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Abstract Two Italian homogenized data sets of sunshine duration (SD) and global radiation (Eg↓) relative
anomalies are used to investigate to what extent these two variables agree with respect to their temporal
evolution. They are compared for northern and southern Italy over the period 1959–2013. Both under all-sky
and clear-sky conditions, the SD records tend to show a shorter and less intense decrease until the 1980s
(“global dimming”) with respect to the Eg↓ ones, while there is a better agreement in the subsequent period
when both variables increase (“brightening period”). To investigate whether such behavior can be explained
by a different sensitivity of SD and Eg↓ to atmospheric turbidity variations, the observed clear-sky trends
are compared to those estimated by a model based both on Lambert-Beer’s law and on a simple estimation
of diffuse radiation. Results show that most of the differences observed in the trends of the clear-sky SD
and Eg↓ records can be explained considering a realistic pattern of atmospheric turbidity in the 1959–2013
period. The only exception concerns winter and autumn in northern Italy where clear-sky SD does not
decrease in the dimming period as much as it would be expected on the basis of the corresponding increase
in atmospheric turbidity. One reason for this discrepancy could be the influence of other variables like relative
humidity. This case study highlights that changes in atmospheric turbidity have to be kept in mind when
SD is used to investigate the multidecadal evolution of Eg↓.

Plain Language Summary Two homogenized datasets of sunshine duration and global radiation
relative anomalies over Italy are used to investigate to what extent these two variables agree under all-sky
and clear-sky conditions in terms of their decadal variations. They are compared for northern and southern
Italy over the 1959–2013 common period. Global radiation shows a decreasing tendency until the
mid-1980s and an increasing tendency in the following period both under all-sky and clear-sky conditions.
Moreover, it shows stronger tendencies than those observed for sunshine duration. So a model has been
applied in order to verify if these differences can be explained with a different sensitivity to atmospheric
turbidity changes. The results show that most of the differences observed in the trends of the clear-sky
sunshine duration and global radiation records can be explained considering the patterns of atmospheric
turbidity in the 1959–2013 period. The only exception concerns winter and autumn in northern Italy. The
reasons of this discrepancy could be due both to instrumental problems and to the influence of
other variables.

1. Introduction

The amount of solar energy reaching the Earth’s surface provides the energy for a variety of climate processes
(e.g., evaporation, snow melting, and diurnal/seasonal cycle of surface temperature) [Hartmann et al., 1986;
Ohmura and Gilgen, 1993]. Therefore, its changes can have profound environmental, societal, and economic
implications [Stanhill, 1983; Wild, 2009].

Global radiation (also known as surface solar radiation—Eg↓) is the solar radiation received from a solid angle
of 2π sr on a horizontal surface and is measured with a pyranometer [World Meteorological Organization
(WMO), 2008a]. It includes radiation received directly from the solid angle of the sun’s disc (direct radiation
—E), as well as the downward component of the diffuse sky radiation that has been scattered in traversing
the atmosphere (diffuse radiation—Ed↓).

In the last decades, the scientific community has learned that Eg↓ is not constant on decadal timescales [Wild,
2009, 2016], showing a decrease called “global dimming” from the 1950s to the 1980s [Stanhill and Cohen,
2001; Stanhill, 2005] and a subsequent increase called “brightening period” since the beginning of 1980s
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[Wild et al., 2005; Wild, 2012]. Series starting before the 1950s display also an increase during the 1930s and
1940s, known as “early brightening” [Stanhill and Achiman, 2016].

Causes of these variations are complex and not yet completely understood, especially if studies regarding dif-
ferent areas are compared. Major causes are thought to be related to changes in anthropogenic aerosols and
cloud characteristics [Liepert et al., 1994; Stanhill and Cohen, 2001;Wild, 2009, 2016; Chiacchio and Wild, 2010;
Xia, 2010; Matuszko, 2012; Bartók, 2016]. Clouds are supposed to be the major contributors to the Eg↓ varia-
bility at interannual scale, while atmospheric aerosols contribute especially at decadal scale [Wang et al.,
2012; Wild, 2016] even if they are not completely independent [Ramanathan et al., 2001; Xia, 2012].

In particular, increasing anthropogenic aerosol emissions from the 1950s are thought to be the major cause
of the observed decadal Eg↓ reduction until the 1980s [Stanhill and Cohen, 2001; Liepert and Tegen, 2002;
Norris and Wild, 2007]. However, measures to reduce air pollution from the 1970s onward have been sug-
gested to be responsible for the renewed increase of Eg↓ [Hansen et al., 1997; Dutton et al., 2004, 2006;
Vestreng et al., 2007; Chiacchio and Wild, 2010; Nabat et al., 2014]. The reasons for the observed increase dur-
ing the 1930s and 1940s are more difficult to determine, considering the low availability of long records [Wild
et al., 2009; Antón et al., 2014, 2017; Sanchez-Lorenzo et al., 2015; Wild, 2016].

Eg↓ records started to become available on a widespread basis only in the late 1950s [Stanhill, 1983;Wild et al.,
2009]. Consequently, one of themain problems in studying the temporal variability of Eg↓ is the small number
of sites with reliable long-term records. Therefore, proxy measures available for longer periods such as total
cloud cover (TCC), visibility, and sunshine duration (SD) [Stanhill, 2005; Sanchez-Lorenzo et al., 2009; Wang
et al., 2012; Román et al., 2014; Antón et al., 2017] are helpful to estimate the temporal variability of Eg↓.
The most appropriate proxy for Eg↓ is probably SD because it is less subjective than the others and data
are available since the late nineteenth century [Sanchez-Lorenzo et al., 2013]. Moreover, SD is closely corre-
lated to Eg↓ by means of the Ångström-Prescott formula [Angstrom, 1924; Prescot, 1940].

According to theWMO, the SD for a given day is the length of time during which E is above 120Wm�2 [WMO,
2008b]. Most of the SD data have been recorded with the Campbell-Stokes and Jordan sunshine recorders
[Sanchez-Romero et al., 2014] which consists of a spherical lens that focuses E onto a paper card, burning a
trace if the irradiance exceeds the instrumental threshold [Stanhill, 2003; WMO, 2008b; Sanchez-Romero
et al., 2015]. The definition of a correct value for this threshold is not an easy issue: 120 W m�2 was proposed
by WMO as resulting mean after some investigations performed at different stations, but it can vary between
about 70 and 280Wm�2 depending on a number of factors such as the atmospheric turbidity and the moist-
ure content of the paper card [WMO, 1969]. Some studies [Bider, 1958; Baumgartner, 1979] report that the
burning threshold is on average higher in the early morning than in the late evening, because of dew or other
water deposits on the glass sphere and on the paper card. This could produce notable losses in the daily SD
values, especially in winter when temperatures are low and relative humidity is high [Painter, 1981].

The Campbell-Stokes SD measurements may be affected also by other problems [Brazdil et al., 1994]. An
example is a situation of very broken cloudiness. In this case, rapid bursts of high E, resulting in short periods
during which Eg↓ is reduced by clouds, may cause continuous traces [Painter, 1981; Kerr and Tabony, 2004]. In
this way, an increase of TCC during the day may reduce Eg↓without affecting SD [Stanhill and Cohen, 2005]. A
further limitation of SD measurements is that they are sensitive to atmospheric aerosols and water vapor
[Oguz et al., 2003; You et al., 2010] only when E is close to the instrumental threshold, whereas Eg↓ is sensitive
to these variables especially when E is highest [Horseman et al., 2008]. When E is close to the instrumental
threshold, relative humidity can have an important influence on SD because it increases the size of particles
via the aerosol hygroscopic effect and therefore changes their radiative properties [Tang, 1996; Baynard et al.,
2006; Qian et al., 2007; Xia et al., 2007]. In this case, E can fall under the instrumental threshold, and the paper
card does not register any SD variation. It is however necessary to consider that SD and, especially, Eg↓
measurements could also be affected by inhomogeneities, for example, due to instrument changes or recali-
brations [Tang et al., 2011; Wang et al., 2012, 2015; Manara et al., 2016a].

For all these reasons, it is not surprising that Eg↓ and SD records do not always display consistent trends, as
shown by studies which try to compare long-term trends of SD and Eg↓ for different areas over the world
(for a review, see Sanchez-Romero et al. [2014]). Thus, for example, Zhang et al. [2004] report a lower rate of
decrease for SD than for Eg↓ over the period 1961–2000 in Eastern China, while Liang and Xia [2005] and
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Che et al. [2005], extending the study over the whole China for the same period, find a consistent spatial and
temporal pattern for the two variables. Stanhill and Kalma [1995] also find a lower decrease for SD than for Eg↓
in Hong Kong from 1958 to 1992, suggesting that long-term increase in aerosols induces a more significant
reduction in Eg↓ than in SD. However, more recent studies performed in China show that Eg↓ trends may
become weaker if quality-checked series are used [Tang et al., 2010, 2011; Wang et al., 2015]. Furthermore,
stronger and more significant tendencies are reported for Eg↓ than for SD in Germany. Specifically, Liepert
and Kukla [1997] find a nonsignificant change in SD and a significant decrease of Eg↓ between 1964 and
1990, while Power [2003] finds a nonsignificant trend in SD but an increase in Eg↓ between the 1970s and
the beginning of the 2000s. Similarly, Stanhill and Cohen [2005] in the United States and Cutforth and
Judiesch [2007] in the Canadian Prairie find no long-term SD trend but a rather significant reduction of Eg↓
during the last 50 years of the twentieth century. Moreover, Soni et al. [2012] find a significant and consistent
decline for both variables during the 1971–2005 period in India. Overall, a large number of studies reported in
the literature shows stronger tendencies for Eg↓ than for SD even if every study presents regional peculiarities.

Recently, two homogenized data sets of SD [Manara et al., 2015] and Eg↓ [Manara et al., 2016a] have been
established for the first time for the Italian territory for the periods 1936–2013 and 1959–2013, respectively.
Over the common period, both variables show a decreasing tendency until the mid-1980s and a subsequent
increase until the end of the series. In Italy, as well as in the entire Mediterranean region, TCC shows higher
values in the north than in the south and higher values in winter than in summer [Enriquez-Alonso et al., 2016].
Owing to cloud-free conditions and high solar radiation intensity in summer, this region is particularly sensi-
tive to air pollution showing one of the highest aerosol radiative forcing in the world [Lelieveld et al., 2002].

In this context, this work aims to perform a detailed comparison of multidecadal SD and Eg↓ variations in
Italy [Manara et al., 2015, 2016a] over the 1959–2013 period and to investigate the causes of their differ-
ences and the ability of SD to represent a good proxy variable to describe Eg↓ multidecadal variations.
The comparison is performed under all-sky (section 3) and clear-sky (section 4) conditions. Moreover, the
agreement/disagreement in the obtained Eg↓ and SD clear-sky records is discussed in relation to the varia-
tions estimated by means of a model based on Lambert-Beer’s law and on a simple estimation of diffuse
radiation (section 5). Finally, some conclusive remarks are given (section 6).

2. Data: Sunshine Duration and Global Radiation

The SD and Eg↓ seasonal and annual all-sky records used in this paper are those presented by Manara et al.
[2015] and Manara et al. [2016a]. They are northern and southern Italy average (relative) anomaly records
obtained after projecting a large number of homogenized and gap-filled SD and Eg↓ station anomaly records
onto a 1° resolution grid (Figure 1).

The station records were obtained from different sources, mainly from the Council for Agricultural Research
and Agricultural Economy Analysis (CREA—Consiglio per la ricerca in agricoltura e l’analisi dell’economia
agraria) and the Italian Air Force (AM—Aeronautica Militare Italiana). Full details on data availability, on tem-
poral homogeneity, gap-filling issues, and instruments are given inManara et al. [2015, 2016a, 2016b, 2016c].

SD regional records cover a larger period than corresponding Eg↓ records. However, here, we consider only
the common period (1959–2013).

Beside all-sky records, we consider corresponding clear-sky Eg↓ and SD records. Specifically, clear-sky days
were selected starting from an updated version of the TCC database presented by Maugeri et al. [2001]
and considering only the days with a daily TCC mean lower than or equal to 1 okta. The advantage of 1 okta
as the threshold instead of 0 okta (real clear-sky days) is a higher number of days and more robust clear-sky
records even if the selected days are not completely clear. Nevertheless, this choice does not introduce
significant differences in the regional records of Italy [Manara et al., 2016a].

As clear-sky records may contain only a small number of days, monthly averages may be influenced by the
dates in which these days fall, especially in spring and autumn. Thus, we transformed the daily Eg↓ data into
clearness index data and the daily SD data into relative SD data. This step allows removing the influence of
the solar zenith angle and making the corresponding monthly mean not influenced by the dates in which
the values fall. The monthly records were then gap-filled and retransformed into absolute records using
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the exo-atmospheric value relative to
the central day of the corresponding
month. Then, seasonal and annual
anomaly series were projected onto
the same grid considered for the
all-sky records (Figure 1) and aver-
aged in order to obtain northern
and southern Italy SD and Eg↓ seaso-
nal and annual clear-sky
anomaly records.

3. Comparison Between
Sunshine Duration and
Global Radiation Records
Under All-Sky Conditions

The northern and southern Italy
annual and seasonal SD and Eg↓
records obtained under all-sky condi-
tions are shown in Figure 2, together
with corresponding Gaussian
low-pass filters.

In order to better compare SD and
Eg↓ records, we also show the Eg↓/SD

ratio records (Figure 3—black line) and the corresponding running trend analysis (Figure 4) [Brunetti et al.,
2006]. The latter allows estimating the significance and the slope of the trend of these records for each
subinterval of at least 21 years, with significance estimated bymeans of the Mann-Kendall nonparametric test
and slope computed using the Theil-Sen method [Theil, 1950; Sen, 1968]. The idea of investigating the Eg↓/SD
ratios is that any trend in these records reflects the differences in the trends of SD and Eg↓. Figures 2 and 3
highlight relevant differences between the SD and Eg↓ records (see Manara et al. [2015, 2016a] for a detailed
discussion of trends). Overall, SD records show a higher interannual variability than Eg↓ ones (Figure 2), which
is probably a consequence of the higher influence of cloudiness on SD day-to-day variability. Specifically,
changes in cloud amount directly diminish or enhance SD, whereas for Eg↓ a decrease of the direct fraction
is partially compensated by an increase of the diffuse fraction and vice versa [Lohmann et al., 2006]. In fact,
the discrepancy is maximum in winter (the standard deviation of the residuals from the low-pass filter being
0.07 for Eg↓ and 0.14 for SD in the northern region and 0.06 for Eg↓ and 0.10 for SD in the southern region) and
minimum in summer (0.02 for Eg↓ and 0.04 for SD in the northern region and 0.03 for both variables in the
southern region) when cloudiness is minimum and frequency of clear-sky days is maximum.

The agreement between SD and Eg↓ decadal variability and long-term trends depends on the considered
region, season, and period. Specifically, annual SD series present a similar decadal variability to Eg↓ series
(Figure 2) showing a dimming/brightening sequence. However, the dimming period for SD is shorter and less
intense with respect to Eg↓. This is highlighted also by the decrease (stronger in the north than in the south)
observed in the ratio records until the end of the 1980s (Figure 3). Therefore, the ratio records for the longest
subperiods (Figure 4) have significant negative trend (about �1.5%decade�1). Moreover, the SD series show
a trend inversion from dimming to brightening at the end of the 1970s/beginning of the 1980s while the Eg↓
series show it around the mid-1980s (Figure 2).

During winter the two variables show strong differences until the mid-1980s (Figure 2), especially in the
north, where SD does not show a decreasing tendency in the dimming period whereas Eg↓ does. This is also
highlighted by the decrease in the ratio records (Figure 3) and by the correlation coefficients (Table 1)
between the low-pass filters of the two variables that are negative in the north (�0.22) and positive, but
rather low, in the south (0.60). Nevertheless, the correlation coefficients of the residuals from the low-pass
filters are very high and significant in both regions (0.96 for the north and 0.83 for the south) underlining a

Figure 1. Spatial distribution of SD (green points) and Eg↓ (light blue points)
station records and of the grid-mode version of the data set. Blue stars and
red crosses represent, respectively, northern and southern Italy grid points.
The figure also shows the orography of the region.
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good agreement in terms of year-to-year variability. The agreement of low-pass filters is better during the
brightening period, where both variables increase (Figure 4). During spring and summer both variables
show a decadal variability similar to the annual mean (Figure 2), and the ratio records show that the
discrepancies between SD and Eg↓ records are less evident compared to the winter ones (Figures 3 and 4).
However, SD shows a trend inversion at the beginning of the 1980s while Eg↓ shows it around the mid-1980s

Figure 2. (left) Northern and (right) southern Italy annual and seasonal SD (red line) and Eg↓ (black line) records obtained
under all-sky conditions, plotted together with 11 year window, 3 year standard deviation Gaussian low-pass filters. The
series are expressed as relative deviations from the 1976 to 2005 averages. Annual graphs are shown with an expanded
scale with respect to seasonal ones.
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(Figure 2). Moreover, in the northern region, SD has a stronger decrease than Eg↓ in the 1970s and a stronger
increase in the 1980s and 1990s, which causes the corresponding increase/decrease in the ratio records.
However, the increase in the ratio record is very short and has a significant trend only for few subperiods
(Figure 4). In the southern region, in the dimming period both in spring and summer, SD has a lower
decrease than Eg↓, which causes a decrease (stronger in spring) of the ratio records (Figures 3 and 4).
Interestingly, the best agreement between the two variables in terms of variability at decadal timescale
concerns summer that is the season in which the correlation coefficients between SD and Eg↓ residuals are

Figure 3. Annual and seasonal Eg↓/SD records for (left) northern and (right) southern Italy under all-sky (black line) and
clear-sky (red line—see section 4) conditions. The series are plotted together with an 11 year window, 3 year standard
deviation Gaussian low-pass filter. Annual graphs are shown with an expanded scale with respect to seasonal ones.
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lowest (Table 1). On the contrary, the lowest agreement between the low-pass filter records (winter in
northern Italy over the 1959–2013 period) corresponds to a very high correlation coefficient (0.92) of the
residuals, giving evidence that the processes causing the agreement/disagreement of SD and Eg↓ may be
different at yearly and decadal timescales.

During autumn, the two variables show a good agreement even if there are strong differences (more
pronounced in the north) in the first decade where SD records increase while Eg↓ ones decrease (Figure 2).

Figure 4. Trend of the all-sky Eg↓/SD records for each subinterval of at least 21 years. The results are reported both in terms
of slopes (% decade�1—pixel color) and significance levels (large pixels: p ≤ 0.05; small pixels: p > 0.05). The y axis repre-
sents the window width, and the x axis represents the starting year of the window used for the computation of the trend.
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This is reflected by a clear decrease in the ratio records (Figure 3) that continues until the mid-1980s (even if
the slope is weaker) due to a stronger dimming in the Eg↓ records than in the SD ones. The agreement is
higher if the subsequent part of the series is considered (Table 1 and Figure 2).

The Theil-Sen method trends, estimated for some relevant periods, confirm what has already been discussed
above (Table 2) showing stronger (or comparable) and more significant trends for Eg↓ than SD. The only
exceptions are autumn (nonsignificant trend) for both regions, summer in the north (stronger SD trend than
Eg↓) during the dimming period, and winter in the south (nonsignificant trend) for the brightening period.

4. Comparison Between Sunshine Duration and Global Radiation Records Under
Clear-Sky Conditions

Analyzing factors causing different decadal variability and long-term trends in SD and Eg↓ records is a chal-
lenge, as in addition to instrumental issues, a number of environmental variables should be considered
including cloudiness, atmospheric aerosols, and relative humidity. One approach to reduce the complexity
of the problem is to remove cloudiness effect selecting only clear-sky days.

The Eg↓ clear-sky records (Figure 5) indicate a well-defined dimming/brightening sequence with a rather
coherent decadal variability and a transition from dimming to brightening around the mid-1980s [Manara
et al., 2016a]. The removal of cloud contribution produces on SD records (Figure 5) an effect already observed
in the Eg↓ case [Manara et al., 2016a]: the dimming period becomes longer and the corresponding trends
more significant with the only exception of winter. Moreover, the increase during the brightening period
(spring and summer) becomes weaker. The most relevant changes are observed in autumn when under
all-sky conditions the SD curves do not show any signal, while under clear-sky conditions dimming and
brightening periods become significant. The trend is more pronounced during the dimming period in the

Table 2. SD and Eg↓ Trends in Northern and Southern Italy Under All-Sky and Clear-Sky (See Section 4) Conditionsa

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

aValues 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 nonsignificant trends, only the sign of the slope is given. The significance of the trends
is evaluated with the Mann-Kendall nonparametric test while the trends are estimated by the Theil-Sen method. Periods
were selected according to the dimming and brightening obtained for both variables.
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south (e.g., �1.1%decade�1, p value ≤0.05 over the period 1959–1985) and during the brightening period in
the north (Table 2).

Differently from the all-sky records, the clear-sky Eg↓ records show a comparable (in the north) or slightly
higher (in the south) interannual variability than the SD ones over the period 1959–2013. The standard devia-
tions of the residuals from the low-pass filters range from 0.014 (summer in the north) to 0.034 (winter in the

Figure 5. (left) Northern and (right) southern Italy annual and seasonal SD (red line) and Eg↓ (black line) records obtained
under clear-sky conditions, plotted together with 11 year window, 3 year standard deviation Gaussian low-pass filters. The
series are expressed as relative deviations from the 1976 to 2005 averages. Annual graphs are shown with an expanded
scale with respect to seasonal ones.
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south) for Eg↓ and from 0.010 (annual mean in the north) to 0.022 (winter in the south) for SD. Moreover, the
interannual variability is lower for the clear-sky than for the all-sky records, which is an obvious consequence
of the relevant role of cloudiness in the year-to-year variability of these variables. It is interesting to highlight
that the SD and Eg↓ residuals from the filters have rather low correlations in clear-sky compared to the all-sky
conditions. The highest correlation coefficients for the residuals are observed in spring for both regions,
autumn in the north, and summer in the south (Table 1). However, the common variance between the SD
and Eg↓ residuals is rather low, and only few correlation coefficients are significant. Moreover, in most seasons
and periods under clear-sky conditions, correlation between filters is comparable or increases with respect to
all-sky conditions (Table 1). This underlines that under clear-sky conditions SD and Eg↓ are affected by the same
factors at decadal timescale, even though their agreement in terms of year-to-year variability is rather low.

As already observed for all-sky conditions, the agreement between clear-sky SD and Eg↓ decadal variability
and long-term trends depends on the considered region, season, and period (Figure 5). The ratio records
show, as already discussed for the all-sky series, a decreasing tendency until the mid-1980s (more
pronounced in winter and autumn) resulting from a stronger dimming of Eg↓ than of SD (Table 2). The corre-
sponding running trend analysis (Figure 6) shows significant trends for almost all subperiods starting in the
first decade, which was not the case in the all-sky conditions (Figure 4) where the decrease was significant
only when longer periods were considered. The agreement between the two variables is higher in the bright-
ening period as both variables increase, even if the Eg↓ trends present higher values (Table 2). This is reflected
in some positive subperiods in the last part of the ratio records (Figure 6) differently from the all-sky condi-
tions (Figure 4) when very few subperiods showed a significant trend.

It is interesting to underline that in northern Italy, during summer, the decrease of the first period in the ratio
record is not present and only few subperiods have a significant trend, implying a good agreement between
SD and Eg↓. Here the few subperiods with a significant negative trend are due to different reversal years from
dimming to brightening for SD (beginning of 1980s) and Eg↓ (mid-1980s). It is worth noting that this is the
only case (as already observed under all-sky conditions) in which SD shows a stronger dimming than Eg↓
(Table 2) as highlighted by the only case in which the running trend analysis shows subperiods with positive
trend during the 1960s (Figure 6).

5. Sunshine Duration and Global Radiation Sensitivity to Variations
in Atmospheric Turbidity

The main result highlighted by the comparison between the SD and Eg↓ clear-sky records is that the latter
shows generally stronger signals than the former, with a stronger decrease in the dimming period and a
slightly stronger increase in the brightening period (the only exception is summer in northern Italy).

In order to investigate whether such behavior can be explained by a different sensitivity of SD and Eg↓ to
atmospheric turbidity variations, we applied a model based both on Lambert-Beer’s law and on a simple
estimation of diffuse radiation.

The model we applied is based on Rigollier et al. [2000]. It estimates the atmospheric attenuation of Eg↓
(calculating separately the direct (E) and the diffuse (Ed↓) components) under clear-sky conditions, in terms
of the atmospheric turbidity. Indeed, the larger the atmospheric turbidity, the larger the attenuation of the
direct radiation (less E) and the larger the portion of scattered radiation (more Ed↓) by the atmosphere.

In this model, E is calculated with the following equation [Rigollier et al., 2000]:

E ϕ; kð Þ ¼ I0 ·E0 kð Þ · ∫ωSS ϕ;kð Þ
ωSR ϕ;kð Þ cos θINC ϕ; k;ωð Þð Þ ·e�0:8662 · TL ·mA ϕ;k;ωð Þ · δR ϕ;k;ωð Þdω (1)

Specifically, ϕ is the latitude of the considered point; k (k = 1, …, 12) is the considered month; I0 is the solar
constant (I0 = 1361 W m�2 [Kopp and Lean, 2011]); E0(k) is the eccentricity factor [Iqbal, 1983]; θINC(ϕ, k, ω) is
the solar angle of incidence for a flat surface [Iqbal, 1983]; TL is the turbidity Linke factor, i.e., the number of
clean dry atmospheres that would be necessary to pile up in order to obtain the same attenuation of the
extraterrestrial radiation as that produced by the actual atmosphere, is related to the total turbidity (aerosol
and water vapor) [Jacovides, 1997], and is considered standardized (by means of the 0.8662 factor) for an air
mass equal to 2 [Grenier et al., 1995]; mA(ϕ, k, ω) is the optical air mass [Jacovides, 1997; Rigollier et al., 2000];
and δR(ϕ, k, ω) is the Rayleigh optical depth [Rigollier et al., 2000].
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The equation is considered for the central day of each month, and the integration is performed dividing the
length of the day (from sunrise (ωSR(ϕ, k)) to sunset (ωSS(ϕ, k))) in N intervals (expressed in hour angle—ω). In
order to avoid rounding errors, we used a very short time step (N = 100,000).

In the Campbell-Stokes SD recorder, the paper card is always normal to the direct radiation, and therefore, the
term cos(θINC(ϕ, k,ω)) in equation (1) is equal to 1. Specifically, all time steps for which the direct radiation is

Figure 6. Trendof the clear-sky Eg↓/SD records for each subinterval of at least 21 years. The results are reportedboth in terms
of slopes (%decade�1—pixel color) and significance levels (large pixels: p ≤ 0.05; small pixels: p> 0.05). The y axis represents
the window width, and the x axis represents the starting year of the window used for the computation of the trend.
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higher than 120 Wm�2 are selected, and the difference between the hour angles corresponding to the max-
imum and the minimum steps are transformed in hours.

Differently, to calculate E, the term cos(θINC(ϕ, k,ω)) is different for each time step, and so the daily value is
calculated integrating equation (1) from sunrise to sunset. Ed↓ is obtained integrating the following equation
from sunrise to sunset [Rigollier et al., 2000]:

Ed↓ TL;ϕ; k;ωð Þ ¼ I0·E0 kð Þ·T rd TLð Þ·Fd TL;ϕ; k;ωð Þ (2)

where Trd(TL) is the diffuse transmission function at zenith and Fd(TL ,ϕ , k ,ω) is the diffuse angular function as
given in the following equations:

T rd TLð Þ ¼ �1:5843·10�2 þ 3:0543·10�2�TL þ 3:797·10�4·TL
2 (3)

Fd T L;ϕ; k;ωð Þ ¼ A0 TLð Þ þ A1 T Lð Þ· sin h ϕ; k;ωð Þð Þ þ A2 TLð Þ· sin h ϕ; k;ω;ð Þð Þð Þ2 (4)

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

A0 TLð Þ ¼ 2:6463·10�1 � 6:1581·10�2·TL þ 3:1408:10�3·TL2

A1 TLð Þ ¼ 2:0402þ 1:8945·10�2·TL � 1:1161·10�2·TL2

A2 TLð Þ ¼ �1:3025þ 3:9231·10�2·TL þ 8:5079·10�3·T L
2

8><
>:

(5)

A0(TL) is subjected to the following condition:

if A0 TLð Þ·Tdr TLð Þð Þ < 2·10�3; A0 T Lð Þ ¼ 2·10�3

Tdr TLð Þ (6)

This additional condition is necessary because A0(TL) becomes negative for TL> 6.

At first, we applied equations (1) and (2) to estimate the TL monthly values at each site. Specifically, we
searched for the TL values which give the observed clear-sky Eg↓ monthly means over the period
1959–2013. However, such estimation may have some problems as all the data preprocessing has been
performed to ensure the accuracy and temporal homogeneity of anomaly records, whereas possible
problems of the absolute records have not been considered. We can therefore not exclude the presence
of small biases, e.g., due to the fact that the sky-view factor can be partially reduced during the
sunrise/sunset in some stations. This could be true for the stations surrounded by hills and mountains or
located in urban areas (e.g., records that are collected at urban observatories). Moreover, it should be consid-
ered that the TL values are calculated comparing the simulated Eg↓ values with the observed clear-sky Eg↓
means obtained using 1 okta as threshold. The monthly TL values we get with this estimation have therefore
to be considered only as indicative. The obtained values for southern Italy are about 15–20% lower than the
northern Italy ones. The means over all Italian stations range from 3.4 (January) to 5.5 (July). Considering that
the observed clear-sky Eg↓ means could be slightly underestimated, it is reasonable to consider for Italy the
following TL values: about 3 in winter, 5 in summer and 4 in spring and autumn. This small correction
corresponds to the assumption that the actual Eg↓ means are 2–3% higher than those we get from our
clear-sky records.

These TL values correspond however to Eg↓ means over the entire 1959–2013 period. In order to estimate
realistic TL values for shorter intervals as well, we have to consider that during the dimming period, TL values
increased until they reached their maximum values and then they decreased during the brightening period
down to their final values. We considered therefore as predimming TL values those that justify the Eg↓means
in the first years (obtained starting from the Eg↓ 1959–2013 means and the relative anomalies—with respect
to the 1959–2013 period—of the first years). Then, we used the same approach to identify the most realistic
prebrightening TL values and the values of the last years.
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Then, we analyzed SD and Eg↓ sensitivity to TL variations by means of equations (1) and (2). Specifically, we
considered two points located at sea level and representative of northern and southern latitudes (45°N
and 39°N respectively), and we calculated variations of SD and Eg↓ for a TL increase/decrease with respect
to each integer and half of integer comprised in a wide interval of values. We report the results in Figure 7
for the central month of each season (January, April, July, and October) and for TL starting values ranging from
the predimming to the prebrightening values, estimated above.

Figure 7. Variation (expressed in percentage) of modeled SD (Eg↓) for a TL increase/decrease in relation to the starting
value indicated in each plot. The black (blue) line represents SD variations while the red (orange) line represents Eg↓
variations for a point located at a latitude of 39°N (45°N). Results refer to the central month of each season.
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The curves show a latitudinal effect almost only for SD in winter and autumn for TL starting values higher than
4 with stronger variations for the point located at a higher latitude. We discuss therefore the figure without
differentiating the lines concerning the two latitudes.

In spring (April), considering a predimming TL value of 3.0–3.5 and a following increase until a prebrightening
value of about 4.5, the modeled Eg↓ shows stronger variations (decrease) than the modeled SD (e.g., from the
panel in row 1 and column 2 of Figure 7, for TL moving from 3.0 to 4.5, SD is expected to decrease about one
third less than Eg↓). The same behavior can be observed starting from the prebrightening value (about 4.5)
and decreasing TL until an ending value of 3.0–3.5. Also, in this case there is a stronger variation (increase)
of the modeled Eg↓ with respect to the modeled SD (e.g., from the panel in row 4 and column 2 of
Figure 7, for TL moving from 4.5 to 3.0, SD is expected to increase about one third less than Eg↓). The modeled
variations are in agreement with the observed clear-sky series (Figures 3, 5, and 6).

In summer (July), the modeled Eg↓ variations are only slightly stronger than the modeled SD ones both when
TL increases between a predimming equal to about 4.5 and a prebrightening equal to 5.5–6.0 and when it
decreases to an ending value of about 4 (Figure 7) as obtained for the observed Eg↓ and SD records
(Figures 3, 5, and 6). It is also interesting to underline that the higher TL values in the north could explain
the only case for which the observed Eg↓ does not have stronger variations than SD during the dimming
period (considering, e.g., TL predimming and prebrightening values equal to about 5.5 and 6.5).

In autumn (October), from the modeled results, Eg↓ is expected to have higher variations than SD both when
TL increases between a predimming value of 3.0–3.5 to a prebrightening value of about 4.5 and when it

Figure 8. Relative decrease of modeled SD (Eg↓) for each integer TL in the range 2–7 for TL increasing from TL � 0.5 to
TL + 0.5. The black (blue) line represents SD variations while the red (orange) line represents Eg↓ variations for a point
located at a latitude of 39°N (45°N). Results refer to the central month of each season.
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decreases to an ending value of 3.0–3.5 (Figure 7). This agrees with the results reported for clear-sky
conditions, even though simulated values do not explain the weak decrease of the observed SD (see
Figure 5) in the dimming period especially in the north.

A similar behavior is observed in winter (January): the modeled Eg↓ is expected to have higher variations than
the corresponding SD both when TL increases from a predimming of 2.5–3.0 to a prebrightening of 3.5–4.0
and when it decreases to an ending value of 2.5–3.0 (Figure 7). In this case for southern Italy the simulated
impacts of the atmospheric turbidity evolution on Eg↓ and SD are in reasonable agreement with the observa-
tions (Figures 3, 5, and 6), whereas for northern Italy, during the dimming period, relevant discrepancies are
evident.

Overall, the results above show that the SD and Eg↓ sensitivity to TL variations strongly depends on the TL
starting value. In order to highlight this behavior, we investigated the relative decrease of modeled SD and
Eg↓ corresponding to an increase of TL of one unit for any integer TL in the range 2–7 (Figure 8). The results
highlight that for TL lower than 4, SD is less sensitive than Eg↓ (to changes in TL) while for TL values higher than
6 the behavior is opposite. The intersection between the SD and Eg↓ curves is around TL equal to 5–6 with the

Figure 9. Northern (left side) and southern (right side) Italy modeled (black line) and observed clear-sky (red line) SD rela-
tive anomalies calculated for each decade of the 1961–2010 period. The x axis show the starting year of the considered
decade. Results refer to the central month of each season.
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only exception of winter in the north where it is around TL equal to 4–5. Moreover, the difference in sensitivity
of the two variables is particularly strong for low TL values especially in January (winter) and October
(autumn). Winter is therefore the season in which the largest differences in the SD and Eg↓ trends are
expected because it has both the lowest TL values and the highest difference in the sensitivity of SD and
Eg↓ to TL variations. For the other seasons and for their typical TL values, the sensitivity of SD and Eg↓ to TL
changes is expected to bemore similar (Figures 7 and 8) even though in most cases Eg↓ is more sensitive than
SD, with the only exception of summer for TL around 6 where a stronger SD sensitivity is expected.

In order to further investigate the agreement between modeled and observed clear-sky SD trends, we
estimated northern and southern Italy TL values for each decade of the 1961–2010 period. Then, we applied
equation (1) to get the corresponding decadal SD values. Finally, we calculated the relative anomalies (for
both modeled and observed values) with respect to the averages over these five decades, and we compared
them. The results (Figure 9) highlight an excellent agreement between the modeled and the observed SD
trends in spring (April) and in summer (July), as already observed in the comparison between observed
clear-sky trends (Figure 5) and modeled variations (Figure 7). In the other two seasons, in southern Italy
the agreement is rather good, while in the north it is reasonable during the brightening period but very poor
during the dimming period. The discrepancy is stronger in winter than in autumn.

6. Discussion and Conclusions

Two homogenized data sets of sunshine duration (SD) [Manara et al., 2015] and global radiation (Eg↓) [Manara
et al., 2016a] records covering the Italian territory were used to investigate to what extent these two variables
agree with respect to their temporal evolution, under both all-sky and clear-sky conditions. The analysis has
been performed considering annual and seasonal regional series for northern and southern Italy over the
1959–2013 period.

The results highlight that the agreement between the decadal variability and long-term trends of SD and Eg↓
depends on the considered region, season, and period. Overall, under all-sky conditions, the SD records show
a shorter and less intense decrease during the dimming period with respect to the Eg↓ ones, while the agree-
ment is better if the subsequent period is considered, where both variables show an increasing tendency.
This behavior is reflected in the Eg↓/SD ratio records that show a significant decrease until the mid-1980s,
which is more pronounced in winter and autumn (especially due to a lack of a negative SD trend), while in
the subsequent period the ratio records do not show any significant trends. Considering only clear days,
the ratio records show again a decrease until the mid-1980s and a weaker increase in the subsequent period
with the exception of summer in northern Italy where the Eg↓/SD ratio record does not show any
significant trend.

In order to investigate whether the differences in the clear-sky SD and Eg↓ trends are due to a different sen-
sitivity to atmospheric turbidity changes, we applied a model to estimate how large the SD and Eg↓ relative
variations are when atmospheric turbidity (expressed by means of the turbidity Linke factor—TL) increases or
decreases. Then, we considered a realistic temporal pattern for TL, and we checked if the differences in the
observed SD and Eg↓ trends could be explained on the basis of their different sensitivity to the TL variations.
It is interesting to underline that the results reported in Figures 7 and 8 can be used also if different temporal
patterns of TL are considered for the same area.

The sensitivity analysis showed that the clear-sky SD and Eg↓ sensitivity to TL variations strongly depends on
the absolute value of TL. Specifically, for low TL (TL < 3), Eg↓ is much more sensitive than SD, while for high TL
(TL > 6), SD is slightly more sensitive than Eg↓. This result has to be kept in mind when SD is used as a proxy
variable to investigate multidecadal variations of Eg↓. A further problem may be linked to the position of
stations without an optimal sky-view factor either at sunrise or at sunset or in both circumstances. When
the reduction of the sky-view factor is large, this problem can completely hide the response of clear-sky
SD to TL variations. In this case, direct radiation reaches the Campbell-Stokes sunshine recorder only when
its value is already above the instrumental threshold. Therefore, the clear-sky SD simply corresponds to the
time interval in which the sun is visible from the considered station, independently from TL and so SD is
not sensitive to TL changes. Our stations are generally located in plain or coastal areas and have a good
sky-view factor. We can however not exclude that the modeled SD variations may be slightly
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overestimated by a nonoptimal sky-view factor for few stations. This problem is more relevant in winter when
the TL values are low.

The comparison between the modeled and the observed SD relative trends highlights a very good agree-
ment in southern Italy. In northern Italy, good agreement is found in the brightening period, whereas in
the dimming period only in spring and summer. In winter and autumn, the differences in the observed trends
of SD and Eg↓ cannot be explained by their different sensitivity to TL variations. We do not have a conclusive
explanation for this issue. A possible factor could be a decrease of relative humidity, which was not captured
by the method we used to estimate the temporal variation of TL. This method is in fact based on Eg↓ records
and focuses therefore on the central hours of the day, which are those that most contribute to global radia-
tion. A reduction of relative humidity in the hours of SD sensitivity to TL (sunrise and sunset) in the 1960s and
1970s could therefore be a physical process which would explain what we observe. Such mechanism could,
e.g., be driven by an increase of the urbanization close to some of the station sites. High relative humidity may
also alter the radiative properties of the particles suspended in the atmosphere increasing their radiative
forcing [Kotchenruther et al., 1999; Xia et al., 2007]. This is particularly important during the winter season
in the north where fog episodes are rather frequent. As far as those episodes are concerned, Giulianelli
et al. [2014] report a significant decrease of fog episodes at a Po Plain site (San Pietro Capo Fiume) during
the brightening period. Unfortunately, their data do not cover the dimming period too. Nevertheless, it is
worth noting that in other Mediterranean regions, a widespread decrease in relative humidity has been
reported during the dimming period [Vicente-Serrano et al., 2014].

All the problems related to the different sensitivity of clear-sky SD and Eg↓ to TL do not limit the use of SD as a
good proxy to highlight cloudiness induced Eg↓ variations as shown in other studies [Sanchez-Lorenzo and
Wild, 2012;Wang, 2014]. SD has however to be considered with great attention in studying the multidecadal
evolution of Eg↓where the changes in aerosol concentration play a relevant role, especially if TL is low and if it
shows significant temporal changes. A more detailed understanding of the unexpected trends in the winter
(and autumn) northern Italy SD clear-sky records in the dimming period and of the differences observed
under all-sky conditions calls for further research including the study of other variables such as relative
humidity, visibility, and cloudiness.
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