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Abstract 30 

Two Italian homogenized datasets of sunshine duration (SD) and global radiation (Eg↓) relative 31 

anomalies are used to investigate to what extent these two variables agree with respect to their 32 

temporal evolution. They are compared for northern and southern Italy over the period 1959-2013. 33 

Both under all-sky and clear-sky conditions, the SD records tend to show a shorter and less intense 34 

decrease until the 1980s (“global dimming”) with respect to the Eg↓ ones, while there is a better 35 

agreement in the subsequent period when both variables increase (“brightening period”). To 36 

investigate whether such behavior can be explained by a different sensitivity of SD and Eg↓ to 37 

atmospheric turbidity variations, the observed clear-sky trends are compared to those estimated by a 38 

model based both on Lambert-Beer’s law and on a simple estimation of diffuse radiation. Results 39 

show that most of the differences observed in the trends of the clear-sky SD and Eg↓ records can be 40 

explained considering a realistic pattern of atmospheric turbidity in the 1959-2013 period. The only 41 

exception concerns winter and autumn in northern Italy where clear-sky SD does not decrease in the 42 

dimming period as much as it would be expected on the basis of the corresponding increase in 43 

atmospheric turbidity. One reason for this discrepancy could be the influence of other variables like 44 

relative humidity. This case study highligts that changes in atmospheric tubidity have to be kept in 45 

mind when SD is used to investigate the multidecadal evolution of Eg↓.  46 

 47 

1. Introduction 48 

The amount of solar energy reaching the Earth’s surface provides the energy for a variety of climate 49 

processes (e.g., evaporation, snow melting and diurnal/seasonal cycle of surface temperature) 50 
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[Hartmann et al., 1986; Ohmura and Gilgen, 1993]. Therefore, its changes can have profound 51 

environmental, societal and economic implications [Stanhill, 1983; Wild, 2009]. 52 

Global radiation (also known as surface solar radiation - Eg↓) is the solar radiation received from a 53 

solid angle of 2п sr on a horizontal surface and is measured with a pyranometer [WMO, 2008a]. It 54 

includes radiation received directly from the solid angle of the sun’s disc (direct radiation – E), as 55 

well as the downward component of the diffuse sky radiation that has been scattered in traversing 56 

the atmosphere (diffuse radiation – Ed↓). 57 

In the last decades, the scientific community has learned that Eg↓ is not constant on decadal time 58 

scales [Wild, 2009, 2016], showing a decrease called “global dimming” from the 1950s to the 1980s 59 

[Stanhill and Cohen, 2001; Stanhill, 2005] and a subsequent increase called “brightening period” 60 

since the beginning of 1980s [Wild et al., 2005; Wild, 2012]. Series starting before the 1950s, 61 

display also an increase during the 1930s and 1940s, known as “early brightening” [Stanhill and 62 

Achiman, 2016]. 63 

Causes of these variations are complex and not yet completely understood, especially if studies 64 

regarding different areas are compared. Major causes are thought to be related to changes in 65 

anthropogenic aerosols and cloud characteristics [Liepert et al., 1994; Stanhill and Cohen, 2001; 66 

Wild, 2009, 2016; Chiacchio and Wild, 2010; Xia, 2010; Matuszko, 2012; Bartók, 2016]. Clouds are 67 

supposed to be the major contributors to the Eg↓ variability at interannual scale, while atmospheric 68 

aerosols contribute especially at decadal scale [Wang et al., 2012; Wild, 2016] even if they are not 69 

completely independent [Ramanathan et al., 2001; Xia, 2012].  70 

In particular, increasing anthropogenic aerosol emissions from the 1950s are thought to be the 71 

major cause of the observed decadal Eg↓ reduction until the 1980s [Stanhill and Cohen, 2001; 72 

Liepert and Tegen, 2002; Norris and Wild, 2007]. However, measures to reduce air pollution from 73 

the 1970s onwards have been suggested to be responsible for the renewed increase of Eg↓ [Hansen 74 

et al., 1997; Dutton et al., 2004, 2006; Vestreng et al., 2007; Chiacchio and Wild, 2010; Nabat et 75 

al., 2014]. The reasons for the observed increase during the 1930s and 1940s are more difficult to 76 
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determine, considering the low availability of long records [Wild et al., 2009; Antón et al., 2014, 77 

2017; Sanchez-Lorenzo et al., 2015; Wild, 2016].  78 

Eg↓ records started to become available on a widespread basis only in the late 1950s [Stanhill, 1983; 79 

Wild et al., 2009]. Consequently, one of the main problems in studying the temporal variability of 80 

Eg↓ is the small number of sites with reliable long-term records. Therefore, proxy measures 81 

available for longer periods such as total cloud cover (TCC), visibility or sunshine duration (SD) 82 

[Stanhill, 2005; Sanchez-Lorenzo et al., 2009; Wang et al., 2012; Román et al., 2014; Antón et al., 83 

2017] are helpful to estimate the temporal variability of Eg↓. The most appropriate proxy for Eg↓ is 84 

probably SD because it is less subjective than the others and data are available since the late 85 

nineteenth century [Sanchez-Lorenzo et al., 2013]. Moreover, SD is closely correlated to Eg↓ by 86 

means of the Ångström-Prescott formula [Angstrom, 1924; Prescot, 1940].  87 

According to the World Meteorological Organization (WMO), the SD for a given day is the length 88 

of time during which E is above 120 Wm-2 [WMO, 2008b]. Most of the SD data have been recorded 89 

with the Campbell-Stokes and Jordan sunshine recorders [Sanchez-Romero et al., 2014] which 90 

consists of a spherical lens that focuses E onto a paper card, burning a trace if the irradiance 91 

exceeds the instrumental threshold [Stanhill, 2003; WMO, 2008b; Sanchez-Romero et al., 2015]. 92 

The definition of a correct value for this threshold is not an easy issue: 120 Wm-2 was proposed by 93 

WMO as resulting mean after some investigations performed at different stations but it can vary 94 

between about 70 and 280 Wm-2 depending on a number of factors such as the atmospheric 95 

turbidity and the moisture content of the paper card [WMO, 1969]. Some studies [Bider, 1958; 96 

Baumgartner, 1979] report that the burning threshold is on average higher in the early morning than 97 

in the late evening, because of dew or other water deposits on the glass sphere and on the paper 98 

card. This could produce notable losses in the daily SD values, especially in winter when 99 

temperatures are low and relative humidity is high [Painter, 1981].  100 

The Campbell-Stokes SD measurements may be affected also by other problems [Brazdil et al., 101 

1994]. An example is a situation of very broken cloudiness. In this case, rapid bursts of high E, 102 
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resulting in short periods during which Eg↓ is reduced by clouds, may cause continuous traces 103 

[Painter, 1981; Kerr and Tabony, 2004]. In this way, an increase of TCC during the day may 104 

reduce Eg↓ without affecting SD [Stanhill and Cohen, 2005]. A further limitation of SD 105 

measurements is that they are sensitive to atmospheric aerosols and water vapor [Oguz et al., 2003; 106 

You et al., 2010] only when E is close to the instrumental threshold, whereas Eg↓ is sensitive to 107 

these variables especially when E is highest [Horseman et al., 2008]. When E is close to the 108 

instrumental threshold, relative humidity can have an important influence on SD because it 109 

increases the size of particles via the aerosol hygroscopic effect and therefore changes their 110 

radiative properties [Tang, 1996; Baynard et al., 2006; Qian et al., 2007; Xia et al., 2007]. In this 111 

case, E can fall under the instrumental threshold and the paper card does not register any SD 112 

variation. It is however necessary to consider that SD and, especially, Eg↓ measurements could also 113 

be affected by inhomogeneities for example due to instrument changes or recalibrations [Tang et 114 

al., 2011; Wang et al., 2012, 2015; Manara et al., 2016a]. 115 

For all these reasons, it is not surprising that Eg↓ and SD records do not always display consistent 116 

trends, as shown by studies which try to compare long-term trends of SD and Eg↓ for different areas 117 

over the world (for a review see Sanchez-Romero et al. [2014]). Thus, for example, Zhang et al. 118 

[2004] report a lower rate of decrease for SD than for Eg↓ over the period 1961-2000 in Eastern 119 

China, while Liang and Xia [2005] and Che et al. [2005], extending the study over the whole China 120 

for the same period, find a consistent spatial and temporal pattern for the two variables. Stanhill and 121 

Kalma [1995] also find a lower decrease for SD than for Eg↓ in Hong Kong from 1958 to 1992, 122 

suggesting that long-term increase in aerosols induces a more significant reduction in Eg↓ than in 123 

SD. However, more recent studies performed in China show that Eg↓ trends may become weaker if 124 

quality-checked series are used [Tang et al., 2010, 2011; Wang et al., 2015]. Furthermore, stronger 125 

and more significant tendencies are reported for Eg↓ than for SD in Germany. Specifically, Liepert 126 

and Kukla [1997] find a non significant change in SD and a significant decrease of Eg↓ between 127 

1964 and 1990, while Power [2003] finds a non significant trend in SD but an increase in Eg↓ 128 
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between the 1970s and the beginning of the 2000s. Similarly, Stanhill and Cohen [2005] in the 129 

United States and Cutforth and Judiesch [2007] in the Canadian Prairie find no long-term SD trend 130 

but a rather significant reduction of Eg↓ during the last 50 years of the twentieth century. Moreover, 131 

Soni et al. [2012] find a significant and consistent decline for both variables during the 1971-2005 132 

period in India. Overall, a large number of studies reported in the literature shows stronger 133 

tendencies for Eg↓ than for SD even if every study presents regional peculiarities. 134 

Recently, two homogenized datasets of SD [Manara et al., 2015] and Eg↓ [Manara et al., 2016a] 135 

have been established for the first time for the Italian territory for the periods 1936-2013 and 1959-136 

2013, respectively. Over the common period, both variables show a decreasing tendency until the 137 

mid-1980s and a subsequent increase until the end of the series. In Italy, as well as in the entire 138 

Mediterranean region, TCC shows higher values in the north than in the south and higher values in 139 

winter than in summer [Enriquez-Alonso et al., 2016]. Owing to cloud-free conditions and high 140 

solar radiation intensity in summer this region is particularly sensitive to air pollution showing one 141 

of the highest aerosol radiative forcing in the world [Lelieveld et al., 2002].  142 

In this context, this work aims to perform a detailed comparison of multidecadal SD and Eg↓ 143 

variations in Italy [Manara et al., 2015, 2016a] over the 1959-2013 period and to investigate the 144 

causes of their differences and the ability of SD to represent a good proxy variable to describe Eg↓ 145 

multidecadal variations. The comparison is performed under all-sky (section 3) and clear-sky 146 

(section 4) conditions. Moreover, the agreement/disagreement in the obtained Eg↓ and SD clear-sky 147 

records is discussed in relation to the variations estimated by means of a model based on Lambert-148 

Beer’s law and on a simple estimation of diffuse radiation (section 5). Finally, some conclusive 149 

remarks are given (section 6). 150 

 151 

2. Data: sunshine duration and global radiation 152 

The SD and Eg↓ seasonal and annual all-sky records used in this paper are those presented by 153 

Manara et al. [2015] and Manara et al. [2016a]. They are northern and southern Italy average 154 
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(relative) anomaly records obtained after projecting a large number of homogenized and gap-filled 155 

SD and Eg↓ station anomaly records onto a 1-degree-resolution grid (Figure 1).  156 

The station records were obtained from different sources, mainly from the Council for Agricultural 157 

Research and Agricultural Economy Analysis (CREA – Consiglio per la ricerca in agricoltura e 158 

l’analisi dell’economia agraria) and the Italian Air Force (AM – Aeronautica Militare Italiana). Full 159 

details on data availability, on temporal homogeneity, gap-filling issues and instruments are given 160 

in Manara et al. [2015, 2016a, 2016b, 2016c].  161 

SD regional records cover a larger period than corresponding Eg↓ records. However here, we 162 

consider only the common period (1959-2013). 163 

Beside all-sky records, we consider corresponding clear-sky Eg↓ and SD records. Specifically, clear-164 

sky days were selected starting from an updated version of the TCC database presented by Maugeri 165 

et al. [2001] and considering only the days with a daily TCC mean lower than or equal to 1 okta. 166 

The advantage of 1 okta as the threshold instead of 0 okta (real clear-sky days), is a higher number 167 

of days and more robust clear-sky records even if the selected days are not completely clear. 168 

Nevertheless, this choice does not introduce significant differences in the regional records of Italy 169 

[Manara et al., 2016a].  170 

As clear-sky records may contain only a small number of days, monthly averages may be 171 

influenced by the dates in which these days fall, especially in spring and autumn. Thus, we  172 

transformed the daily Eg↓ data into clearness index data and the daily SD data into relative SD data. 173 

This step allows removing the influence of the solar zenith angle and making the corresponding 174 

monthly mean not influenced by the dates in which the values fall. The monthly records were then 175 

gap-filled and re-transformed into absolute records using the exo-atmospheric value relative to the 176 

central day of the corresponding month. Then, seasonal and annual anomaly series were projected 177 

onto the same grid considered for the all-sky records (Figure 1) and averaged in order to obtain 178 

northern and southern Italy SD and Eg↓ seasonal and annual clear-sky anomaly records. 179 

 180 
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3. Comparison between sunshine duration and global radiation records under all-sky 181 

conditions 182 

The northern and southern Italy annual and seasonal SD and Eg↓ records obtained under all-sky 183 

conditions are shown in Figure 2, together with corresponding Gaussian low-pass filters. 184 

In order to better compare SD and Eg↓ records, we also show the Eg↓/SD ratio records (Figure 3 – 185 

black line) and the corresponding running trend analysis (Figure 4) [Brunetti et al., 2006]. The latter 186 

allows estimating the significance and the slope of the trend of these records for each sub-interval of 187 

at least 21 years, with significance estimated by means of the Mann-Kendall non parametric test and 188 

slope computed using the Theil-Sen method [Theil, 1950; Sen, 1968]. The idea of investigating the 189 

Eg↓/SD ratios is that any trend in these records reflects the differences in the trends of SD and Eg↓. 190 

Figures 2 and 3 highlight relevant differences between the SD and Eg↓ records (see Manara et al. 191 

[2015; 2016a] for a detailed discussion of trends). Overall, SD records show a higher interannual 192 

variability than Eg↓ ones (Figure 2), which is probably a consequence of the higher influence of 193 

cloudiness on SD day-to-day variability. Specifically, changes in cloud amount directly diminish or 194 

enhance SD, whereas for Eg↓ a decrease of the direct fraction is partially compensated by an 195 

increase of the diffuse fraction and vice versa [Lohmann et al., 2006]. In fact, the discrepancy is 196 

maximum in winter (the standard deviation of the residuals from the low-pass filter being 0.07 for 197 

Eg↓ and 0.14 for SD in the northern region and 0.06 for Eg↓ and 0.10 for SD in the southern region) 198 

and minimum in summer (0.02 for Eg↓ and 0.04 for SD in the northern region and 0.03 for both 199 

variables in the southern region) when cloudiness is minimum and frequency of clear-sky days is 200 

maximum. 201 

The agreement between SD and Eg↓ decadal variability and long-term trends depends on the 202 

considered region, season and period. Specifically, annual SD series present a similar decadal 203 

variability to Eg↓ series (Figure 2) showing a dimming/brightening sequence. However, the 204 

dimming period for SD is shorter and less intense with respect to Eg↓. This is highlighted also by the 205 

decrease (stronger in the north than in the south) observed in the ratio records until the end of the 206 
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1980s (Figure 3). Therefore, the ratio records for the longest sub-periods (Figure 4) have significant 207 

negative trend (about -1.5%decade-1). Moreover, the SD series show a trend inversion from 208 

dimming to brightening at the end of the 1970s/beginning of the 1980s while the Eg↓ series show it 209 

around the mid-1980s (Figure 2).  210 

During winter the two variables show strong differences until the mid-1980s (Figure 2), especially 211 

in the north, where SD does not show a decreasing tendency in the dimming period whereas Eg↓ 212 

does. This is also highlighted by the decrease in the ratio records (Figure 3) and by the correlation 213 

coefficients (Table 1) between the low-pass filters of the two variables that are negative in the north 214 

(-0.22) and positive, but rather low, in the south (0.60). Nevertheless, the correlation coefficients of 215 

the residuals from the low-pass filters are very high and significant in both regions (0.96 for the 216 

north and 0.83 for the south) underlining a good agreement in terms of year-to-year variability. The 217 

agreement of low-pass filters is better during the brightening period, where both variables increase 218 

(Figure 4). During spring and summer both variables show a decadal variability similar to the 219 

annual mean (Figure 2) and the ratio records show that the discrepancies between SD and Eg↓ 220 

records are less evident compared to the winter ones (Figures 3, 4). However, SD shows a trend 221 

inversion at the beginning of the 1980s while Eg↓ shows it around the mid-1980s (Figure 2). 222 

Moreover, in the northern region, SD has a stronger decrease than Eg↓ in the 1970s and a stronger 223 

increase in the 1980s and 1990s, which causes the corresponding increase/decrease in the ratio 224 

records. However, the increase in the ratio record is very short and has a significant trend only for 225 

few sub-periods (Figure 4). In the southern region, in the dimming period both in spring and 226 

summer, SD has a lower decrease than Eg↓, which causes a decrease (stronger in spring) of the ratio 227 

records (Figures 3, 4). Interestingly, the best agreement between the two variables in terms of 228 

variability at decadal time scale concerns summer that is the season in which the correlation 229 

coefficients between SD and Eg↓ residuals are lowest (Table 1). On the contrary, the lowest 230 

agreement between the low-pass filter records (winter in northern Italy over the 1959-2013 period) 231 

corresponds to a very high correlation coefficient (0.92) of the residuals, giving evidence that the 232 
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processes causing the agreement/disagreement of SD and Eg↓ may be different at yearly and decadal 233 

time scales.  234 

During autumn, the two variables show a good agreement even if there are strong differences (more 235 

pronounced in the north) in the first decade where SD records increase while Eg↓ ones decrease 236 

(Figure 2). This is reflected by a clear decrease in the ratio records (Figure 3) that continues until 237 

the mid-1980s (even if the slope is weaker) due to a stronger dimming in the Eg↓ records than in the 238 

SD ones. The agreement is higher if the subsequent part of the series is considered (Table 1 and 239 

Figure 2). 240 

The Theil-Sen method trends, estimated for some relevant periods, confirm what has already been 241 

discussed above (Table 2) showing stronger (or comparable) and more significant trends for Eg↓ 242 

than SD. The only exceptions are: autumn (non-significant trend) for both regions, summer in the 243 

north (stronger SD trend than Eg↓) during the dimming period and winter in the south (non-244 

significant trend) for the brightening period.  245 

 246 

4. Comparison between sunshine duration and global radiation records under clear-sky 247 

conditions 248 

Analysing factors causing different decadal variability and long-term trends in SD and Eg↓ records 249 

is a challenge, as in addition to instrumental issues a number of environmental variables should be 250 

considered including for example cloudiness, atmospheric aerosols and relative humidity. One 251 

approach to reduce the complexity of the problem is to remove cloudiness effect selecting only 252 

clear-sky days.  253 

The Eg↓ clear-sky records (Figure 5) indicate a well-defined dimming/brightening sequence with a 254 

rather coherent decadal variability and a transition from dimming to brightening around the mid-255 

1980s [Manara et al., 2016a]. The removal of cloud contribution produces on SD records (Figure 5) 256 

an effect already observed in the Eg↓ case [Manara et al., 2016a]: the dimming period becomes 257 

longer and the corresponding trends more significant with the only exception of winter. Moreover, 258 
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the increase during the brightening period (spring and summer) becomes weaker. The most relevant 259 

changes are observed in autumn when under all-sky conditions the SD curves do not show any 260 

signal, while under clear-sky conditions dimming and brightening periods become significant. The 261 

trend is more pronounced during the dimming period in the south (e.g., -1.1 %decade-1, p-value ≤ 262 

0.05 over the period 1959-1985) and during the brightening period in the north (Table 2). 263 

Differently from the all-sky records, the clear-sky Eg↓ records show a comparable (in the north) or 264 

slightly higher (in the south) interannual variability than the SD ones over the period 1959-2013. 265 

The standard deviations of the residuals from the low-pass filters range from 0.014 (summer in the 266 

north) to 0.034 (winter in the south) for Eg↓ and from 0.010 (annual mean in the north) to 0.022 267 

(winter in the south) for SD. Moreover, the interannual variability is lower for the clear-sky than for 268 

the all-sky records, which is an obvious consequence of the relevant role of cloudiness in the year-269 

to-year variability of these variables. It is interesting to highlight that the SD and Eg↓ residuals from 270 

the filters have rather low correlations in clear-sky compared to the all-sky conditions. The highest 271 

correlation coefficients for the residuals are observed in spring for both regions, autumn in the north 272 

and summer in the south (Table 1). However, the common variance between the SD and Eg↓ 273 

residuals is rather low and only few correlation coefficients are significant. Moreover, in most 274 

seasons and periods under clear-sky conditions correlation between filters is comparable or 275 

increases with respect to all-sky conditions (Table 1). This underlines that under clear-sky 276 

conditions SD and Eg↓ are affected by the same factors at decadal time scale, even though their 277 

agreement in terms of year-to-year variability is rather low. 278 

As already observed for all-sky conditions, the agreement between clear-sky SD and Eg↓ decadal 279 

variability and long-term trends depends on the considered region, season and period (Figure 5). 280 

The ratio records show, as already discussed for the all-sky series, a decreasing tendency until the 281 

mid-1980s (more pronounced in winter and autumn) resulting from a stronger dimming of Eg↓ than 282 

of SD (Table 2). The corresponding running trend analysis (Figure 6) shows significant trends for 283 

almost all sub-periods starting in the first decade, which was not the case in the all-sky conditions 284 
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(Figure 4) where the decrease was significant only when longer periods were considered. The 285 

agreement between the two variables is higher in the brightening period as both variables increase, 286 

even if the Eg↓ trends present higher values (Table 2). This is reflected in some positive sub-periods 287 

in the last part of the ratio records (Figure 6) differently from the all-sky conditions (Figure 4) when 288 

very few sub-periods showed a significant trend. 289 

It is interesting to underline that in northern Italy, during summer, the decrease of the first period in 290 

the ratio record is not present and only few sub-periods have a significant trend, implying a good 291 

agreement between SD and Eg↓. Here, the few sub-periods with a significant negative trend are due 292 

to different reversal years from dimming to brightening for SD (beginning of 1980s) and Eg↓ (mid-293 

1980s). It is worth noting that this is the only case (as already observed under all-sky conditions) in 294 

which SD shows a stronger dimming than Eg↓ (Table 2) as highlighted by the only case in which the 295 

running trend analysis shows sub-periods with positive trend during the 1960s (Figure 6).  296 

 297 

5. Sunshine duration and global radiation sensitivity to variations in atmospheric turbidity 298 

The main result highlighted by the comparison between the SD and Eg↓ clear-sky records is that the 299 

latter show generally stronger signals than the former, with a stronger decrease in the dimming 300 

period and a slightly stronger increase in the brightening period (the only exception is summer in 301 

northern Italy). 302 

In order to investigate whether such behavior can be explained by a different sensitivity of SD and 303 

Eg↓ to atmospheric turbidity variations, we applied a model based both on Lambert-Beer’s law and 304 

on a simple estimation of diffuse radiation.  305 

The model we applied is based on Rigollier et al. [2000]. It estimates the atmospheric attenuation of 306 

Eg↓ (calculating separately the direct - E and the diffuse - Ed↓ components) under clear-sky 307 

conditions, in terms of the atmospheric turbidity. Indeed, the larger the atmospheric turbidity, the 308 

larger the attenuation of the direct radiation (less E) and the larger the portion of scattered radiation 309 

(more Ed↓) by the atmosphere.  310 
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In this model, E is calculated with the following equation [Rigollier et al., 2000]: 311 

 312 ( , ) = ∗ ( ) ∗ cos( ( , , )) ∗ . ∗ ∗ ( , , )∗ ( , , )( , )( , )  (1) 313 

 314 

Specifically: 315 

-  is the latitude of the considered point; 316 

- k (k=1,…,12) is the considered month; 317 

- I0 is the solar constant (I0=1361 Wm-2, [Kopp and Lean, 2011]); 318 

- E0(k) is the eccentricity factor [Iqbal, 1983]; 319 

- θINC(ϕ,k,ω) is the solar angle of incidence for a flat surface [Iqbal, 1983]; 320 

- TL is the Turbidity Linke factor: i.e. the number of clean dry atmospheres that would be 321 

necessary to pile up in order to obtain the same attenuation of the extraterrestrial radiation as that 322 

produced by the actual atmosphere. TL is related to the total turbidity (aerosol and water vapor) 323 

[Jacovides, 1997] and is considered standardized (by means of the 0.8662 factor) for an air mass 324 

equal to 2 [Grenier et al., 1995];  325 

- mA(ϕ,k,ω) is the optical air mass [Jacovides, 1997; Rigollier et al., 2000];  326 

- δR(ϕ,k,ω) is the Rayleigh optical depth [Rigollier et al., 2000]. 327 

The equation is considered for the central day of each month and the integration is performed 328 

dividing the length of the day (from sunrise – ωSR(ϕ,k) to sunset – ωSS(ϕ,k)) in N intervals 329 

(expressed in hour angle - ω). In order to avoid rounding errors, we used a very short time step 330 

(N=100000). 331 

In the Campbell-Stokes SD recorder, the paper card is always normal to the direct radiation and 332 

therefore the term cos( ( , , )) in equation (1) is equal to 1. Specifically, all time steps for 333 

which the direct radiation is higher than 120 Wm-2 are selected, and the difference between the hour 334 

angles corresponding to the maximum and the minimum steps are transformed in hours.  335 
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Differently, to calculate E, the term cos( ( , , )) is different for each time step and so the 336 

daily value is calculated integrating equation (1) from sunrise to sunset. 337 

Ed↓ is obtained integrating the following equation from sunrise to sunset [Rigollier et al., 2000]: 338 

 339 

↓( , , , ) = ∗ ( ) ∗ ( ) ∗ ( , , , )     (2) 340 

 341 

where Trd(TL) is the diffuse transmission function at zenith and Fd( , , , ) is the diffuse angular 342 

function as given in the following equations: 343 

 344 ( ) = −1.5843 ∗ 10 + 3.0543 ∗ 10 ∗ + 3.797 ∗ 10 ∗     (3) 345 

 346 ( , , , ) = ( ) + ( ) ∗ sin(ℎ( , , )) + ( ) ∗  (sin(ℎ( , , ))    (4) 347 

 348 

where h(ϕ, k, ω) is the solar altitude angle and the coefficients are set as follows: 349 

 350 ( ) = 2.6463 ∗ 10 − 6.1581 ∗ 10 ∗ + 3.1408 ∗ 10 ∗  ( ) = 2.0402 + 1.8945 ∗ 10 ∗ − 1.1161 ∗ 10 ∗  ( ) = −1.3025 + 3.9231 ∗ 10 ∗ + 8.5079 ∗ 10 ∗     (5) 351 

 352 ( ) is subjected to the following condition: 353 

 354 ( ( ) ∗ ( )) < 2 ∗ 10 , ( ) = ∗ ( )      (6) 355 

 356 

This additional condition is necessary because ( ) becomes negative for > 6. 357 

At first, we applied equations (1) and (2) to estimate the TL monthly values at each site. 358 

Specifically, we searched for the TL values which give the observed clear-sky Eg↓ monthly means 359 

over the period 1959-2013. However, such estimation may have some problems as all the data 360 
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preprocessing has been performed to ensure the accuracy and temporal homogeneity of anomaly 361 

records, whereas possible problems of the absolute records have not been considered. We can 362 

therefore not exclude the presence of small biases e.g. due to the fact that the sky-view factor can be 363 

partially reduced during the sunrise/sunset in some stations. This could be true for the stations 364 

surrounded by hills and mountains or located in urban areas (e.g., records that are collected at urban 365 

observatories). Moreover, it should be considered that the TL values are calculated comparing the 366 

simulated Eg↓ values with the observed clear-sky Eg↓ means obtained using 1 okta as threshold. The 367 

monthly TL values we get with this estimation have therefore to be considered only as indicative. 368 

The obtained values for southern Italy are about 15-20% lower than the northern Italy ones. The 369 

means over all Italian stations range from 3.4 (January) to 5.5 (July). Considering that the observed 370 

clear-sky Eg↓ means could be slightly underestimated, it is reasonable to consider for Italy the 371 

following TL values: about 3 in winter, 5 in summer and 4 in spring and autumn. This small 372 

correction corresponds to the assumption that the actual Eg↓ means are 2-3% higher than those we 373 

get from our clear-sky records.  374 

These TL values correspond however to Eg↓ means over the entire 1959-2013 period. In order to 375 

estimate realistic TL values for shorter intervals as well, we have to consider that during the 376 

dimming period, TL values increased until they reached their maximum values and then they 377 

decreased during the brightening period down to their final values. We considered therefore as pre-378 

dimming TL values, those that justify the Eg↓ means in the first years (obtained starting from the Eg↓ 379 

1959-2013 means and the relative anomalies – with respect to the 1959-2013 period - of the first 380 

years). Then, we used the same approach to identify the most realistic pre-brightening TL values and 381 

the values of the last years. 382 

Then, we analyzed SD and Eg↓ sensitivity to TL variations by means of equations (1) and (2). 383 

Specifically, we considered two points located at sea level and representative of northern and 384 

southern latitudes (45 and 39 °N respectively), and we calculated variations of SD and Eg↓ for a TL 385 

increase/decrease with respect to each integer and half of integer comprised in a wide interval of 386 
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values. We report the results in Figure 7 for the central month of each season (January, April, July 387 

and October) and for TL starting values ranging from the pre-dimming to the pre-brightening values, 388 

estimated above. 389 

The curves show a latitudinal effect almost only for SD in winter and autumn for TL starting values 390 

higher than 4 with stronger variations for the point located at a higher latitude. We discuss therefore 391 

the figure without differentiating the lines concerning the two latitudes.  392 

In spring (April), considering a pre-dimming TL value of 3.0-3.5 and a following increase until a 393 

pre-brightening value of about 4.5, the modelled Eg↓ shows stronger variations (decrease) than the 394 

modelled SD (e.g., from the panel in row 1 and column 2 of Figure 7, for TL moving from 3.0 to 395 

4.5, SD is expected to decrease about one third less than Eg↓). The same behavior can be observed 396 

starting from the pre-brightening value (about 4.5) and decreasing TL until an ending value of 3.0-397 

3.5. Also in this case there is a stronger variation (increase) of the modelled Eg↓ with respect to the 398 

modelled SD (e.g., from the panel in row 4 and column 2 of Figure 7, for TL moving from 4.5 to 399 

3.0, SD is expected to increase about one third less than Eg↓). The modelled variations are in 400 

agreement with the observed clear-sky series (Figures 3, 5, 6).  401 

In summer (July), the modelled Eg↓ variations are only slightly stronger than the modelled SD ones 402 

both when TL increases between a pre-dimming equal to about 4.5 and a pre-brightening equal to 403 

5.5-6.0 and when it decreases to an ending value of about 4 (Figure 7) as obtained for the observed 404 

Eg↓ and SD records (Figures 3, 5, 6). It is also interesting to underline that the higher TL values in 405 

the north could explain the only case for which the observed Eg↓ does not have stronger variations 406 

than SD during the dimming period (considering e.g. TL pre-dimming and pre-brightening values 407 

equal to about 5.5 and 6.5).  408 

In autumn (October), from the modelled results, Eg↓ is expected to have higher variations than SD 409 

both when TL increases between a pre-dimming value of 3.0-3.5 to a pre-brightening value of about 410 

4.5 and when it decreases to an ending value of 3.0-3.5 (Figure 7). This agrees with the results 411 
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reported for clear-sky conditions, even though simulated values do not explain the weak decrease of 412 

the observed SD (see Figure 5) in the dimming period especially in the north.  413 

A similar behavior is observed in winter (January): the modelled Eg↓ is expected to have higher 414 

variations than the corresponding SD both when TL increases from a pre-dimming of 2.5-3.0 to a 415 

pre-brightening of 3.5-4.0 and when it decreases to an ending value of 2.5-3.0 (Figure 7). In this 416 

case for southern Italy the simulated impacts of the atmospheric turbidity evolution on Eg↓ and SD 417 

are in reasonable agreement with the observations (Figures 3, 5, 6), whereas for northern Italy, 418 

during the dimming period, relevant discrepancies are evident.  419 

Overall, the results above show that the SD and Eg↓ sensitivity to TL variations strongly depends on 420 

the TL starting value. In order to highlight this behavior, we investigated the relative decrease of 421 

modelled SD and Eg↓ corresponding to an increase of TL of one unit for any integer TL in the range 422 

2-7 (Figure 8). The results highlight that for TL lower than 4, SD is less sensitive than Eg↓ (to 423 

changes in TL) while for TL values higher than 6 the behavior is opposite. The intersection between 424 

the SD and Eg↓ curves is around TL equal to 5-6 with the only exception of  winter in the north 425 

where it is around TL equal to 4-5. Moreover, the difference in sensitivity of the two variables is 426 

particularly strong for low TL values especially in January (winter) and October (autumn). Winter is 427 

therefore the season in which the largest differences in the SD and Eg↓ trends are expected because 428 

it has both the lowest TL values and the highest difference in the sensitivity of SD and Eg↓ to TL 429 

variations. For the other seasons and for their typical TL values the sensitivity of SD and Eg↓ to TL 430 

changes is expected to be more similar (Figures 7, 8) even though in most cases Eg↓ is more 431 

sensitive than SD, with the only exception of summer for TL around 6 where a stronger SD 432 

sensitivity is expected. 433 

In order to further investigate the agreement between modelled and observed clear-sky SD trends, 434 

we estimated northern and southern Italy TL values for each decade of the 1961-2010 period. Then, 435 

we applied equation (1) to get the corresponding decadal SD values. Finally, we calculated the 436 

relative anomalies (for both modelled and observed values) with respect to the averages over these 437 
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five decades and we compared them. The results (Figure 9) highlight an excellent agreement 438 

between the modelled and the observed SD trends in spring (April) and in summer (July), as already 439 

observed in the comparison between observed clear-sky trends (Figure 5) and modelled variations 440 

(Figure 7). In the other two seasons, in southern Italy the agreement is rather good, while in the 441 

north it is reasonable during the brightening period but very poor during the dimming period. The 442 

discrepancy is stronger in winter than in autumn. 443 

 444 

6. Discussion and conclusions  445 

Two homogenized datasets of sunshine duration - SD [Manara et al., 2015] and global radiation - 446 

Eg↓ [Manara et al., 2016a] records covering the Italian territory were used to investigate to what 447 

extent these two variables agree with respect to their temporal evolution, under both all-sky and 448 

clear-sky conditions. The analysis has been performed considering annual and seasonal regional 449 

series for northern and southern Italy over the 1959-2013 period.  450 

The results highlight that the agreement between the decadal variability and long-term trends of SD 451 

and Eg↓ depends on the considered region, season and period. Overall, under all-sky conditions, the 452 

SD records show a shorter and less intense decrease during the dimming period with respect to the 453 

Eg↓ ones, while the agreement is better if the subsequent period is considered, where both variables 454 

show an increasing tendency. This behavior is reflected in the Eg↓/SD ratio records that show a 455 

significant decrease until the mid-1980s, which is more pronounced in winter and autumn 456 

(especially due to a lack of a negative SD trend), while in the subsequent period the ratio records do 457 

not show any significant trends. Considering only clear days, the ratio records show again a 458 

decrease until the mid-1980s and a weaker increase in the subsequent period with the exception of 459 

summer in northern Italy where the Eg↓/SD ratio record does not show any significant trend.  460 

In order to investigate whether the differences in the clear-sky SD and Eg↓ trends are due to a 461 

different sensitivity to atmospheric turbidity changes, we applied a model to estimate how large the 462 

SD and Eg↓ relative variations are when atmospheric turbidity (expressed by means of the Turbidity 463 
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Linke Factor - TL) increases or decreases. Then, we considered a realistic temporal pattern for TL 464 

and we checked if the differences in the observed SD and Eg↓ trends could be explained on the basis 465 

of their different sensitivity to the TL variations. It is interesting to underline that the results reported 466 

in Figure 7 and Figure 8 can be used also if different temporal patterns of TL are considered for the 467 

same area.  468 

The sensitivity analysis showed that the clear-sky SD and Eg↓ sensitivity to TL variations strongly 469 

depends on the absolute value of TL. Specifically, for low TL (TL < 3), Eg↓ is much more sensitive 470 

than SD, while for high TL (TL > 6), SD is slightly more sensitive than Eg↓. This result has to be 471 

kept in mind when SD is used as a proxy variable to investigate multidecadal variations of Eg↓. A 472 

further problem may be linked to the position of stations without an optimal sky-view factor either 473 

at sunrise or at sunset or in both circumstances. When the reduction of the sky-view factor is large, 474 

this problem can completely hide the response of clear-sky SD to TL variations. In this case, direct 475 

radiation reaches the Campbell-Stokes sunshine recorder only when its value is already above the 476 

instrumental threshold. Therefore, the clear-sky SD simply corresponds to the time interval in 477 

which the sun is visible from the considered station, independently from TL and so SD is not 478 

sensitive to TL changes. Our stations are generally located in plain or coastal areas and have a good 479 

sky-view factor. We can however not exclude that the modelled SD variations may be slightly 480 

overestimated by a non optimal sky-view factor for few stations. This problem is more relevant in 481 

winter when the TL values are low. 482 

The comparison between the modelled and the observed SD relative trends highlights a very good 483 

agreement in southern Italy. In northern Italy, good agreement is found in the brightening period, 484 

whereas in the dimming period only in spring and summer. In winter and autumn, the differences in 485 

the observed trends of SD and Eg↓ can not be explained by their different sensitivity to TL 486 

variations. We do not have a conclusive explanation for this issue. A possible factor could be a 487 

decrease of relative humidity, which was not captured by the method we used to estimate the 488 

temporal variation of TL. This method is in fact based on Eg↓ records and focuses therefore on the 489 
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central hours of the day, which are those that most contribute to global radiation. A reduction of 490 

relative humidity in the hours of SD sensitivity to TL (sunrise and sunset) in the 1960s and 1970s 491 

could therefore be a physical process which would explain what we observe. Such mechanism 492 

could e.g. be driven by an increase of the urbanization close to some of the station sites. High 493 

relative humidity may also alter the radiative properties of the particles suspended in the atmosphere 494 

increasing their radiative forcing [Kotchenruther et al., 1999; Xia et al., 2007]. This is particularly 495 

important during the winter season in the north where fog episodes are rather frequent. As far as 496 

those episodes are concerned, Giulianelli et al. [2014] report a significant decrease of fog episodes 497 

at a Po Plain site (San Pietro Capo Fiume) during the brightening period. Unfortunately, their data 498 

do not cover the dimming period too. Nevertheless, it is worth noting that in other Mediterranean 499 

regions a widespread decrease in relative humidity has been reported during the dimming period  500 

[Vicente-Serrano et al., 2014].  501 

All the problems related to the different sensitivity of clear-sky SD and Eg↓ to TL do not limit the 502 

use of SD as a good proxy to highlight cloudiness induced Eg↓ variations as shown in other studies 503 

[Sanchez-Lorenzo and Wild, 2012; Wang, 2014]. SD has however to be considered with great 504 

attention in studying the multidecadal evolution of Eg↓ where the changes in aerosol concentration 505 

play a relevant role, especially if TL is low and if it shows significant temporal changes. A more 506 

detailed understanding of the unexpected trends in the winter (and autumn) northern Italy SD clear-507 

sky records in the dimming period and of the differences observed under all-sky conditions calls for 508 

further research including the study of other variables such as relative humidity, visibility and 509 

cloudiness.  510 
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Figure captions 772 
 773 
Figure 1: Spatial distribution of SD (green points) and Eg↓ (light blue points) station records and of 774 
the grid-mode version of the dataset. Blue stars and red crosses represent, respectively, northern and 775 
southern Italy grid-points. The figure also shows the orography of the region. 776 
 777 
Figure 2: Northern (left column) and southern (right column) Italy annual and seasonal SD (red 778 
line) and Eg↓ (black line) records obtained under all-sky conditions, plotted together with 11-year 779 
window, 3-year standard deviation Gaussian low-pass filters. The series are expressed as relative 780 
deviations from the 1976-2005 averages. Annual graphs are shown with an expanded scale with 781 
respect to seasonal ones. 782 
 783 
Figure 3: Annual and seasonal Eg↓/SD records for northern (left column) and southern (right 784 
column) Italy under all-sky (black line) and clear-sky (red line – see section 4) conditions. The 785 
series are plotted together with an 11-year window, 3-year standard deviation Gaussian low-pass 786 
filter. Annual graphs are shown with an expanded scale with respect to seasonal ones. 787 
 788 
Figure 4: Trend of the all-sky Eg↓/SD records for each sub-interval of at least 21 years. The results 789 
are reported both in terms of slopes (% decade-1 – pixel color) and significance levels (large pixels: 790 
p ≤ 0.05; small pixels: p > 0.05). The y axis represents the window width, and the x axis represents 791 
the starting year of the window used for the computation of the trend. 792 
 793 
Figure 5: Northern (left column) and southern (right column) Italy annual and seasonal SD (red 794 
line) and Eg↓ (black line) records obtained under clear-sky conditions, plotted together with 11-year 795 
window, 3-year standard deviation Gaussian low-pass filters. The series are expressed as relative 796 
deviations from the 1976-2005 averages. Annual graphs are shown with an expanded scale with 797 
respect to seasonal ones. 798 
 799 
Figure 6: Trend of the clear-sky Eg↓/SD records for each sub-interval of at least 21 years. The 800 
results are reported both in terms of slopes (% decade-1 – pixel color) and significance levels (large 801 
pixels: p ≤ 0.05; small pixels: p > 0.05). The y axis represents the window width, and the x axis 802 
represents the starting year of the window used for the computation of the trend. 803 
 804 
Figure 7: Variation (expressed in %) of modelled SD (Eg↓) for a TL increase/decrease in relation to 805 
the starting value indicated in each plot. The black (blue) line represents SD variations while the red 806 
(orange) line represents Eg↓ variations for a point located at a latitude of 39°N (45°N). Results refer 807 
to the central month of each season. 808 
 809 
Figure 8: Relative decrease of modelled SD (Eg↓) for each integer TL in the range 2-7 for TL 810 
increasing from TL – 0.5 to TL + 0.5. The black (blue) line represents SD variations while the red 811 
(orange) line represents Eg↓ variations for a point located at a latitude of 39°N (45°N). Results refer 812 
to the central month of each season. 813 
 814 
Figure 9: Northern (left side) and southern (right side) Italy modelled (black line) and observed 815 
clear-sky (red line) SD relative anomalies calculated for each decade of the 1961-2010 period. The 816 
x-axis show the starting year of the considered decade. Results refer to the central month of each 817 
season. 818 
 819 
 820 
 821 
  822 
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      Year Winter Spring Summer Autumn 

      Anomaly Filter Residual Anomaly Filter Residual Anomaly Filter Residual Anomaly Filter Residual Anomaly Filter Residual 

All-sky 

North 

1959-2013 0.73 0.73 0.83 0.77 0.18 0.92 0.90 0.89 0.93 0.81 0.89 0.77 0.77 0.39 0.92 

 1959-1985 0.72 0.73 0.85 0.85 -0.22 0.96 0.93 0.93 0.94 0.65 0.72 0.71 0.77 -0.10 0.92 

1986-2013 0.82 0.96 0.83 0.80 0.32 0.87 0.89 0.93 0.93 0.89 0.97 0.84 0.91 0.98 0.91 

South 

1959-2013 0.56 0.48 0.66 0.67 0.41 0.76 0.77 0.65 0.85 0.75 0.84 0.76 0.63 0.54 0.79 

 1959-1985 0.72 0.89 0.75 0.80 0.60 0.83 0.84 0.86 0.85 0.71 0.86 0.72 0.68 0.40 0.82 

1986-2013 0.61 0.85 0.59 0.67 0.70 0.68 0.78 0.84 0.84 0.80 0.95 0.79 0.74 0.76 0.78 

Clear-
sky 

North 

1959-2013 0.50 0.65 0.10 0.08 0.01 0.26 0.58 0.84 0.31 0.64 0.86 0.06 0.31 0.28 0.42 

 1959-1985 0.55 0.78 -0.04 -0.08 -0.62 0.25 0.60 0.91 0.17 0.47 0.80 0.13 0.37 0.59 0.20 

1986-2013 0.73 0.91 0.20 0.52 0.84 0.28 0.67 0.95 0.43 0.75 0.94 0.00 0.71 0.86 0.52 

South 

1959-2013 0.63 0.88 0.33 0.16 0.31 0.12 0.61 0.89 0.39 0.79 0.93 0.51 0.44 0.83 0.08 

 1959-1985 0.72 0.94 0.39 0.04 -0.13 0.02 0.63 0.98 0.34 0.80 0.99 0.46 0.49 0.81 0.01 

1986-2013 0.61 0.96 0.26 0.30 0.85 0.19 0.64 0.97 0.46 0.80 0.92 0.56 0.37 0.95 0.12 

Table 1 823 
  824 
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      Year Winter Spring Summer Autumn 

North all-sky 

1959-2013 Eg↓  + + + 1.2 -1.6 
SD 1.7 3.5 + 2.0 + 

1959-1980 Eg↓  -2.4 -6.5 -2.9 -2.0 - 
SD - - - -5.9 + 

1985-2013 Eg↓  4.4 5.1 5.8 4.7 + 
SD 3.6 + 5.5 4.2 + 

South all-sky 

1959-2013 
Eg↓  - - + + -1.7 
SD 1.1 2.4 1.4 0.9 - 

1959-1980 
Eg↓  -2.9 -5.6 -3.5 -2.2 - 
SD - - - - + 

1985-2013 
Eg↓  3.0 + 3.5 4.3 + 

SD 1.9 + 2.5 2.3 + 

North clear-sky 

1959-2013 
Eg↓  - - - + -1.1 
SD 0.9 1.6 0.6 0.8 1.1 

1959-1980 Eg↓  -3.2 -5.2 -2.5 -1.4 -5.6 
SD - 2.2 -2.1 -2.0 - 

1985-2013 Eg↓  4.3 5.7 3.8 3.7 4.4 
SD 2.2 1.7 1.8 3.0 2.7 

South clear-sky 

1959-2013 Eg↓  - - - - -1.2 
SD + 0.6 + + - 

1959-1980 Eg↓  -3.6 -4.5 -4.0 -2.9 -4.0 
SD -0.9 + -1.6 -1.8 - 

1985-2013 Eg↓  3.5 4.6 3.8 3.6 3.2 
SD 1.2 1.0 1.2 1.9 0.9 

*Values are expressed in %decade-1. Values are shown in roman for significance level of 0.05 < p ≤ 0.1 
and in bold for a significance level of p ≤ 0.05. For non-significant trends, only the sign of the slope is 
given. The significance of the trends is evaluated with the Mann-Kendall non parametric test while the 

trends are estimated by the Theil-Sen method.  
 825 

Table 2 826 

 827 
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 828 
Table captions 829 
 830 
Table 1: Correlation coefficients between SD and Eg↓ records (anomalies, low pass filters and residuals from the filters) for northern and southern 831 
Italy under all-sky and clear-sky (see section 4) conditions. Significance level is given only for the correlation between the residual series: bold p ≤ 832 
0.05, italic 0.05 < p ≤ 0.1 and roman p > 0.1. Periods were selected in according to the dimming and brightening periods illustrated by Manara et 833 
al., [2016a]. 834 

 835 
Table 2: SD and Eg↓ trends in northern and southern Italy under all-sky and clear-sky (see section 4) conditions. Periods were selected according to 836 
the dimming and brightening obtained for both the variables*.   837 
 838 
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