels (Madronich et al., 1998). The Environmental
90 Effects Assessment Panel of the United Nations Environment Programme publishes the most recent global
91  environmental effects from the interactions between stratospheric ozone, UV radiation and climate change.
92  The Panel noted that future changes in UV radiation will be influenced by changes in seasonality and extreme
93 events due to climate change (Neale et al., 2021). Simulations of surface UV erythemal irradiance by Bais et
94 al. (2011) showed that UV irradiance will likely return to its 1980 levels by the first quarter of the 21% century
95  atnorthern mid and high latitudes, and 20-30 years later at southern mid- and high latitudes. After reaching
96 thislevel, UV will continue to decrease towards 2100 in the Northern Hemisphere because of the continuing
97 increases in total ozone due to circulation changes induced by the increasing GHG concentrations, whereas
98 it is highly uncertain whether UV will reach its 1960s levels by 2100 in the Southern Hemisphere (Bais et
99  al, 2011). However, in the Arctic, large, seasonal loss of column ozone could persist for much longer that
100  commonly appreciated. Projections of stratospheric halogen loading and humidity with General Circulation
101 Model (GCM)-based forecasts of temperature, suggested that conditions favorable for large Arctic ozone loss
102  could persist or even worsen until the end of this century, if future GHG concentrations continue to steeply
103 rise. Consequently, anthropogenic climate change has the potential to partially counteract the positive effects
104  of the Montreal Protocol in protecting the Arctic ozone layer (von der Gathen et al., 2021). CCM simulations
105  of DNA-damaging UV variability analyzed by Eleftheratos et al. (2020) showed that UV irradiance will
106 likely increase at low and mid-latitudes during the second half of the 21% century due to decreases in cloud
107  cover driven by climate change caused by enhanced GHG concentrations.

108 In this work we investigate the UV variability and trends for the near global mean (50° N-50° S) and at high
109 latitudes due to the expected increase of GHG concentrations in the future. We show that DNA active
110 irradiance will continue to decrease after 2050 at high latitudes due to the prescribed evolution of greenhouse
111 gases in contrast to regions located between 50° N and 50° S where it is shown to increase. The year 2050
112 was chosen as a mid-point to evaluate the trends as it divides the 21 century into two equal periods, 2000-
113 2049 and 2050-2099, but most importantly because it was noted that for a Representative Concentration
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114 Pathway (RCP) of 6.0, the Chemistry-Climate Model Initiative (CCMI, phase 1) simulations project that
115 global total column ozone will return to 1980 values around the middle of this century (Dhomse et al., 2018).
116 Our study confirms the previous work by Eleftheratos et al. (2020), which focused on ozone profiles from
117 five well-maintained lidar stations at low and mid-latitudes. Here, we add more ozone and UV stations in
118 mid-latitudes and include estimates from high latitude stations with long-term measurements of UV radiation.
119 The analysis aims to investigate whether the increase of DNA active radiation predicted for mid-latitudes in
120  view of climate change, will also be observed at high latitudes. To address the issue, we use the same
121 methodology as Eleftheratos et al. (2020), in which we compare two CCM simulations; one with increasing
122 GHGs according to RCP-6.0 and one with fixed GHGs emissions at 1960 levels. The variability of ozone
123 from the model simulations is evaluated against solar backscatter ultraviolet radiometer 2 (SBUV/2) satellite
124 ozone data. The variability of DNA active irradiance from the model simulations is evaluated against ground-
125 based DNA active radiation measurements, and the variability of simulated cloud cover is evaluated against
126 cloud fraction data from the MODerate-resolution Imaging Spectroradiometer (MODIS)/Terra v6.1 satellite
127 dataset.

128  The study is organized as follows. Section 2 describes the data sources and methodology. Section 3 shows
129  the variability and projections of DNA-damaging UV radiation at high latitude stations in comparison to mid-

130 latitude stations, and, finally, Section 4 summarizes the main results.

131 2 Data sources
132 2.1. Ground-based data

133 We have analyzed DNA-weighted UV irradiance data at 19 ground-based (GB) stations listed in Table 1.
134  Although the DNA action spectrum tends to exaggerate UV effects on humans, mammals, etc., (as it was
135 determined with bacteria and viruses and does not take the wavelength dependence of the skin’s transmission
136 into account), it is the appropriate action spectrum for studying the detrimental biological effects of solar

137 radiation and the effective dose of UV radiation in producing skin cancer (Setlow, 1974).

138  Most of the stations listed in Table 1 contribute spectral UV data to the data repository of the Network for
139 the  Detection of  Atmospheric  Composition Change (NDACC, www.ndacc.org) at
140 https://ftp.cpc.ncep.noaa.gov/ndacc/station/ (last access 10 February 2022) (De Maziére et al., 2018) and

141 have been reported among those possessing high-quality long term UV irradiance measurements (McKenzie
142 etal, 2019). Sites not part of NDACC are Aosta, Athens, and Thessaloniki. Data from these stations are of
143 high-quality as well (e.g., Fountoulakis et al., 2018; Fountoulakis et al., 2020a; Kosmopoulos et al., 2021).
144 The high quality of the spectral UV measurements is ensured by applying strict calibration and maintenance
145 protocols.

146 We have calculated monthly mean irradiances from noon averages for all stations listed in Table 1 (average

147 of measurements + 45 minutes around local noon) and compared them with the DNA active irradiance data
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148 from an EMAC sensitivity simulation (internally named SC1SD-base-02), with specified dynamics
149 representing the recent past (2000-2018) as a means for model evaluation. The comparisons are presented in

150 Section 3.1 and in the Supplementary materials of this study for each station separately.

151 2.2. Satellite data

152 We have analyzed the daily solar backscatter ultraviolet radiometer 2 (SBUV/2) ozone profile and total ozone
153 data, selected to match the UV stations’ locations. The data are available from April 1970 to the present, with
154 nearly continuous data coverage from November 1978. The satellite ozone data coverage is from backscatter
155 ultraviolet radiometer (BUV) to solar backscatter ultraviolet radiometer 2 (SBUV-2; Bhartia et al., 2013), as
156  follows: Nimbus-4 BUV (05/1970-04/1976), Nimbus-7 SBUV (11/1978-05/1990), NOAA-9 SBUV/2
157  (02/1985-01/1998), NOAA-11 SBUV/2 (01/1989-03/2001), NOAA-14 SBUV/2 (03/1995-09/2006),
158 NOAA-16 SBUV/2 (10/2000-05/2014), NOAA-17 SBUV/2 (08/2002-03/2013), NOAA-18 SBUV/2
159  (07/2005-11/2012), NOAA-19 SBUV/2 (03/2009-present) and Suomi NPP OMPS (12/2011-present). We
160 calculated daily averages by averaging the measurements from all available SBUV instruments, and then we

161 calculated monthly means from daily averages according to Zerefos et al. (2018).

162 Cloud fraction monthly mean data were taken from the MODIS/Terra v6.1 dataset for the period 2000-2020.
163 We include estimates of the variability in cloudiness around each of the ground-based monitoring stations
164 listed in Table 1. The cloud data were taken at a spatial resolution of 3° x 3° around each monitoring station.
165  We have calculated the correlation coefficients between the de-seasonalized monthly time series of cloud
166 fraction from MODIS/Terra and EMAC CCM for their common period (03/2000-07/2018), in order to
167 evaluate the model simulations. The seasonal component was removed from the series by subtracting from
168  each monthly value the 2000-2018 seasonal mean. Analytical estimates are provided in Section 3.1 and in
169  the Supplementary materials.

170 2.3. EMAC Chemistry climate model (CCM) simulations

171 We use the same CCM simulations and methodology as described by Eleftheratos et al. (2020). The
172 simulations come from the European Centre for Medium-Range Weather Forecasts — Hamburg (ECHAM) /
173 Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC) model. The EMAC model is
174 designed to study the chemistry and dynamics of the atmosphere (Jockel et al., 2016). The resolution applied
175 here is 2.8° x 2.8° in latitude and longitude, with 90 model levels reaching up to 0.01 hPa (about 80 km). Two
176 free running hind-case and projection simulations have been analyzed, both based on boundary conditions
177 following the RCP-6.0 scenario: the reference simulation RC2-base-04 (19602100, with additional 10 years
178 spin-up; Jockel et al., 2016) and the sensitivity simulation SC2-fGHG-01 (1960-2100), in which the GHG
179 mixing ratios have been kept on 1960 levels (Dhomse et al., 2018). Furthermore, we have analyzed the
180 EMAC RC1SD-base-10 (Jockel et al., 2016) and SC1SD-base-02 simulation results of ozone, DNA active
181 irradiance, and total cloud cover (in %). These simulations have been performed in a “specified dynamics”
182 (SD) setup, i.e., nudged with ECMWF ERA-Interim reanalysis data (Dee et al., 2011) for the periods January
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183 1979 — December 2013 (RC1SD-base-10) and January 2000 — July 2018 (SC1SD-base-02), respectively, and
184  are therefore particularly suited for a direct comparison with observations such as ground-based and satellite

185 measurements as presented in Section 3.1 and Appendix A.

186  The RC2-base-04 and SC2-fGHG-01 simulations were forced with sea surface temperatures (SSTs) and sea
187 ice concentrations (SICs) from the Hadley Centre Global Environment Model version 2 — Earth System
188 (HadGEMZ2-ES) Model (Collins et al., 2011; Martin et al., 2011). These simulations were performed for the
189  Coupled Model Intercomparison Project — Phase 5 (CMIP5) multi-model data sets in the frame of the
190 Program for Climate Model Diagnosis and Intercomparison (PCMDI). For years up to 2005, the data of the
191 “historical” simulation with HadGEM2-ES is used. Afterwards, the RCP-6.0 simulation, which is initialized

192 with the historical simulation, has been employed (Jockel et al., 2016, and reference therein).

193 The UV-B radiation calculated by the photolysis scheme (JVAL) (Sander et al., 2014) is weighted with the
194 DNA damage potential of Setlow (1974) with the parameterization by Briihl and Crutzen (1989). The DNA
195 damaging irradiance of the NDACC database is again based on the action spectrum by Setlow (1974) and
196  parameterized using Eq. (2) of Bernhard et al. (1997). The different parameterization of the DNA action
197 spectrum in the EMAC CCM simulations and the GB measurements will likely lead to small difference
198 between the two datasets. For example, the radiative amplification factors (RAFs) for the two
199 parameterizations may not be identical, which may lead to seasonal variations because RAFs are solar zenith
200  angle and ozone dependent. To reduce such differences, we only compared de-seasonalized data. The
201 seasonal component at each station was removed by subtracting the long-term monthly mean (2000-2018)
202 from each individual monthly value. The monthly departures were then expressed in percent of the long-term
203 monthly mean.

204  Ozone and total cloud cover data from the two RC2-base-04 and SC2-fGHG-01 free running simulations for
205  the stations listed in Table 1 have been analyzed as well and respective de-seasonalized monthly means were
206  derived. Here, the monthly data were de-seasonalized with respect to the 30-year long-term monthly mean
207  (1990-2019).

208 We note here that by a separate analysis (not shown) on total cloud cover variability and trends through the
209 21%t century, using the available simulations from the CCMI-1 REF-C2 set (e.g., Eyring et al., 2013), the
210 EMAC models results fall well within the range of uncertainty, close to the ensemble average.

211 3 Results and discussion
212 3.1 Evaluation of EMAC CCM simulations for the present

213 DNA active irradiance data from station observations and model simulations have been compared, for a
214  nearly 20-year period (2000-2018). The comparisons were based on regression analyses between the

215 simulated and observed DNA active irradiance monthly data after removing variations related to the seasonal
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216 cycle. The monthly data at each station were de-seasonalized by subtracting the long-term monthly mean
217 (2000-2018) pertaining to the same calendar month.

218  Thetime series of de-seasonalized DNA active irradiance data are presented in Figure 1. The figure compares
219  model calculations of DNA active irradiance from the SC1SD-base-02 simulation with ground-based
220 measurements at stations described in Section 2. The upper panel refers to the average of de-seasonalized
221 data at two stations in the northern high latitudes, the middle panel refers to the respective average of thirteen
222 stations between 50° N and 50° S, and the lower panel to the respective average of four stations in the southern
223 high latitudes. We note that this is a composite dataset, obtained with the same set of stations (both in the
224 model and in the observations). All timeseries start from the same year in the model, but not all timeseries

225 start from the same year in the observations.

226 We have calculated the Pearson’s correlation coefficients, R, between the two datasets and tested them for
227 statistical significance using the t—test formula for the correlation coefficient with n—2 degrees of freedom
228 (von Storch and Zwiers, 1999):

(1)

t =

229 The correlations between the simulated and ground-based DNA active irradiance data are statistically
230  significant. The results are presented in Table 2a. The de-seasonalized data from the model agree quite well
231 with those measured from the ground, except for Barrow, Zugspitze, and Reunion Island, where they show
232 smaller correlation coefficients (0.342, 0.266, and 0.295, respectively) which may be related with the coarse
233 resolution of the model simulations (2.8°x2.8°). The correlation results between the two data sets at each
234 station separately are presented in Supplement Table S1. The R values are highly statistically significant
235 (>99%). We provide here indicative estimates for individual stations, which give very good to excellent
236 correlations: a) Summit, Greenland: R = +0.709, p-value <0.0001, N = 88, b) Hoher Sonnblick, Austria: R =
237 +0.673, p-value <0.0001, N = 192, ¢) Boulder, CO, USA: R = +0.748, p-value <0.0001, N = 163, d) Arrival
238  Heights, Antarctica: R = +0.939, p-value <0.0001, N = 126.

239 The same procedure was followed to evaluate simulated ozone and cloud cover. Figure 2 shows (a) ozone
240  calculations from the SC1SD-base-02 simulation compared to satellite SBUV retrievals and (b) shows
241  simulated cloud cover compared to cloud cover from MODIS/Terra. It appears that the variability of ozone
242 from the model simulation follows exceptionally well the variability of ozone from the satellite retrievals. It
243 also appears that the variability of cloud cover from the model simulation is quite well correlated with the
244 variability from the satellite observations.

245 The Supplement Table S2 presents analytically the comparisons of total ozone between the EMAC CCM
246 calculations and SBUV satellite retrievals. The correlations between the two different data sets are

247 statistically significant at confidence level greater than 99.9% at all stations under study. The correlation
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248 results for four indicative stations are: a) Summit, Greenland: R = +0.927, p-value <0.0001, N = 131, b)
249 Hoher Sonnblick, Austria: R = +0.902, p-value <0.0001, N =223, c) Boulder, CO, USA: R = +0.854, p-value
250 <0.0001, N =223, d) Arrival Heights, Antarctica: R = +0.896, p-value <0.0001, N = 128.

251  The Supplement Table S3 presents the respective comparisons for cloud cover. The cloud observations come
252 from MODIS/Terra. The correlation results for these four stations are: a) Summit, Greenland: R= +0.196, p-
253 value = 0.025, N = 131, b) Hoher Sonnblick, Austria: R = +0.556, p-value <0.0001, N = 222, c) Boulder,
254  CO, USA: R = +0.539, p-value <0.0001, N = 222, d) Arrival Heights, Antarctica: R = +0.537, p-value
255  <0.0001, N =129.

256 3.2 Future changes in ozone and DNA active irradiance

257 In the previous section we evaluated the SD simulation SC1SD-base-02 with satellite and ground-based
258 measurements. In this section we use the EMAC CCM simulations to investigate the evolution of DNA active
259 irradiance and of the parameters that affect its long-term variability into the future. More specifically, we
260  have analyzed the free-running simulation of the EMAC CCM, namely RC2-base-04, with increasing GHGs
261 according to RCP-6.0 at the stations under study. An evaluation of the free running simulation RC2-base-04
262 with the SD simulation SC1SD-base-02 is provided in Appendix A. It helps to evaluate the quality of the
263 results of the free running model system with respect to the SD simulation and the observations of the stations,
264  and it serves as a “bridge” from the observations via the SD simulation results to the results of the (longer-

265  term) free-running model simulation.

266 We followed the same methodology as Eleftheratos et al. (2020), to examine the effect of increasing GHGs
267 on the evolution of DNA active radiation. We have compared the free-running simulation RC2-base-04 with
268 the sensitivity simulation SC2-fGHG-01 where GHGs are kept constant at 1960 levels (see also Appendix

269  A). The difference between the two free-running simulations gives us an estimate of the desired result.

270  We have prepared a series of figures to demonstrate the two different simulations and the differences between
271  them. Figure 3 is based on 13 UV stations between 50° north and south. Figure 4 shows the results for the
272 northern high latitude stations and Figure 5 for the southern high latitude stations. The top panel refers to the
273 evolution of total ozone anomalies from 1960 to 2100; the middle panel refers to the evolution of DNA active
274 irradiance and the lower panel to the evolution of clouds for the same period. The left panel shows the two
275  simulations, i.e., the free-running simulation with increasing GHGs (RC2-base-04) versus the same
276  simulation with fixed GHGs at 1960 levels (SC2-fGHG-01) and the right panel shows their respective
277 differences. Shown are annual averages calculated from monthly de-seasonalized data. The calculation of
278 annual averages was done as follows: First, we de-seasonalized the monthly data at each station by
279  subtracting the long-term monthly mean (1990-2019) pertaining to the same calendar month. Next, we
280  calculated a monthly de-seasonalized time series for each geographical zone by averaging the monthly de-
281 seasonalized data of the stations belonging to each geographical zone. The latter time series was used to
282 estimate the annual data anomalies. For the northern high latitude stations, the annual average refers to the
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283 average of monthly anomalies from March to September, and for the southern high latitude stations, it refers
284  to the average of monthly anomalies from September to March. For the stations between 50° N-50° S we

285 used all months to calculate the annual average.

286 In addition, we have added with green squares the DNA-weighted UV irradiance anomalies averaged at the
287 ground-based stations under study around local noon. We also include the total ozone anomalies from SBUV
288  with blue dots and the respective cloud cover anomalies from MODIS/Terra (magenta triangles) averaged at
289  the stations studied. The observational data have been added to show simply that the dispersion of the
290  simulated data matches the dispersion of the measured data.

291 In the study by Eleftheratos et al. (2020) data from 5 stations between 50 degrees north and south were
292  analyzed. Here, we examine for this latitude band 13 stations instead of 5 (Figure 3). The new findings paint
293 the same picture: an increasing trend in DNA active irradiance after the year 2050, associated with a
294 decreasing trend in cloud cover due to the evolution of GHGs and an insignificant trend in total ozone (Figure
295 3c). Thus, our new results, based on 13 instead of 5 stations, confirm qualitatively the results of the previous
296  study for 50° N-50° S. An offset between total ozone from SBUV and the free running simulation is evident
297 in the 1980s, which is larger at 50° N-50° S. This is discussed later.

298 The focus now is at higher latitudes, which show a different picture than that of 50° N-50° S after the year
299 2050. At the northern high latitude stations (Figure 4), DNA active irradiance (during the summer half year)
300 shows a decreasing trend after 2050, total ozone shows an increasing trend after 2050 and cloud cover does
301 not show any obvious statistically significant trend. The estimated trends (in % per decade) and their standard
302  errors are presented in Table 3. More specifically, we estimate that total ozone will increase by 2.4 + 0.9%
303 from 2050 to 2100 (t-value = 2.675, p-value = 0.01019), DNA active irradiance will decrease by 10.6 = 3.7%
304 (t-value = —2.859, p-value = 0.00627), and cloud cover will slightly increase by 1.3 +2.0% (t-value = 0.640,
305 p-value = 0.52496). Accordingly, at the southern high latitude stations (Figure 5), total ozone is estimated to
306 increase by 4.2 + 2.1% from 2050 to 2100 (t-value = 2.020, p-value = 0.04896), DNA active irradiance is
307 estimated to decrease by 4.8 + 2.9% (t-value = —1.660, p-value = 0.10347), and cloud cover will decrease
308  insignificantly by 1.1 + 1.7% (t-value = —0.604, p-value = 0.54842).

309 The above estimates point to an increase in total ozone in the northern high latitudes by the end of the century
310 on an almost year-round basis. In a recent study by von der Gathen et al. (2021), it was concluded that
311 conditions favorable for large Arctic ozone loss during cold winters could persist or even worsen until the
312 end of this century, if future abundances of GHGs continue to rise. As such, anthropogenic climate change
313 has the potential to partially counteract the positive effects of the Montreal Protocol in protecting the Arctic
314  ozone layer (von der Gathen et al., 2021). We examined the EMAC CCM projections regarding this finding.
315 We have analyzed the RC2-base-04 and SC2-fGHG-01 simulation results of ozone, DNA active irradiance,
316  and cloud cover for January, February, and March for the two northern high latitude stations, Summit and
317 Barrow. The trend results are presented in Table 4, which shows the trends from the two simulations, and
318 their differences, for the periods 1960-1999, 2000-2049 and 2050-2099.
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319 It appears that in January and February, considered as the two coldest months of the year, the trends decrease
320 from the first (2000-2049) to the second period (2050-2099), while in March (less cold month) the picture
321 is different. More specifically, in January, the significant positive trend of 1.72 + 0.59% per decade in 2000—
322 2049 changes to —0.02 + 0.63% per decade in 2050-2099. In February, the significant positive trend of 2.09
323 + 0.63% per decade in 2000-2049 decreases to 1.39 + 0.62% per decade in 2050-2099. On the other hand,
324 the trends in March are 0.65 + 0.49% per decade in 2000-2049 and 0.83 + 0.39% per decade in 2050-2099,
325 and they agree with the general course of trends seen in Figure 4. We end up to findings that are qualitatively
326 in agreement with those concluded by von der Gathen et al. (2021) about the large seasonal losses of Arctic
327 ozone during cold winters until the end of the century. We also attempted to estimate the trends in DNA
328 active irradiance in the northern high latitude stations for January, February, and March. The results are
329 presented in Table 4 for the two periods, 2000-2049 and 20502099, but due to the polar night at the northern
330 high latitudes, UV values are very low in January and February, and the predicted trends have large standard

331 errors. As such, they are not analyzed any further.

332 Another issue is that Figure 4a suggests that clouds will stay more or less constant over the Arctic. Other
333 models predict that cloud cover in the Arctic will increase until the end of the century. With sea ice
334  diminishing in the Arctic, evaporation would increase, leading to more moisture in the air, resulting in more
335 clouds, which in turn is expected to reduce UV radiation. For example, Fountoulakis and Bais (2015)
336 analyzed changes in UV radiation projected for the Arctic. Comparison of Figure 1 (clear-sky trends) and
337 Figure 2 (all-sky trends) of Fountoulakis and Bais (2015) suggests that UV changes between the future and
338  the present will become more negative when clouds are also considered due to the projected increase in cloud
339 attenuation. Our estimates indicate a cloud increase of ~3% from 1960 to 2100 (~1% from 2050 to 2100, not
340 significant). These increases are small and are based on the average of two stations only, Summit and Barrow.
341 Summit is far away from the seashore and is not affected by the ocean, while Barrow is located only 250 m
342  away from the coast and is greatly affected by the ocean. Changes in cloudiness might be different at coastal
343 and mainland sites. For Barrow (coastal site) we estimate a significant cloud increase of 5.5% in the period
344 1960-2100 (3% in the period 2050-2099), while for Summit (pure land site) we estimate an insignificant
345  change of —0.1% in the period 1960-2100 (-0.4% in the period 2050-2100). Averaging large and small
346  changes in cloudiness should finally result to moderate changes. These results generally agree with the results
347  presented in other studies (Bais et al., 2015; Fountoulakis and Bais, 2015) for land areas of the Arctic (keeping
348 also in mind that the results of the present study are averages for two stations only). We note that the results
349  presented in these two referenced studies were for RCPs 4.5 and 8.5, and thus not directly comparable with
350 the results of our study. In a more recent study presenting RCP 6.0-based projections (Bais et al., 2019), it
351 was shown that cloudiness changes at high latitudes would strongly affect the UV irradiance mainly over the
352 ocean where the absence of sea ice would result to increased evaporation. For land, smaller and non-
353  significant changes were reported (see Figure 8 of Bais et al., 2019), which is again in agreement with the
354 results presented in our study. In another study (Figure 5 of Fountoulakis et al., 2014), changes in zonally

355  averaged UV irradiance due to changes in cloudiness in 1950-2100 were estimated to be the order of 5-15%
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356 (depending on the RCP) for latitudes ~70 degrees. However, only changes over the ocean were considered
357 in that study and not over land. Additional indications that our results should be considered representative of
358 the two stations under study and not the entire Arctic region is provided in Figure B1 (Appendix B), which
359 shows the changes in zonal mean cloud cover for the Arctic region from the RC2-base-04 simulation. It
360 appears that the zonal mean cloudiness is expected to increase more and more as move northward of 50°
361 towards the North pole, indicating that the largest changes in cloud cover are likely to occur over the ocean

362 and not over land.

363  For the period 1960-1999, the DNA active irradiance (summer half year) showed upward trends in all
364 geographical zones following the downward trends of total ozone. Nevertheless, we should note that the
365 examined simulation RC2-base-04 (simulation with full chemistry and increasing GHGs according to RCP-
366  6.0) seems to clearly underestimate the observed ozone depletion of the 1980s and 1990s in the geographical
367 region 50° N-50° S (Figure 3), but in the higher latitude regions (Figs. 4 and 5) the picture looks much better.
368  This suggests that there may be a bias in the model, that might at least partly be caused by not considering
369 all ozone depleting substances (ODSs), but only a subset (only CFC-11 and CFC-12 are considered; Jockel
370  etal, 2016). The RC2-base-04 simulation also underestimates the ozone depletion of the 1980s and 1990s
371 in the northern high latitude stations (Figure 4), but the picture is better than that of 50° N-50° S. The SC2-
372 fGHG-01 simulation seems to reproduce better the Arctic ozone depletion of the past. The latter, however, is
373 coincidence; it only indicates that due to the higher dynamic variability of the northern (winter) stratosphere,
374  the evolution of the ozone layer in the Arctic region is significantly affected by natural variability of the
375  stratosphere due to planetary waves. The best agreement between the RC2-base-04 simulation and satellite
376  measurements during the period of ozone depletion is found for the southern high latitudes, as can be seen
377 from Figure 5. As such, we can infer that the model simulations reproduce very well the observed ozone
378  depletion of the past in particular in the southern higher latitudes, and less well in the northern higher
379 latitudes. Nevertheless, the simulated decline of ozone during 1979-1999 and the minimum ozone values
380 calculated by the model in the 1990s for the near global mean (50° N-50° S) and for the higher latitudes, are
381 qualitatively in line with the satellite ozone observations, which is a good outcome. This is supported by
382 Figure Al (Appendix A), which shows the free running simulation RC2-base-04 against the SD simulation
383  SC1SD-base-02 which starts in 2000. Because we wanted to evaluate the free running simulation for the
384  period of ozone depletion, we also analyzed the SD simulation RC1SD-base-10 which starts in 1979. It
385 appears that the RC2-base-04 simulation seems to reproduce well the negative ozone trends during the period
386  of ozone depletion, but not the exact anomalies of a particular year. This is because the free running
387  simulation has its own meteorological/synoptical sequence, and thus we cannot expect that the observed time
388 series of the past is reproduced on a year-by-year basis in the free running simulation the same way is

389 reproduced in the simulation with “specified dynamics”.

390 Finally, we should also refer to the recent assessment of the United Nations Environment Programme (UNEP)
391 Environmental Assessment Panel (EEAP) (Bernhard et al., 2020), which compared projections of future UV
392 radiation from two studies, Bais et al. (2019) and Lamy et al. (2019). We have compared our trend estimates,
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393 which are based on one model only, with the estimates provided in Table 1 of Bernhard et al. (2020), which
394  are based on many models of the first phase of the Chemistry-Climate Model Initiative (CCMI-1) and should
395 therefore be considered more robust than the estimates provided here. We clarify that it is only a qualitative
396 comparison as our trends are based on DNA weighted irradiance while the table in Bernhard et al. (2020)
397 refers to erythema. The DNA radiation amplification factor is about 2.1 while that for erythema is 1.2, which
398 suggests that we would expect differences in trends by roughly a factor of 1.75. We also note that the table
399 of Bernhard et al. (2020) shows zonal mean changes of the clear-sky UV index, whereas we estimate changes
400 in DNA active irradiance based on station averages. Despite the inconsistencies in the radiation fields being
401 compared, our trend estimates from the RC2-base-04 simulation based on RCP-6.0 are qualitatively in line
402 with the results presented by Bernhard et al. (2020) for the case of RPC-6.0. We estimate a statistically
403 significant decrease in DNA active irradiance at the northern high latitude stations for the period 2015 to
404 2090 of about —16%. The numbers from Table 1 of Bernhard et al. (2020) for the northern high latitudes are
405 —6% for the annual mean clear-sky UV index for the period 2015 to 2090, and —3%, —7%, —5% and —4% for
406 January, April, July, and October, respectively. Our respective estimate for the southern high latitude stations
407 is about —24% and is also qualitatively in line with the negative trend estimates provided by Bernhard et al.
408 (2020) for the southern high latitudes for the period 2015 to 2090 (-18% for the annual mean clear-sky UV
409 index, and —8%, —6%, —6% and —23% for January, April, July, and October, respectively).

410 3.3 Statistical evaluation of differences between trends and statistical modelling

411  We have compared the regression slopes in DNA active irradiances before and after the year 2050. The null
412 hypothesis, that the two slopes are statistically equal (Hy: b; = b,), is tested against the alternative hypothesis
413 that the two slopes are not statistically equal (H;: b; # b,). The difference in slopes is tested with the statistic:

_bi=by_ bi-b, ©)

Scp. —
(b1—b2) ’Sgl +S§2

414  With ny + n, — 4 degrees of freedom, according to Eq. (11.20) of Armitage et al. (2002). The parameters b,

415  and b, are the slopes before and after 2050 in each geographical zone, and n, and n, are the numbers of data
416 before and after 2050, respectively. The test was performed using de-seasonalized monthly values but also
417  with the averages shown in Figures 3c, 4c, 5¢, calculated from de-seasonalized data. Both ways gave similar

418  statistical results. We provide here the results using the de-seasonalized monthly values.

419 The equation for the slope of the regression line, using x as the time variable and y as the DNA active
420 irradiance variable, is:

, =D =) @
DIEEEE
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421 The residual mean square for the first group (1960-2049), sgl, is estimated as follows:

52 _ 2(1)(3’ - Yl)z _ Syyl - S}%yl/sxxl (5)
by —

nl - 2 Tll - 2
422 And the corresponding mean square for the second group (2050-2099), sgz, as follows:

2 — Z(Z)(y - YZ)Z _ SyyZ - S)%yz/'sxxz (6)
b, =

n2—2 n2_2

423 Here, S,,,, is the standard deviation of DNA active irradiance, Sy, is the standard deviation of time and S, is

424 their covariance, for the first (1960-2049) and second (2050-2099) groups, respectively.

425 IT [t] > teriticat (ny+n,—a), then the null hypothesis, Hy: the slopes are equal, is rejected at the significance

426 level a, and the alternative hypothesis (the two slopes are statistically different) is accepted.

427  Our calculations show that at the significance level o = 0.05, the null hypothesis that the slopes are statistically
428  equal, cannot be rejected for neither the northern, nor the southern high latitudes (>55°), and therefore we
429 cannot conclude that there is any statistically significant difference between the trends in DNA active
430 irradiance before and after 2050 in these two latitude zones. On the other hand, the null hypothesis is rejected
431  for the latitude zone of 50° N-50° S, which means that the alternative hypothesis is accepted, and so the two
432 trends before and after 2050 are statistically different. The statistical results are presented in Table 5.

433 We note here that the statistical test was also applied for the periods before 2050, i.e., the two periods 1960-
434 1999 and 2000-2049, to test if their trends are statistically significant or not. In all latitudes it was found that
435 the regression slope of the period 1960-1999 is not statistically significantly different from the regression
436 slope of the period 2000-2049. As such, it appears that only after the year 2050 there appears to be a
437 statistically significant change in the trends of DNA active irradiance because of the evolution of GHGs and
438 only at latitudes between 50° N and 50° S. At latitudes poleward of 55°, the DNA active irradiance is more
439 likely to continue to decrease due to the increasing ozone trends from the reduction of the concentrations of
440  ODSs.

441 Moreover, we have applied multiple linear regression (MLR) analysis to examine the contribution of ozone
442 and cloud trends to the estimated DNA active irradiance trends after the year 2050. The MLR model was
443  applied to the differences between the two model simulations, RC2-base-04 and SC2-fGHG-01, which were
444  estimated from monthly de-seasonalized data (deseas). The MLR model is of the following form:

deseas DNA active irradiance (7

=a+ o, - deseas O3 + Piouq - deseas Cloud
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445 Where, a is the intercept, S, is the ozone coefficient and B;,,.4 is the cloud coefficient for the period 2050
446 2099. The regression coefficients and their standard errors are presented in Table 6a. These coefficients were
447 derived from station mean data and from zonal mean data, and hence might not be representative for the
448  entire geographical zones. As can be seen, the coefficients By, and B.,q.q are highly statistically significant
449  with small errors in all cases (p-values <0.001). We have used the regression coefficients to determine the
450 part of the DNA active irradiance trends that are caused by trends in total ozone and cloud cover. We have
451 derived the ozone-related DNA active irradiance trend by multiplying the regression coefficient between
452 DNA active irradiance and ozone (B,,) with the trend in ozone for the period 2050-2099. Accordingly, we
453  derived the respective cloud-related DNA active irradiance trend by multiplying the regression coefficient
454  B.ouq With the cloud trend.

455 For the northern high latitude stations (>55° N), we estimate an ozone-related DNA active irradiance trend
456 of about —0.96% per decade, indicating that ~47% of the DNA active irradiance trend (—2.04% per decade)
457 is caused by the trends in ozone. The respective cloud-related DNA active irradiance trend is smaller (-0.14%
458 per decade), which means that the cloud trend explains ~7% of the DNA active irradiance trend. Both
459  parameters account for ~54% of the predicted DNA active irradiance trend. The remaining part of the DNA
460  active irradiance trend is related to changes in other parameters, as for instance in surface albedo, as is
461 discussed later in Section 3.4.

462 Similar results regarding the contribution of ozone and cloud trends to the predicted DNA active irradiance
463 trend are also found for the southern high latitude stations (>55° S), but not for the stations averaged between
464 50° N and 50° S. The results are summarized in Table 6b. For the southern high latitude stations (>55° S), the
465 ozone-related DNA active irradiance trend is —0.57% per decade and the cloud-related DNA active irradiance
466 trend is +0.07% per decade. As such, ~59% of the DNA active irradiance trend (—0.96% per decade) is

467 explained by ozone, and ~7% is explained by clouds.

468 For stations averaged between 50° N-50° S, we estimate that the ozone-related DNA active irradiance trend
469 is +0.27% per decade, and the cloud-related DNA active irradiance trend is +0.33% per decade. The
470 contribution of changes in cloudiness is larger than the contribution of changes in ozone (~41% compared to
471 ~33%, respectively), and therefore, our findings support the previous results by Eleftheratos et al. (2020),

472 who analyzed a smaller number of GB stations between 50° N-50° S than those used here.

473 34 Changes in surface albedo and relation to DNA active irradiance

474 In the previous section we showed that DNA active irradiance will continue to decrease after the year 2050
475 at high latitudes as a result of ozone change rather than cloud cover change. Another parameter affecting the
476  solar UV variability at high latitudes is surface albedo (Weihs et al., 1999; Nichol et al., 2003; Weatherhead
477 etal., 2005; Grobner, 2012; Bais et al., 2019). In this respect, changes in surface albedo are expected to affect
478 the long-term variability of surface UV-B irradiance. Figure 6 shows the changes in surface albedo simulated
479  with the EMAC CCM at the two stations, Barrow in Alaska and Palmer in Antarctica. More specifically the
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480 figure shows the differences between the two model simulations, the one with increasing GHGs (RC2-base-
481 04) and the one with fixed GHGs (SC2-fGHG-01), in order to account also for the effect of increasing GHGs
482 on surface albedo changes according to the methodology applied in Section 3.2. The results refer to the
483 summer seasons of the two hemispheres, where there is sufficient sunlight in the Arctic and the Antarctic.
484  Table 7 summarizes the trends in the differences between the two model simulations, RC2-base-04 and SC2-
485  fGHG-01, for the DNA active irradiance, total ozone, cloud cover and surface albedo at Barrow (Alaska) and
486 Palmer (Antarctica) for the periods 1960-1999, 2000-2049 and 2050-2099. While variations in surface
487 albedo are certainly of primary importance for high-latitude sites, they can play a non-negligible role even at
488 mid-latitudes. However, they were not analyzed here.

489 From Figure 6 it is clear that surface albedo decreases significantly by the end of the 21% century in view of
490  the increasing GHG emissions. The decreases in surface albedo (Table 7) are larger in Barrow (Alaska) than
491 Palmer (Antarctica). The trend for Barrow is qualitatively consistent with the conclusion by Bernhard (2011),
492  showing that the ground at Barrow is covered by snow later and later at the start of winter. We also note that
493 both, Barrow and Palmer, are coastal sites and are heavily affected by local conditions (e.g., how far sea ice
494 gets to the station), which may not be simulated correctly. Therefore, we point out that the evolution of albedo
495  at the two stations shown in Figure 6 is representative for regional changes but may not accurately reflect

496 changes at the exact location of these stations.

497 To assess the impact of the albedo changes on UV variability, we used surface albedo as additional
498 explanatory variable in the MLR model of Eq. (7). We determined an additional regression coefficient,
499 namely Samedo, Which explains the effect of albedo change on DNA active irradiance change at the two stations
500 under study, Barrow and Palmer. We estimated an albedo-related DNA active irradiance trend, in the same
501 way as described above, by multiplying the coefficient Baiedo With the trend in albedo differences between

502 the two model simulations.

503 For Barrow, we estimate an ozone-related DNA active irradiance trend of about —0.87% per decade for the
504 period 2050-2099, indicating that ~41% of the DNA active irradiance trend (—2.14% per decade) is caused
505 by trends in ozone. The respective cloud-related DNA active irradiance trend is about —0.49% per decade,
506  which means that the cloud trend explains ~23% of the DNA active irradiance trend. The surface albedo-
507 related DNA radiation trend is about —0.45% per decade, explaining ~21% of the DNA active irradiance
508 trend in the period 2050-2099. The model suggests that all parameters together explain ~85% of the DNA
509 active irradiance trend, which however may not be such an unbiased result. This is because the effects of
510 clouds and albedo are not independent, as assumed in the regression equation. For 100% albedo and non-
511 absorbing clouds, clouds would barely attenuate UV radiation. For actual albedo and cloud conditions, clouds
512 do attenuate, but the effect is greatly reduced by surface albedo because of multiple reflections between
513 surface and cloud (Nichol et al., 2003).

514 At Palmer, the trends are smaller. The ozone-related DNA active irradiance trend is —0.46% per decade, the

515 cloud-related DNA active irradiance trend is 0.43% per decade, and the albedo-related DNA active irradiance
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516  trend is —0.31% per decade. These trends together determine the small negative trend, which is predicted for
517 the DNA active UV irradiance in the period 2050-2099 of about —0.33% per decade.

518 The above calculations indicate that the impact of albedo trends on DNA active irradiance trends due to the
519  continuous increase of GHGs until the end of the 21 century is important and should not be ignored when
520  studying the long-term changes of DNA active radiation reaching the ground. The model simulations at
521 Barrow and Palmer suggest that the surface albedo changes might be larger at Barrow than Palmer according
522 to Table 7. The model simulations also suggest that the northern high latitudes might experience larger
523  changes in surface albedo than the southern high latitudes in the period 2050-2100 (Appendix C, Figures C1
524  and C2).

525 4 Summary and Conclusions

526 We have studied changes in ozone and DNA active irradiance due to the evolution of greenhouse gas
527 concentrations in the near global mean (50° N-50° S) and in the northern and southern high latitudes, using
528 the EMAC CCM simulations from 1960 to 2100.

529  The model simulations have been evaluated against ground-based UV irradiance measurements, satellite
530  ozone observations from SBUV (v8.7) and satellite cloud fraction data from MODIS/Terra for the period

531 2000-2018. The evaluation results can be summarized as follows:

532 e Simulations of total ozone with specified dynamics (RC1SD-base-10 and SC1SD-base-02)
533 reproduce extremely well the variability of total ozone in the northern and southern high latitudes
534 for the periods 1979-2013 and 2000-2018, respectively. The correlation analysis results between
535 EMAC SC1SD-base-02 simulation and SBUV (v8.7) satellite ozone de-seasonalized data are:
536 Northern high latitudes (2 station mean), R = +0.908, p-value <0.0001; Southern high latitudes (4
537 station mean), R = +0.892, p-value <0.0001; 50° N-50° S (13 station mean), R = +0.894, p-value
538 <0.0001.

539 e The respective simulations of DNA active irradiance correlate quite well with ground-based UV
540 measurements, as follows: Northern high latitudes (2 station mean), R = +0.518, p-value <0.0001;
541 Southern high latitudes (4 station mean), R = +0.746, p-value <0.0001; 50° N-50° S (13 station
542 mean, R = +0.499, p-value <0.0001).

543 e Evaluation of cloud cover simulations against MODIS/Terra cloud fraction data gave good
544 correlations as follows: Northern high latitudes (2 stations mean), R = +0.480, p-value <0.0001;
545 Southern high latitudes (4 station mean), R = +0.485, p-value <0.0001; 50° N-50° S, R = +0.703, p-
546 value <0.0001.

547 Between 50° N-50° S, the DNA-damaging UV radiation is expected to decrease until 2050 and to increase
548  thereafter. This increase is associated with expected decreases in cloud cover and insignificant trends in total

549  ozone, as it was shown previously by Eleftheratos et al. (2020). Our study however expands the previous
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550  work by adding more stations in low and mid-latitudes and by including estimates from high latitude stations
551 with long-term measurements of UV irradiance.

552 In contrast to the predictions for 50° N-50° S, we estimate that DNA active irradiance will continue to
553 decrease after the year 2050 in the northern and southern high latitudes (>55°) due to increasing ozone. More
554 specifically, for the northern high latitude stations we estimate that total ozone will increase by 2.4 + 0.9%
555 from 2050 to 2100, DNA active irradiance will decrease by 10.6 + 3.7% and that cloud cover will increase
556 insignificantly by 1.3 + 2.0%. Similarly, in the southern high latitude stations, total ozone is estimated to
557  increase by 4.2 + 2.1% from 2050 to 2100, DNA active irradiance is estimated to decrease by 4.8 +2.9% and

558 cloud cover will decrease insignificantly by 1.1 + 1.7%.

559 The statistical results have been confirmed by statistical tests. Statistical comparisons of the regression slopes
560 before and after 2050 in the northern and southern high latitude stations under study showed that there are
561 no statistically significant different trends in DNA active irradiance before and after that year. On the other
562 hand, between 50° N-50° S the trends before and after 2050 were found to be statistically significantly
563  different at the 0.05 significance level. The test confirmed the statistical result that DNA active irradiance
564  will reverse sign and become positive after 2050 at stations between 50° N-50° S mainly due to cloud cover
565 changes associated with climate change, something that is likely not to happen at high latitudes, where the
566 DNA-damaging UV-B radiation is projected to continue its downward trend after 2050 mainly due to the
567 continued increase of ozone from the reduction of ODSs. In addition, it should be mentioned, that the
568 enhanced GHG concentrations will cool the stratosphere and therefore the stratospheric ozone content
569 (especially in the middle and upper stratosphere) is expected to increase because the ozone depleting reactions
570 (homogeneous gas phase reactions) will be getting slower. From Dhomse et al. (2018) we know that the
571 (future) Arctic and the Antarctic stratosphere are developing differently in spring. In particular, the Arctic
572 region is indicating a stronger reaction on enhanced GHG concentrations (most likely due to the dynamic

573 feedbacks in the northern hemisphere, i.e., related to the planetary wave activity).

574 We clarify here that our findings for the high latitudes refer to the summer periods and not to the seasons
575  when ozone depletion occurs, for which it has been shown that climate change will favor large spring loss of
576  Arctic column ozone in connection with extraordinary (persistent) cold stratospheric winters (with low
577  planetary wave activity) in the future (von der Gathen et al., 2021). The best agreement between the RC2-
578 base-04 simulation results and satellite measurements during the period of ozone depletion was found for the
579 southern high latitudes. The RC2-base-04 simulation (full chemistry and increasing GHGs according to RCP-
580  6.0) seems to underestimate the observed ozone depletion of the 1980s and 1990s for the near global mean
581 (50° N-50° S) and at high latitudes of the Northern Hemisphere. This might at least partly be caused by not
582 considering all ODSs, but only a subset (only CFC-11 and CFC-12 were considered). Despite this feature,
583  the simulated ozone declines during 1979-1999 and the minimum ozone values calculated by the model in
584  the 1990s for the northern mid- and high latitudes, are qualitatively in line with the satellite ozone
585  observations.
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586 Also, our analysis suggests that clouds might stay constant over the Arctic, while other models predict that
587 cloud cover in the Arctic will increase during the next decades due to enhanced evaporation of water vapor
588 by the sea-ice decrease. Our estimates, however, refer to two sites in the Arctic and not to the entire Arctic
589 Ocean. As such, our results should be considered representative of the land sites under study and not of the
590 entire Arctic or Antarctic regions. In addition, we cannot reliably evaluate the projection of cloud cover over
591 time, using MODIS observations for a relatively short period. So, in the end we must trust that the physics
592 coded in the model is correct. Hence, verification of our results using independent CCMs would be highly
593 desired. We conducted a separate analysis on total cloud cover variability and trends through the 215t century,
594 using the available simulations from the CCMI-1 REF-C2 set, which showed that the EMAC CCM results
595 fall well within the range of uncertainty, close to the ensemble average.

596 Moreover, we applied a multiple linear regression model to examine the contribution of ozone and cloud
597  trends to the estimated DNA active irradiance trends after the year 2050. The model was applied to the
598 differences between the two model simulations, RC2-base-04 and SC2-fGHG-01. It was found that ozone is
599 the primary contributor accounting for about ~50% of the predicted trends in DNA active irradiance after
600 2050 both in the northern and in the southern high latitude stations.

601 The impact of surface albedo on DNA active irradiance trends due to the evolution of GHGs (RCP-6.0) has
602 been examined at two stations, Barrow in the Arctic, and Palmer in the Antarctic. The model simulations
603 suggest that declining trends in surface albedo are larger at Barrow than Palmer. The driving force for the
604 decrease in Arctic surface albedo is by 70% the decrease in snow cover fraction over the Arctic land and sea-

605 ice due to the increase in surface air temperature and decrease in snowfall (Zhang et al., 2019).

606 Unlike the Arctic sea-ice, which has consistently declined over the past four decades, the Antarctic sea-ice
607  has shown little change (increase) from 1979 to 2015 but large regional and temporal variability (Maksym,
608  2019). A rapid decline in 2015-2018, far exceeding the decreasing rates seen in the Arctic (Parkinson, 2019),
609  may have foreboded future changes in Antarctic sea-ice (Eayrs et al., 2021). The observed decline lowered
610 the region’s surface albedo, highlighting the importance of Antarctic sea-ice loss to the global snow and ice
611  albedo feedback (Riiheld et al., 2021). This sea-ice reduction probably resulted from the interaction of a
612  decades-long ocean warming trend and an early spring southward advection of atmospheric heat, with an
613  exceptional weakening of the Southern Hemisphere mid-latitude westerlies in late spring (Eayrs et al., 2021).
614 Obviously, such abrupt declines cannot be predicted by the present-day model simulations. This is because
615 the mechanisms for the Antarctic sea-ice variations are not yet well understood and future predictions are
616  highly uncertain.

617 IPCC (2021) concluded that there has been no significant trend in Antarctic sea-ice area from 1979 to 2020,
618 due to regionally opposing trends and large internal variability. In the Bellingshausen and Amundsen Seas,
619 however, the observed sea-ice has shown decreasing trends (Maksym, 2019; Parkinson, 2019; Eayrs et al.,
620 2021). Our estimates for Palmer, which is located at the coast of the Bellingshausen Sea, shows a negative

621 trend in surface albedo from 1979 to 2020, which is in line with the negative trends in sea-ice observed in
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622 Bellingshausen and Amundsen Seas. The RC2-base-04 simulation shows that the surface albedo at Palmer
623 will continue to decrease until 2100. This result should be considered representative of the Palmer station

624 and its surroundings, and not of the entire Antarctic region.

625

626  Appendix A Qualitative evaluation of free running CCM simulations against simulations with specified
627  dynamics

628 In this appendix, we compare the free running ozone simulation RC2-base-04, with the SD simulation
629 RC1SD-base-10 and SBUYV satellite 0zone data (v8.7). The simulation with specific dynamics RC1SD-base-
630 10 covers the period January 1979 — December 2013. The simulation has been used in recent assessments
631 reports for stratospheric ozone studies (e.g., LOTUS, 2019). In addition to the nudging towards ECMWF
632 ERA-Interim (Dee at al., 2011) reanalysis data (for details about the nudging setup see Jockel et al., 2016)
633 the simulation uses also sea surface temperatures and sea-ice concentrations from the ERA Interim reanalysis
634  data. Here, we use the SD simulation (RC1SD-base-10) to show that the free running simulation (RC2-base-
635 04) is capable to qualitatively reflect the negative ozone trends of the 1980s and 1990s. The reason for quoting
636  the RC1SD-base-10 simulation is because the SC1SD-base-02 simulation that is used in section 3.1 does not
637 go back in time before 2000, and therefore we cannot qualitatively evaluate our free running simulation
638 before 2000. We also appose here the SD simulation (SC1SD-base-02), which covers the period January
639 2000 — July 2018. This is useful and helpful to classify the results of the free running model system
640 concerning the quality with respect to the SD simulation and the observations of the stations, and it serves as
641 a “bridge” from the observations via the SD simulation results, to the results of the (longer-term) free-running

642 model simulation.

643 Figure A1 shows the comparison between the simulations and SBUV data. Obviously, the RC1SD-base-10
644 simulation (period 1979-2013) compares much better with the SBUV data than the RC2-base-04 simulation.
645  The same also holds for the SC1SD-base-02 simulation (period 2000-2018). This is expected since the SD
646  simulation uses reanalyzed meteorology, whereas the free running simulation has its own
647  meteorological/synoptical sequence. For comparison with the fixed GHG simulation, we need to switch to
648 the pair of free running simulations. And the question is, if the evaluation (comparison with observations)
649  also hold for the RC2-base-04 simulation, which is the basis for the comparison with the fixed GHG
650  simulation (SC2-fGHG-01). In the case of free running simulations, the evaluation is only possible for the
651 trends and for the amplitude of the year-to-year variability, but not for the sign of the anomaly in a given
652 nominal year and/or month. Figure Al shows that the free running simulation (RC2-base-04) reflects
653  correctly the negative ozone trends of the past, seen in the observations and in the SD simulation, and is
654  therefore suitable for comparison with the fixed GHG simulation.

655
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Figure Al. Comparison of RC2-base-04 (free running simulation; green line) with RC1SD-base-10 (SD
simulation for 1979-2013; black line), SC1SD-base-02 (SD simulation for 2000-2018; blue line) and SBUV
(v8.7) satellite measurements (red line) for 2 stations higher than 55° N (upper plot), 13 stations between 50°

N-50° S (middle plot) and 4 stations higher than 55° S (lower plot). The vertical line has been put in the year

2000. The y-axis shows yearly averaged total ozone data (in %) calculated from de-seasonalized monthly

data. The monthly data were de-seasonalized relative to the long-term monthly mean (2000-2018) and were

expressed in %. For the northern high latitude stations, the annual average refers to the average of monthly

anomalies from March to September, and for the southern high latitude stations, it refers to the average of

monthly anomalies from September to March. For the stations between 50° N-50° S we used all months to

calculate the annual average.
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Appendix B Model simulations of zonally averaged cloud cover between 50° and 80° N

Figure B1 shows the changes of the zonally averaged cloud cover based on RC2-base-04 (RCP-6.0) and SC2-
fGHG-02 simulations, and their differences (RC2-base-04 minus SC2-fGHG-01), per 10-degree latitude

zones from 50° to 80° N. For the period 1960 to 2100, the changes in cloud cover due to the evolution of

GHGs (RCP-6.0) are presented in Table B1. The same picture with increasing trends as we move northward
of 50° N is also found for the period 2050 to 2100.

Table B1. Changes in zonal mean cloud cover between 50° and 80° N due to the evolution of GHGs (RCP-

6.0), for the periods 1960-2100 and 2050-2100.

1960-2100 2050-2100
% Change p-value N % Change p-value N
50°-60° N 0.9 <0.0001 140 0.3 0.56064 50
60°-70° N 2.7 <0.0001 140 0.7 0.27113 50
70°-80° N 4.3 <0.0001 140 1.9 0.00012 50
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678 Figure B1. EMAC CCM projections of zonal mean cloud cover for 10-degree latitude zones (50°-60° N,
679 60°-70° N, 70°-80° N), based on simulations with increasing and fixed GHGs mixing ratios. (a) RC2-base-
680 04 is the simulation with increasing GHGs according to RCP-6.0. SC2-fGHG-01 is the simulation with fixed
681 GHGs emissions at 1960 levels. (b) Difference between the two model simulations, as an indicator of the
682 impact of increasing GHGs. The y-axis in the left figure (a) shows yearly averaged cloud cover data (in %)
683 calculated from de-seasonalized monthly data. The monthly data were de-seasonalized relative to the long-
684  term monthly mean (1990-2019) and were expressed in %. For the northern high latitudes, the annual average

685 refers to the average of monthly anomalies from March to September.

686

687  Appendix C Model simulations of zonally averaged surface albedo between 50° and 80° N, and 50°
688 and 80° S

689 Figure C1 shows the changes in zonally averaged surface albedo based on RC2-base-04 (RCP-6.0) and SC2-
690 fGHG-02 simulations, and their differences (RC2-base-04 minus SC2-fGHG-01), per 10-degree latitude
691 zones between 50° N and 80° N. Figure C2 shows the respective changes between 50° S and 80° S. The
692  changes in surface albedo due to the evolution of GHGs (RCP-6.0) between 50° and 80° N, and 50° and 80°
693 S, are summarized in Table C1.

694

695 Table C1. Changes in zonal mean surface albedo due to the evolution of GHGs (RCP-6.0) between 50° and
696  80°N, and 50° and 80° S, for the periods 1960-2100 and 2050-2100.

North 1960-2100 2050-2100
% Change p-value N % Change p-value N
50°-60° N -21.0 <0.0001 140 -8.9 < 0.0001 50
60°-70° N -18.3 <0.0001 140 -9.2 < 0.0001 50
70°-80° N -41.3 <0.0001 140 -15.1 <0.0001 50
697
South 1960-2100 2050-2100
% Change p-value N % Change p-value N
50°-60° S -12.5 <0.0001 140 -3.7 0.00299 50
60°-70° S -22.5 <0.0001 140 -3.8 0.00298 50
70°-80° S 6.1 <0.0001 140 -1.3 0.00132 50
698
699
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Figure C1. EMAC CCM projections of zonal mean surface albedo for 10-degree latitude zones (50-60° N,
60-70° N, 70-80° N), based on simulations with increasing and fixed GHGs mixing ratios. (a) RC2-base-04
is the simulation with increasing GHGs according to RCP-6.0. SC2-fGHG-01 is the simulation with fixed
GHGs emissions at 1960 levels. (b) Difference between the two model simulations, as an indicator of the
impact of increasing GHGs. The y-axis in the left figure (a) shows yearly averaged surface albedo data (in %)
calculated from de-seasonalized monthly data. The monthly data were de-seasonalized relative to the long-
term monthly mean (1990-2019) and were expressed in %. For the northern high latitudes, the annual average
refers to the average of monthly anomalies from March to September.
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710 Figure C2. Same as Figure C1 but for 50-60° S, 60-70° S, and 70-80° S. The y-axis in the left figure (a)
711 shows yearly averaged surface albedo data (in %) calculated from de-seasonalized monthly data. The monthly
712 data were de-seasonalized relative to the long-term monthly mean (1990-2019) and were expressed in %.
713  For the southern high latitudes, the annual average refers to the average of monthly anomalies from
714 September to March.

715

716 Data Availability: The UV irradiance data are archived at the NDACC data repository,
717 ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/ (last access 27 July 2021). The SBUV (v8.6) satellite ozone data

718 are available at https://acd-ext.gsfc.nasa.gov/Data_services/merged/previous_mods.html (last access 18
719 March 2021). The MODIS/Terra v6.1 satellite cloud fraction monthly mean data (MOD08_M3 v6.1) are
720  available at

721 https://giovanni.gsfc.nasa.gov/giovanni/#service=TmAvMp&starttime=&endtime=&data=MOD08_M3_6
722 1 Cloud_Fraction_Mean_Mean (last access 6 April 2021).

723
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Table 1. Ground-based stations with long-term UV measurements used for the evaluation of EMAC CCM

DNA active irradiance simulations. Stations are listed from northern to southern high latitudes and are

grouped as follows: 2 stations at latitudes greater than 55° N, 13 stations between 50° N —50° S and 4 stations

at latitudes greater than 55° S.

Station name Latitude Longitude Period

1. Summit, Greenland* 72.58 -38.45 08/2004-08/2017
2. Barrow, AK, United States* 71.32 -156.68 02/1991-07/2016
3. Villeneuve d’Ascq, France* 50.61 3.14 01/2000-12/2019
4. GroB3-Enzersdorf, Austria* 48.20 16.56 05/1998-11/2019
5. Zugspitze, Germany* 47.42 10.98 08/1995-06/2007
6. Hoher Sonnblick, Austria* 47.05 12.95 01/1997-06/2020
7. Aosta, Italy 45.74 7.36 08/2006-09/2020
8. Observatoire de Haute Provence, France* 43.94 5.70 01/2009-11/2018
9. Thessaloniki, Greece 40.63 22.95 08/1993-12/2019
10. Boulder, CO, United States* 39.99 -105.26 01/2004-12/2019
11. Athens, Greece 37.99 23.78 07/2004-12/2020
12. Mauna Loa, HI, United States* 19.53 -155.58 07/1995-12/2019
13. Reunion Island, St. Denis, France* -20.90 55.50 03/2009-12/2019
14. Alice Springs, Australia* -23.80 133.87 01/2005-12/2019
15. Lauder, New Zealand* -45.04 169.68 01/1991-12/2019
16. Ushuaia, Argentina* -54.82 -68.32 01/1990-11/2008
17. Palmer, Antarctica* -64.77 -64.05 03/1990-05/2021
18. Arrival Heights, Antarctica* -77.83 166.67 01/1990-04/2021
19. South Pole, Antarctica* -90 0 11/1990-03/2021

*NDACC sites
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986

987 Table 2. (a) Correlation results between model simulations (SC1SD-base-02) and ground-based DNA active
988 irradiance data for the northern high latitude stations (>55° N), the southern high latitude stations (>55° S),
989  and the stations between 50° N — 50° S. (b) Same as (a) but for the SC1SD-base-02 simulation and satellite
990 SBUV (v8.6) total ozone data. (c) Same as (a) but for the SC1SD-base-02 simulation and satellite
991 MODIS/Terra cloud fraction data.

(a) DNA active irradiance
R Slope Error t-value p-value N RMSE
>55° N +0.518 0.657 0.129 5.105 <0.0001 73 9.543
>b5° S +0.746 0.879 0.070 12.629 <0.0001 129 14.766
50°N -50°S +0.499 0.387 0.045 8.564 <0.0001 223 4.215
(b) Total ozone
R Slope Error t-value p-value N RMSE
>55° N +0.908 0.839 0.034 24.627 <0.0001 131 1.359
>b5° S +0.892 0.888 0.040 22.211 <0.0001 129 3.414
50°N -50°S +0.894 0.817 0.028 29.672 <0.0001 223 0.872
(c) Cloud cover
R Slope Error t-value p-value N RMSE
>55° N +0.480 0.405 0.065 6.215 <0.0001 131 6.367
>b5° S +0.485 0.806 0.129 6.230 <0.0001 128 5.003
50°N -50°S +0.703 0.721 0.049 14.674 <0.0001 222 5.162
992
993
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994  Table 3. Trends (% per decade) in total ozone, DNA active irradiance, and cloudiness from the two model
995 simulations and the differences between them, i.e., free-running simulation with increasing GHGs (RC2-
996 base-04) minus the simulation with fixed GHGs at 1960 levels (SC2-fGHG-01), averaged at 2 stations in the
997 northern high latitudes (>55° N), 4 stations in the southern high latitudes (>55° S), and 13 stations between
998 50° N —50° S. The trends are estimated from the annual mean anomalies shown in Figures 3, 4, 5.

>55° N (2 stations)

Trends (% RC2-base-04 SC2-fGHG-01 Difference

per decade) 1960-1999 2000-2049 2050-2099 | 1960-1999  2000-2049 2050-2099 1960-1999 2000-2049 2050-2099

Ozone -0.56 £0.24 0.53+£0.16 0.49+0.17 -1.28 £ 0.42+0.14 0.02 +£0.16 0.72 £0.27 0.12+0.16 0.47+0.18
0.27

DNA active 0.29 £0.88 -2.79+0.62 -254+0.68 | 299091 -1.18+049 -034+0.57 | -2.70+1.16 -1.54+0.63 -2.11+0.74

irradiance

Clouds 0.09 +0.40 -0.13£0.30 0.18+0.28 -0.05 + 0.23+£0.19 —-0.06+0.29 | 0.14+0.63 —-036+036 0.25+0.39
0.44

>55° S (4 stations)

Trends (% RC2-base-04 SC2-fGHG-01 Difference

per decade) 1960-1999 2000-2049 2050-2099 | 1960-1999  2000-2049 2050-2099 1960-1999 2000-2049 2050-2099

Ozone -3.78 £0.57 2.63+0.31 1.42+0.29 —4.65 + 228+041  058+031 | 0.87+0.56 035+046  0.84+0.42
0.48

DNA active 5.70 +0.97 —4.92+0.55 -1.68+043 | 7.61+£092 -481+0.75 -0.72+0.38 | -1.91+0.95 -0.10+0.82 -0.97+0.58

irradiance

Clouds -0.36 + 0.39 —0.71+£0.28 -0.28+0.26 | 0.18+0.31 —0.05+0.22 —0.01+0.26 | —0.54+0.47 —0.53+0.35 —0.21 +0.35

50° N —50° S (13 stations)

Trends (% RC2-base-04 SC2-fGHG-01 Difference

per decade) 1960-1999 2000-2049 2050-2099 | 1960-1999  2000-2049 2050-2099 1960-1999 2000-2049 2050-2099

Ozone -0.61+0.14 0.42+£0.11 0.02+£0.12 -1.27+ 0.36 £0.10 0.12 £0.09 0.66 £0.10 0.06 £0.08 —0.10+0.09

0.16

DNA active 1.55+0.44 -0.53£0.35 0.86 +£0.35 1.75£048 —0.54+0.32 0.05+0.28 | -0.20+0.58 0.01 £0.44 0.81+0.39

irradiance

Clouds -1.15+£0.29 -0.30+0.27 -0.60+£0.25 | 0.16+0.30 -0.25+023 -0.16+0.19 | -1.21+042 -0.12+0.30 —0.50+0.27
999
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Table 4. Same as Table 3 but for the winter months, January (J), February (F), and March (M) for the

northern high latitude stations. Due to the polar night, UV results for January and February are not shown

due to large standard errors.

>55° N (2 stations)

Trends (% RC2-base-04 SC2-fGHG-01 Difference

per decade) 1960-1999 2000-2049 2050-2099 1960-1999 2000-2049 2050-2099 1960-1999 2000-2049 2050-2099

Ozone (J) -1.85+091 1.72+£0.59 -0.02+0.63 | -1.09+0.93 033+0.58  0.61+£0.64 | -0.76 + 1.36 1.39+£0.71 —0.63 £0.88

Ozone (F) -236+0.78 2.09+0.63 139+£0.62 | -2.15+0.84 021+0.61 0.17+0.48 | —0.21+1.08 1.88+£0.81 1.22+0.76

Ozone (M) -3.16+053 0.65+049 0.83+039 | -279+071 084+038 -0.82+048 | -0.37+081 —0.18+0.55 1.65 +0.59

DNA active Polar night Polar night Polar night Polar night Polar night  Polar night Polar night Polar night Polar night

irradiance (J)

DNA active Polar night Polar night Polar night Polar night Polar night  Polar night Polar night Polar night Polar night

irradiance (F)

DNA active 549+177 -170+140 -3.00+122| 828+190 -0.82+123 1.30+1.19 | -2.80+2.41 —0.49 +1.81 —4.29+1.64

irradiance (M)

Clouds (J) -0.67+0.67 1.38+0.62 0.41+0.54 121£0.66 -031+0.52 043051 | -1.84+0.93 1.70 £0.98 0.11+0.74

Clouds (F) -0.71+£0.99 0.99+0.72 0.83 +0.68 0.47+£091  -0.54+0.71 -0.26+0.65 | —1.58 £ 1.11 -0.60 +1.12 0.09 +0.88

Clouds (M) 0.47 +0.88 1.34+£0.92 1.61 +0.73 0.72 +1.35 031+094 —0.27+0.78 | -0.25+1.44 1.03+1.30 1.92 +£0.95
1004
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Table 5. Statistical test results for the difference between two trends in DNA active irradiance (trend of 1960-
2049 minus trend of 2050-2099), for the northern high latitude stations (>55° N), the southern high latitude

stations (>55° S), and the stations between 50° N — 50° S.

different trends

Latitudes >55° N (2 stations) >55° S (4 stations) 50° N — 50° S (13 stations)
1960-2049 2050-2099 1960-2049 | 2050-2099 | 1960-2049 | 2050-2099

N 605 336 630 350 1080 600

slope, b/year (Eg. 4) -0.200 -0.204 -0.116 -0.096 -0.033 0.081

Sy (Egs. 5 and 6) 0.027 0.061 0.026 0.048 0.015 0.037

Sp1p2 (Eq. 3) 0.067 0.054 0.040

t (Eq. 3) 0.061 -0.376 —2.844

degrees of freedom 937 976 1676

significance level 0.05 0.05 0.05

p-value 0.951 0.707 0.005

t-critical 1.96 1.96 1.96

Significantly No No Yes
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Table 6. (a) Coefficients of multiple regression analysis according to Eq. (7), applied to the differences
between the two model simulations, RC2-base-04 and SC2-fGHG-01, for the period 2050-2099, for the
northern high latitude stations (>55° N), the southern high latitude stations (>55° S), and the stations between
50° N —50° S. (b) Trends (% per decade) for the period 2050-2099 in the DNA active irradiance, the ozone-

related DNA active irradiance component and the cloud-related DNA active irradiance component.

(a) MLR coefficients (2050-2099)

>55° N (2 stations)

>55° S (4 stations)

50° N — 50° S (13 stations)

active irradiance
component

a + error —4.305 + 0.885 —1.994 + 0.670 —0.557 £ 0.336
Bo, £ error —2.068 £ 0.187 —0.667 +0.071 —2.831+0.128
Beioua £ error —0.593 + 0.068 —0.367 £ 0.065 —0.642 +0.035
(b) Trends (% per decade) (2050-2099)

>55° N (2 stations) >55° S (4 stations) 50° N — 50° S (13 stations)
DNA active irradiance -2.04£0.61% —0.96 £ 0.48% 0.81+0.37%
Ozone-related DNA -0.96 = 0.30% -0.57+0.21% 0.27 £0.20%

Cloud-related DNA
active irradiance
component

-0.14 £ 0.23%

0.07+0.13%

0.33£0.17%
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Table 7. Trends and their standard errors (% per decade) in the differences between the two model

simulations, RC2-base-04 and SC2-fGHG-01, for the DNA active irradiance, total ozone, cloud cover and
surface albedo at Barrow (Alaska) and Palmer (Antarctica) for the periods 1960-1999, 2000-2049 and 2050—

2099.

Trends (%
per decade)

Barrow, Alaska

Palmer, Antarctica

1960-1999 2000-2049 2050-2099 1960-1999 2000-2049 2050-2099
DNA active | —2.88+1.67 -2.18+1.17 -2.14+1.12 0.75+1.47 —-1.79+1.08 -0.33+0.90
irradiance
Ozone 0.39+0.24 0.06+0.17 0.44 +0.19 —0.02 + 0.54 0.23+0.37 0.54 +0.40
Clouds —0.96 +0.78 0.42+0.54 0.60 £0.52 —1.60 + 0.65 0.41+049 —0.46 + 0.48
Surface 0.88 +£1.33 -6.42+0.80 -2.73+0.89 0.08 +£0.82 -1.52+051 -1.60+0.53
albedo
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1028  Figure 1. Comparison of model simulations of DNA active irradiance with averages of ground-based
1029  measurements at 2 UV stations in the northern high latitudes (>55° N) (upper panel), 13 UV stations from
1030 50° N to 50° S (middle panel) and 4 UV stations in the southern high latitudes (>55° S) (lower panel). Shown
1031 are data from March to September for the northern high latitudes and from September to March for the
1032 southern high latitudes. The y-axis shows yearly averaged DNA active irradiance data (in %) calculated from
1033  de-seasonalized monthly data. The monthly data at each station were de-seasonalized by subtracting the long-
1034 term monthly mean (2000-2018) pertaining to the same calendar month and were expressed in %. The
1035  average over each geographical zone was estimated by averaging the de-seasonalized data of the stations
1036  belonging to each geographical zone. For the northern high latitude stations, the annual average refers to the
1037  average of monthly anomalies from March to September, and for the southern high latitude stations, it refers
1038 to the average of monthly anomalies from September to March. For the stations between 50° N-50° S we

1039  used all months to calculate the annual average.
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1041 Figure 2. (a) Same as in Figure 1 but for ozone column. (b) For cloud cover. The y-axes show yearly
1042 averaged data (in %) calculated from de-seasonalized monthly data. The monthly data were de-seasonalized
1043 relative to the long-term monthly mean (2000-2018) and were expressed in %. For the northern high latitude
1044  stations, the annual average refers to the average of monthly anomalies from March to September, and for
1045  the southern high latitude stations, it refers to the average of monthly anomalies from September to March.

1046 For the stations between 50° N-50° S we used all months to calculate the annual average.
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1047 Figure 3. Changes in total ozone, DNA active irradiance and cloud cover averaged at 13 UV stations from

1048 50° N to 50° S, based on simulations with increasing and fixed GHGs mixing ratios. (a) RC2-base-04 is the
1049 simulation with increasing GHGs according to RCP-6.0. (b) SC2-fGHG-01 is the simulation with fixed
1050 GHGs emissions at 1960 levels. (c) Difference between the two model simulations, indicating the impact of
1051 increasing GHGs. The y-axes in (a) and (b) show yearly averaged data (in %) calculated from de-seasonalized
1052 monthly data. The monthly data were de-seasonalized relative to the long-term monthly mean (1990-2019)
1053 and were expressed in %. For stations between 50° N-50° S we used all months to calculate the annual
1054  average.
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1055  Figure 4. Changes in total ozone, DNA active irradiance and cloud cover averaged at 2 UV stations in the
1056 northern high latitudes (>55° N), based on simulations with increasing and fixed GHGs mixing ratios. (a)
1057 RC2-base-04 is the simulation with increasing GHGs according to RCP-6.0. (b) SC2-fGHG-01 is the
1058 simulation with fixed GHGs emissions at 1960 levels. (c) Difference between the two model simulations,
1059 indicating the impact of increasing GHGs. The y-axes in (a) and (b) show yearly averaged data (in %)
1060 calculated from de-seasonalized monthly data. The monthly data were de-seasonalized relative to the long-
1061 term monthly mean (1990-2019) and were expressed in %. For the northern high latitude stations, the annual

1062 average refers to the average of monthly anomalies from March to September.
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1063  Figure 5. Changes in total ozone, DNA active irradiance and cloud cover averaged at 4 UV stations in the

1064 southern high latitudes (>55° S), based on simulations with increasing and fixed GHGs mixing ratios. (a)

1065 RC2-base-04 is the simulation with increasing GHGs according to RCP-6.0. (b) SC2-fGHG-01 is the

1066 simulation with fixed GHGs emissions at 1960 levels. (c) Difference between the two model simulations,

1067 indicating the impact of increasing GHGs. The y-axes in (a) and (b) show yearly averaged data (in %)

1068 calculated from de-seasonalized monthly data. The monthly data were de-seasonalized relative to the long-

1069 term monthly mean (1990-2019) and were expressed in %. For the southern high latitude stations, the annual

1070 average refers to the average of monthly anomalies from September to March.
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Figure 6. (a) Changes in surface albedo at Barrow, Alaska, and (b) at Palmer, Antarctica, derived from the
differences between the two model simulations: the one with increasing GHGs (RC2-base-04) and the one
with fixed GHGs (SC2-fGHG-01). Results refer to the summer season. Data were de-seasonalized with
respect the period 1990-2019 and then were averaged from March to September at Barrow, and from
September to March at Palmer. The left y-axis shows the differences in surface albedo values and the right

y-axis shows the respective differences in % of the mean.
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