
 1 

Evidence of a possible turning point in solar UV-B over 1 

Canada, Europe and Japan 2 

 3 

C.S. Zerefos1,2,4, K. Tourpali3, K. Eleftheratos1,4, S. Kazadzis5, C. Meleti3, U. 4 

Feister6, T. Koskela7, A. Heikkilä7 
5 

 6 

[1] Biomedical Research Foundation of the Academy of Athens, Athens, Greece 7 

[2] Navarino Environmental Observatory (N.E.O.), Greece 8 

[3] Department of Physics, University of Thessaloniki, Greece 9 

[4] Faculty of Geology and Geoenvironment, University of Athens, Greece 10 

[5] Institute for Environmental Research and Sustainable Development, National Observatory 11 

of Athens, Greece 12 

[6] Meteorological Observatory Lindenberg, German Meteorological Service, Germany 13 

[7] Climate Change Unit, Finnish Meteorological Institute, Helsinki, Finland 14 

 15 

Correspondence to: Christos S. Zerefos (zerefos@geol.uoa.gr)  16 

17 

mailto:zerefos@geol.uoa.gr


 2 

Abstract 1 

This study examines the long term variability of UV solar irradiances at 305nm and 325nm 2 

over selected sites in Canada, Europe and Japan. Site selection was restricted to the 3 

availability of the most complete UV spectroradiometric datasets during the period 1990–4 

2011. The analysis includes the long-term variability of total ozone, aerosol optical depth and 5 

cloud fraction at the sites studied. The results, based on observations and modeling, suggest 6 

that over Canada, Europe and Japan the period under study can be divided into three sub-7 

periods of scientific merit: The first period (1991–1994) is the period perturbed by the 8 

Pinatubo volcanic eruption, during which excess volcanic aerosol has enhanced the 9 

“conventional” amplification factor of UV-B at ground level by an additional factor that 10 

depends on solar elevation. The increase of the UV-B amplification factor is the result of 11 

enhanced scattering processes caused by the injection of huge amounts of volcanic aerosols 12 

during the perturbed period. The second period (1995–2006) is characterized by a 0.14% yr
–1

 13 

increase in total ozone and an increasing trend in spectral irradiance by 0.94% yr
–1

 at 305nm 14 

and 0.88% yr
–1

 at 325nm. That paradox was caused by the significant decline of the aerosol 15 

optical depth by more than 1% yr
–1

 (the ‘brightening’ effect) and the absence of any 16 

statistically significant trend in the cloud fraction. The third period (2007–2011) shows 17 

statistically significant evidence of a slowdown or even a turning point in the previously 18 

reported upward UV-B trends over Canada, Europe and Japan. 19 

20 



 3 

1 Introduction 1 

The world “avoided” following the success of the Montreal Protocol and evidence for 2 

recovery of the ozone layer over the Northern Hemisphere (Zanis et al., 2006; Chipperfield et 3 

al., 2007; Harris et al., 2008; Newman et al., 2009; Zerefos et al., 2009a; WMO, 2011) 4 

suggest that, other factors remaining constant, the observed increases of the harmful solar UV-5 

B doses (Zerefos, 2002) were expected to have levelled off or even decrease in the last 6 

decade. The 2011 WMO/UNEP Ozone Assessment and a recent paper by den Outer et al. 7 

(2010) reported the continuation through 2005, of upward trends in UV-B over Europe. They 8 

found these upward trends to range between +0.3%yr
−1

 and +0.6%yr
−1

 of which 2/3 they have 9 

attributed to the combined decrease of cloudiness and aerosol optical depth and 1/3 to the past 10 

long-term ozone change through 2005.  11 

Trends in cloudiness and aerosols are different in different places on earth and their 12 

long term effects vary in the different wavelengths of the solar spectrum (Bais et al., 1993; 13 

Wild, 2009; Wild et al., 2009; Zerefos et al., 2009b; Cermak et al., 2010). Using the longest 14 

available time series of spectral UV measurements (Fioletov et al., 2001, 2004) and updating 15 

them through 2011, we provide here tentative evidence that we may have passed maximum 16 

UV-B exposure levels over various sites located at northern latitudes ranging from 25
o
N to 17 

60
o
N. The analysis is based on 305nm and 325nm solar irradiances at stations with 18 

spectroradiometric data during the period 1990–2011. Our analysis is supported by 19 

observations of other atmospheric variables, affecting the transmittance of UV solar irradiance 20 

at the earth’s surface, namely, clouds, ozone and aerosols.  21 

The basic idea to perform the present work came from the observation of different 22 

trends (positive for columnar ozone, negative for the aerosols and no trends in cloudiness) at 23 

the sites studied during 1995–2011. In the absence of any significant trends in aerosols and 24 

clouds, the recovery of columnar ozone would result to a decrease in UV-B solar irradiances. 25 
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However, as is shown in the analysis that follows, UV-B solar irradiances continued their 1 

positive trends through about 2005 after which they have levelled-off and then seem to have 2 

reversed their upward trend. This can only be explained if we consider the opposite effects the 3 

aerosols and ozone trends have on UV-B change, since the observed trend in cloudiness is 4 

insignificant. Indeed, we show here evidence that the aerosol decline (brightening effect) has 5 

offset the effect of the ozone upward trend on UV-B from 1995 to about 2006. Since 2007, 6 

the continued upward trend of ozone dominated and overwhelmed the opposing trend 7 

imposed by the aerosol decline.  8 

 9 

2 Data sources and Methodology 10 

The longest and most complete available time series of UV spectroradiometric data set 11 

in the 20-yr period of study (1990–2011) were used throughout this work at 12 sites listed in 12 

Table 1. Daily UV solar irradiances at 305nm and 325nm and total column ozone data for 13 

stations in Canada and Japan were obtained from the World Ozone and Ultraviolet Radiation 14 

Data Centre (WOUDC) operated by Environment Canada (www.woudc.org). Daily UV solar 15 

irradiance data for Europe were obtained from the European UV Database 16 

(http://www.ozone.fmi.fi/uvdb). Monthly means from daily UV solar irradiances were 17 

calculated at each station only if 14 daily summaries were available for each month. 18 

In addition to spectral UV solar irradiances and total ozone, this study includes the 19 

analysis of time series of aerosol optical depth (AOD) at 550nm and the cloud fraction from 20 

satellite data for the period 1990–2011. In the case of AOD, two overlapping data sets have 21 

been used: (1) for the period 1990–2006, the NASA/GACP, Global Aerosol Climatology 22 

Project (Mishchenko et al., 2007a) and (2) for the period 2000–2011, the Terra AOD 23 

experiment (MODIS) from the MODerate-resolution Imaging Spectroradiometer (Levy et al., 24 
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2007). The MODIS/Terra AOD data were taken at a spatial resolution of 1
o
 × 1

o
 around each 1 

of the ground based monitoring stations, listed in Table 1.  2 

The relation between AOD monthly values at 550nm from MODIS and at 320nm from 3 

ground-based measurements was next checked for correlation in their long-term variability. 4 

Unfortunately we had common AOD ground-based data at 320nm and from MODIS at 5 

550nm, with sufficient detail, only at the stations of Thessaloniki 40
o
 N and Lindenberg 52

o
 6 

N. These data sets have been correlated on different time scales. Both on short and on longer 7 

time scales the ground-based AOD at 320nm were highly correlated (r ≈ +0.8) with the 8 

satellite AOD at 550nm (see Supplement Fig. S1). Another issue that should be noted here is 9 

that NASA/GACP AOD data at 550nm are provided over areas near large water bodies such 10 

as the oceans, seas and the lakes, where the surface reflectance is often low. In this work we 11 

have used 2.5
o
 × 2.5

o
 square degree resolution at the eight out of the twelve 12 

spectroradiometric stations located near water bodies. A 5
o
 × 5

o
 sq. deg. resolution was used 13 

for the remaining four stations. Statistical comparisons of NASA/GACP AOD at 550nm with 14 

ship-borne sun-photometer AOD data at 550nm have shown significant correlations. It has 15 

been found that the ensemble-averaged NASA/GACP AOD at 550nm overestimates the 16 

ensemble-averaged sun-photometer data only by about 3.6% with a random error of about 17 

0.04 (Mishchenko et al., 2007b and references therein). In order to test the accuracy of the 18 

time series created at each station from the NASA/GACP data, the corresponding 19 

MODIS/Terra data for the overlapping period (2000–2006) have been used. The calculated 20 

correlation coefficients between the common-period data sets are significant at the 99% 21 

confidence level (+0.56 for stations in Canada, +0.60 for stations in Europe, +0.59 for stations 22 

in Japan, and +0.76 for the ensemble of all stations).  23 

Similarly, cloud fraction data for the period 1990–2006 were taken from the NASA 24 

International Satellite Cloud Climatology Project (ISCCP), (Rossow and Schiffer, 1999) and 25 
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for the period 2000–2011 the cloud fraction was taken from the MODIS/Terra dataset. Both 1 

data sets are consistent with each other, since the deseasonalized monthly time series of cloud 2 

fraction from ISCCP and from MODIS during their common period 2000–2006, are highly 3 

correlated (r ≈ +0.6, confidence level >99.9%). The correlation coefficients calculated 4 

separately for the different geographical regions of the study were found to be also highly 5 

significant (+0.6 for Canada, +0.7 for Europe, and +0.7 for Japan).  6 

All parameters used in this study have been deseasonalized and averaged as follows: 7 

First, we deseasonalized the monthly mean data at each station by subtracting the long-term 8 

monthly mean pertaining to the same calendar month. Next, we calculated the averages over 9 

each geographical region separately (Canada, Europe and Japan) by averaging the 10 

deseasonalized data of the stations belonging to each region. Finally, the overall 11 

deseasonalized averages of all stations were obtained by averaging the three regional 12 

deseasonalized averages over Canada, Europe and Japan. 13 

The procedure described by Reinsel (2002) and Newchurch et al. (2003), commonly 14 

used to investigate trends in ozone time series, was used in this work. We have applied here a 15 

statistical linear trend model, the generalized form of which can be described as the sum of a 16 

monthly trend, the QBO effect, the solar cycle effect, the cloud effect and a noise term as 17 

shown in Eq. (1): 18 

Yt = αTrt + β1Z1;t + β2Z2;t + β3Z3;t + Nt         (1) 19 

where, Yt stands for the monthly deseasonalized UV data, Trt the monthly linear trend. 20 

Z1;t a proxy time series used to describe the QBO effect. Here we use 2 terms, namely the 21 

averaged equatorial zonal winds at 30 and 50hPa. The term Z2;t accounts for the effect of the 22 

11–year solar cycle, using the time series of the F10.7cm solar radio flux density as proxy, 23 

and the term Z3;t. is a proxy time series to describe the cloud fraction effect. Nt is the 24 
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unexplained noise term. The statistical model is autoregressive AR(1), and the term Nt 1 

satisfies Eq. (2):  2 

Nt=φNt-1 +εt .            (2) 3 

in which the εt are the residuals used to compute the cumulative sums of residuals 4 

(plotted in Fig. 3), after removing the autoregressive component φNt-1. 5 

In order to derive the proxy time series for the cloud fraction, we have used the 6 

deseasonalised cloud fraction time series from the NASA/ISCCP and from the MODIS/Terra 7 

data sets described above. The time series were tested for homogeneity during their common 8 

period of records (2000–2006). No systematic discontinuities were found, and the correlation 9 

between NASA/ISCCP and MODIS/Terra deseasonalized time series was highly significant (r 10 

≈ +0.6). The NASA/ISCCP time series was adjusted to the MODIS/Terra, taking into account 11 

their correlation and the standard deviations. From 2000 on, the MODIS/Terra series was used 12 

until the end of September 2011, so that a unique time series for the cloud fraction over the 13 

period 1995–2011 was constructed and used in Eq. (1) as a proxy time series for the cloud 14 

effect. This was done separately for every region and finally to the average of all three 15 

regions, so in total we got four cloud fraction proxy time series (Europe, Canada, Japan as 16 

well as their average). 17 

The statistical analysis using Eqs (1) and (2) was applied to the time series of 305nm 18 

and 325nm, using the deseasonalised UV time series for the regions of Europe, Canada, Japan 19 

and their average. We have used in this statistical model as cloud fraction proxy time series 20 

the appropriate regional and average time series. The aerosol optical depth has not been used 21 

in this statistical model. 22 

 23 
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3 Results and Discussion 1 

Figure 1 shows the deseasonalized departures (in %) of total ozone, 305nm and 325nm 2 

UV solar irradiances, the AOD at 550nm and the cloud fraction, averaged over all stations. On 3 

the top of Fig. 1, monthly mean zonal winds at 30hPa and 50hPa, were averaged and plotted 4 

to represent the QBO. The gray vertical zone sweeping the composite time series was drawn 5 

to indicate the period when the Pinatubo eruption had significant effects to both the total 6 

ozone and the AOD values (Granier and Brasseur, 1992; Zerefos et al., 1994). Noteworthy 7 

here is the perturbation introduced by the Pinatubo aerosol in the well-known anti-correlation 8 

between UV-B and total ozone (Zerefos, 2002).  9 

During the period of study (Jan. 1990 through Sept. 2011) the long-term variability of 10 

total ozone and AOD underwent important interannual fluctuations, while the corresponding 11 

variability of cloud fraction had no significant trend. It is well known that these three 12 

parameters and their long-term changes are the decisive factors in any attempt to understand 13 

the interannual variability of solar ultraviolet radiation. However, notable statistically 14 

significant interannual changes in total ozone and AOD can be seen, during the volcanically 15 

perturbed period from the Pinatubo eruption and the post-volcanic period to present (1995–16 

2011). It is interesting to note the extreme values of AOD at 550nm during the volcanically 17 

perturbed period and its decreasing trend in the post Pinatubo period. This long term 18 

decreasing trend of AOD at 550nm (brightening effect) is characteristic at all stations under 19 

study.  20 

The post-Pinatubo opposite long-term variability of total ozone and AOD, provided us 21 

with the unique opportunity to search for any possible leveling of UV-B reaching ground 22 

level, as would be expected from the observed positive trend of total ozone as seen in Fig. 1. 23 

If AOD and cloud fraction had no trend, UV-B should have started its leveling off and its 24 

decrease in time due to the total ozone increase. However, although the cloud fraction is 25 
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remaining statistically unchanged, AOD with its monotonous decreasing trend, had the effect 1 

to delay the leveling or even the decrease of UV-B due to the observed ozone upward trend, 2 

up to the last few years of the record. The above discussion is supported by the third time 3 

series in Fig. 1, which shows the long-term variability of the difference (in per cent) between 4 

the 305nm and the 325nm spectral solar irradiances which is dependent mostly on ozone. The 5 

anticorrelation between total ozone and the (305nm–325nm) irradiance difference is highly 6 

significant, exceeding 0.8 both on short and on longer time scales. This high anticorrelation 7 

emphasizes the role that AOD trends have played, in delaying the long-term UV-B “recovery” 8 

over about half of the northern hemisphere. We emphasize that the (305nm–325nm) 9 

difference is about free from the combined effects of changes in aerosol and cloud fraction. 10 

Trying to quantify these arguments, we have calculated trend estimates and tested 11 

them for significance, based on Eq. (1) for the period from January 1995 through September 12 

2011. We note here that the time series for cloud fraction and QBO do not have any 13 

significant trends throughout the past 20-yr period. If these terms are used in Eq. (1) then the 14 

results of 305nm and 325nm UV irradiances averaged over all stations, display increasing 15 

rates of (0.37% ± 0.05%) yr
−1

 and (0.55% ± 0.03%) yr
−1

 respectively, while the average ozone 16 

levels increased at the rate of (0.1% ± 0.02%) yr
−1

. During the same period, AOD levels 17 

appear to decline at rates exceeding 1% yr
−1

 (see also Table 2). 18 

To examine whether the changes seen in Fig. 1 are representative for the stations in all 19 

examined geographical regions and not an artifact of the data processing, we have separated 20 

the stations in the different regions under study and calculated the averages individually for 21 

Canada, Europe and Japan. The results for the individual regions are presented in Figs. 2a, 2b, 22 

and 2c, respectively. As can be seen, the trends in the examined parameters are similar in all 23 

geographical regions under study. Table 3 summarizes the observed changes for the regions of 24 
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Canada, Europe and Japan, separately which are found to in agreement with the trends shown 1 

in Table 2. 2 

Because of the importance of the observed UV changes in the last years of the record, 3 

we have further examined the rate of change in UV irradiances following the statistical trend 4 

analysis described in section 2 (Eqs. (1) and (2)). The period from Jan/1995 through Dec/2005 5 

has been used as the base period for the estimation of linear trends and the coefficients that 6 

correspond to each of the terms of the statistical model described before. Using these 7 

coefficients (estimated from the 1/1995 – 12/2005 fit), we have calculated from Eq. (2) the 8 

residual series Nt and subsequently the εt, extending the series beyond 2005 for the full period 9 

until the end of the record (9/2011). These residual time series (Fig. 3, left panels) are filtered 10 

from QBO, solar cycle and cloud fraction effects, based on their linear relationship with the 11 

deseasonalised UV time series.  12 

The 95% confidence limits due to the statistical model uncertainty and the unexplained 13 

noise (due to unresolved fluctuations) have been calculated according to Newchurch et al 14 

(2003, their appendix B). The cumulative sum of residuals (CUSUM) procedure can assess 15 

the systematic departure of UV (at either wavelength) computed from the trend line calculated 16 

for 1995–2005 and extended after 2005 (i.e. linear trend forecast). A negative CUSUM 17 

indicates a smaller change in the UV increasing rate in comparison to the base period. 18 

Statistical significance can be assessed by comparison to the 95% confidence limits as 19 

presented in Fig. 3. 20 

For the UV 305nm departures (upper panels in Fig. 3), the station average shows large 21 

negative CUSUM of residuals, which exceeds the 95% confidence limit, thus indicating that 22 

the positive trend seen in 305nm UV records until the end of the 2005 (0.94% ± 0.07% yr
–1

) 23 

began reversing since about 2007. Similar results were found if the regions of Canada and 24 

Europe are examined separately, while for Japan, we found barely significant results at the 25 
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95% confidence limit. In the case of 325nm departures (bottom panels in Fig. 3), the station 1 

average shows also large negative CUSUM of residuals, exceeding the 95% cl., indicating a 2 

slowdown of the trend of the previous period (0.88% ± 0.04% yr
–1

 for 1995–2005). The same 3 

applies for the stations in the region of Canada and Europe, while in Japan there is no 4 

indication of a significant change in the trend of 325nm irradiances.  5 

To quantify further the hypothesis of the synergy of solar brightening and ozone 6 

upward trends to the overall UV-B variation, we have applied radiative transfer model 7 

calculations using the LibRadtran package (Mayer and Kylling, 2005). The radiative transfer 8 

model was fed with the ground-based observed ozone and MODIS-AOD at 550nm 9 

measurements to calculate irradiances at 305nm for all stations during the period (2000–10 

2011). The model results together with the observations are displayed in Fig. 4. On top of that 11 

figure the significant upward trend in total ozone and the downward trend in AOD are 12 

dominant. Keeping constant the AOD to its mean value, the calculated effect of ozone on UV-13 

B is shown by curve A. Curve C shows the effect of “brightening” at 305nm as a result of the 14 

reduced AOD and curve B shows the calculated effect on 305nm from the synergy of both 15 

ozone and AOD trends. The corresponding best fit modelled curve is also shown for 16 

comparison. Curves A and C are respectively best fit to their respective model calculations. 17 

All calculations were based on deseasonalized monthly means assuming cloudless conditions. 18 

The observed 305nm monthly mean deseasonalized irradiances averaged over Canada, Europe 19 

and Japan are shown by the open circles describing the UV-B variability due to the changes in 20 

ozone, aerosols and clouds.  21 

The centre of the circle with the two arrows shown in Fig. 4 is the interception of 22 

curves A and C which probably marks the starting point of the levelling off, in the upward 23 

UV-B trend, which is followed by a decrease in the subsequent few years through September 24 

2011. The model estimates a –1.5% to –2% UV-B decrease from 2007 to 2011 under 25 
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cloudless conditions. The overall calculated effect of ozone increase on 305nm irradiances, is 1 

estimated to be on the order of –4% during 2007-2011. The corresponding effect of AOD at 2 

305nm irradiances was calculated to be on the order of +1.8% increase. These model 3 

calculations confirm the statistical results derived from the analysis of observations as 4 

discussed previously in connection to Fig. 1. 5 

Before closing this paragraph we provide here some modelling results on the UV 6 

variability during the Pinatubo period. In the volcanically perturbed period seen in Fig. 1 and 7 

Table 2, we note a significant 8% ozone loss and a disproportionately increase in 305nm solar 8 

irradiance by about 25%, while the 325nm solar irradiance remained within its expected range 9 

of variability. The well-known anti-correlation between UV-B and total ozone (i.e. the 10 

amplification factor) is significantly enhanced at 305nm (by a factor of 3) compared to any 11 

other time period in the series. We have used the LibRadtran package (Mayer and Kylling, 12 

2005) to investigate the role played by the volcanic aerosols in explaining this enhancement. 13 

More specific we have calculated the UV irradiance for a constant (8%) ozone decrease and 14 

for different aerosol scenarios and various solar zenith angles. The results are solar zenith 15 

angle dependent, so they can not directly be compared with the results shown in Fig. 1. This is 16 

because data presented in Fig. 1 are monthly means of daily doses, thus representing 17 

measurements that have been performed at a variety of solar zenith angles. Our calculations 18 

show that for constant aerosol optical depth, aerosols have a larger effect on UV when they 19 

are redistributed from the troposphere to the stratosphere, combined with the 8% ozone 20 

reduction. Calculations for 45, 60 and 75 degrees of solar zenith angle showed (additional to 21 

the ozone related reduction) enhancements of 2%, 5% and 20% respectively when a scenario 22 

of urban/extreme volcanic aerosol below/above 2Km respectively is selected, relative to the 23 

non-volcanic case. 24 

25 
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4. Conclusions 1 

This study examines the long-term variability of UV solar irradiances in connection to 2 

the observed upward trends in total ozone and downward trends in aerosols. The statistical 3 

analysis and model calculations have shown that the long-term variability of UV-B 4 

irradiances can be divided into three sub-periods which are characterized by different physical 5 

processes which affect the interannual variation of UV-B. The first period is the period 6 

perturbed by the Pinatubo volcanic eruption (1991–1994) for which it is shown that the excess 7 

volcanic aerosol might have enhanced by an additional 6% the “conventional” amplification 8 

factor of UV-B at ground level. The second period (1995–2006) is characterized by a UV-B 9 

increase caused by the synergy of upward ozone trend and tropospheric aerosol decline 10 

(brightening effect) during which the observed cloudiness remained without statistically 11 

significant trends. During that second period, the trend in spectral irradiance is +0.94% yr
−1

 at 12 

305nm and +0.88% yr
−1

 at 325nm. Model results show the synergistic effects on UV-B of the 13 

opposite trends observed in total ozone and aerosols to be in agreement with the observations. 14 

The third period, which refers to the last 5 yrs, might provide for the first time significant 15 

statistical and model-derived evidence, indicating a slowdown of the upward trends observed 16 

in the past, over the sites studied where UV-B trends seem to have undergone a turning point 17 

most probably after 2007. 18 

19 
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Table 1. Mid-latitude stations with long series of accessible spectral UV data analysed in this 1 

study. 2 

CANADA Latitude Longitude Data used Instruments Data source 

Churchill 58.75 -94.07 1992-2011 Brewer MKII WOUDC 

Edmonton/Stony Plain 53.55 -114.1 1992-2011 Brewer MKII WOUDC 

Saturna Island 48.78 -123.13 1990-2011 Brewer MKII, MKIV WOUDC 

Toronto 43.78 -79.47 1990-2011 Brewer MKII WOUDC 

      

EUROPE      

Jokioinen 60.81 23.49 1996-2011 Brewer MKIII FMI 

Lindenberg 52.21 14.12 1995-2011 Brewer MKIV, Spectro 320D DWD 

Reading 51.44 -0.94 1992-2011 Optronics, Bentham WOUDC 

Hradec Kralove 50.18 15.83 1994-2010 Brewer MKIV EUVDB 

Thessaloniki 40.63 22.95 1992-2011 Brewer MKII, MKIII AUTH 

      

JAPAN      

Sapporo 43.05 141.33 1991-2011 Brewer MKII, MKIII WOUDC 

Tateno 36.05 140.13 1990-2011 Brewer MKII, MKIII WOUDC 

Naha 26.2 127.67 1991-2011 Brewer MKII, MKIII WOUDC 

3 
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Table 2. Amplitude [i.e., (max–min)/2] of atmospheric parameters during 1991–1994 1 

(volcanic period) and during 1995–2011 (post-volcanic period). The right column shows the 2 

trends in per cent per year averaged at the 12 stations. Values in brackets refer to statistical 3 

significance of each trend. 4 

12 stations average Amplitude (%) Trend per year (%)  

 1991–1994 1995–2011 1995–2011  

Ozone 7.9 5.7 +0.10  0.02 (99%)  

305 nm 25.7 17.5 +0.37  0.05 (99%)  

325 nm 6.8 11.7 +0.55  0.03 (99%) Period 

AOD (GACP) 

AOD (MODIS) 

71.4 

– 

56.2 

37.8 

–1.00  0.39 (95%) 

–2.52  0.32 (99%) 

1991–2006 

2000–2011 

Clouds (ISCCP) 

Clouds (MODIS) 

13.1 

– 

9.1 

10.9 

+0.10  0.08 (–) 

+0.01  0.11 (–) 

1991–2006 

2000–2011 

 5 

Table 3. Trends (in % per year) over Canada, Europe and Japan. Values in brackets refer to 6 

statistical significance of each trend. 7 

POST-PINATUBO TRENDS IN (%) YR
–1

  

 CANADA (4 stations) EUROPE (5 stations) JAPAN (3 stations) 

Ozone +0.09  0.03 (99%) +0.09  0.03 (95%) +0.19  0.03 (99%) 

305 nm +0.55  0.10 (99%) +0.11  0.08 (–) +0.59  0.07 (99%) 

325 nm +0.72  0.06 (99%) +0.34  0.04 (99%) +0.67  0.03 (99%) 

AOD (GACP) 

AOD (MODIS) 

–1.70  0.69 (95%) 

–2.55  0.71 (99%) 

–1.66  0.60 (99%) 

–4.28  0.57 (99%) 

–0.09  0.61 (–) 

–0.89  0.42 (95%) 

Clouds (ISCCP) 

Clouds (MODIS) 

+0.02  0.12 (–) 

–0.08  0.18 (–) 

–0.03  0.17 (–) 

–0.06  0.24 (–) 

+0.24  0.14 (–) 

+0.18  0.17 (–) 

 8 

9 
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Figure captions 1 

Figure 1. Changes in (%) in total ozone, UV irradiances at 305 and 325nm, AOD at 550nm 2 

and cloud fraction averaged over 12 stations located between 25
o
 N and 60

o
 N. The third time 3 

series shows the long-term variability of the difference (in %) between 305nm and 325nm 4 

solar spectral irradiance. Solid black curves are 12-month running means. 5 

 6 

Figure 2. (a) Changes in (%) in total ozone, UV irradiances at 305 and 325nm, AOD at 550nm 7 

and cloud fraction averaged at 4 stations in Canada. The third time series shows the long-term 8 

variability of the difference (in %) between 305nm and 325nm solar spectral irradiance. Solid 9 

black curves are 12-month running means. (b) Same as in (a) but for 5 stations in Europe. (c) 10 

Same as in (a) but for 3 stations in Japan.  11 

 12 

Figure 3. White noise residuals (left panels) and their CUSUMs (εt, right panels) for all 13 

stations average. The red dotted line indicates the negative part of the 95% confidence 14 

envelope of departures from natural variability and model uncertainty. 15 

 16 

Figure 4. Upper part: Total Ozone (12 month running mean) from ground-based 17 

measurements at 12 stations, Middle: average AOD from MODIS/Terra (12 month running 18 

mean) over the 12 stations. Lower part: 305nm irradiance departures (red) calculated with the 19 

RT model, and open circles are observed 305nm solar irradiances. Curves A, B, C are 2
nd

 deg. 20 

polynomial fit of the calculated contribution of ozone (A), aerosol (C) and ozone and aerosol 21 

together (B) to the 305nm irradiance variation. 22 

23 
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