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ABSTRACT

Sunshine duration (SD) represents a valuable parameter for early years when few or none measurements of
surface solar radiation (SSR) are available. In the present work, daily and monthly SD records registered in
Lisbon (Portugal) for the period 1890-1940 have been digitized to expand the data series available in electronic
format, which starts in 1941. The resulting series for the period 1890-2018 can be considered as the earliest one
in Portugal and the second one in the Iberian Peninsula. Cloud cover (CC) data for the same period have also
been digitized. The SD series exhibits a weak negative trend (without statistical significance) from the 1890s to
the 1910s, which is in line with the early dimming period in SSR reported in some regions. Subsequently, no
trends are obtained for the period 1910s-1950s, which indicates that the early brightening is not observed in
Lisbon unlike other locations in the Iberian Peninsula. After that, two strong statistically significant trends are
found for the periods 1950s-1980s and 1980s-2010s in line with the well-known global dimming and bright-
ening periods in SSR, respectively. On the other hand, the CC series presents an increase from 1890 to the 1980s,
followed by a decrease up to 2018 (both being statistically significant), which may partially explain the reported
SD trends. An analysis of SD under cloudless conditions proved the utility of this quantity to track long-term
changes in atmospheric aerosol load. In addition, this analysis and a seasonal one pointed out that aerosols
seem to play a relevant role in SD long-term variability.

1. Introduction

Solar radiation is crucial in many natural processes in our planet. In
addition, current concerns such as climate change and solar energy re-
sources require knowledge on the variability of solar radiation reaching
the Earth's surface (Ramanathan and Carmichael, 2008; Wild, 2016).

Widespread measurements of surface solar radiation (SSR) started in
the late 1950s (Stanhill and Achiman, 2017). The analysis of these time
series showed a global decrease in SSR until the 1980s called “global
dimming” (Liepert, 2002; Ohmura, 2009; Stanhill and Cohen, 2001),
followed by an increase up to the present time, known as “brightening”
(Sanchez-Lorenzo et al., 2015; Wild, 2005).

Despite the large amount of SSR data after the 1950s, the number of
series prior to that decade is scarce. In Europe, there are only two

stations with data since the 1920s (Stockholm and Wageningen) and
three ones since the 1930s (Davos, Locarno-Monti and Potsdam), none
being in the southern regions (Sanchez-Lorenzo et al., 2015). Some of
these early series present an increase in SSR until the 1940s (Ohmura,
2007; Sanchez-Lorenzo et al., 2015; Stanhill and Achiman, 2017). This
period is called “early brightening” (Wild, 2009). On the contrary, other
series do not show this behavior (Hoyt, 1979; Ohvril et al., 2009; Roosen
and Angione, 1984).

Due to the scarcity of SSR measurements and the different results
found before the 1950s, the use of related variables is of great impor-
tance to complement and extend the available data series (Stanhill,
2005). In this respect, sunshine duration (SD) is one of the most useful
historic proxies for SSR with measurements starting in the last part of the
19th century (Stanhill and Cohen, 2008; Wild, 2009). This variable is
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usually defined as the number of hours that direct solar radiation sur-
passes 120 W-m™2. There is a large number of studies analyzing long-
term changes of SD during the last decades (He et al., 2018; Ohmura,
2009; Sanchez-Lorenzo et al., 2007; Wild, 2016; Wild, 2009). Specif-
ically, we can find numerous studies for Europe (e.g., Bartoszek et al.,
2021; He et al., 2018; Kazadzis et al., 2018; Sanchez-Lorenzo et al.,
2008), as well as United States (e.g., Angell, 1990; He et al., 2018;
Stanhill and Cohen, 2005), China (e.g., He et al., 2018; Kaiser and Qian,
2002; Wang et al., 2012), or Japan (e.g., Ma et al., 2022; Stanhill and
Cohen, 2008). In Sanchez-Romero et al. (2014) a summary of the main
devices used to record SD is presented among other limitations of the
measurements.

For the Iberian Peninsula, Sanchez-Lorenzo et al. (2007, 2009)
analyzed SD measurements since the 1930s and reported a period of
dimming for 1950s-1980s, followed by a brightening period up to the
end of the 20th century. Roman et al. (2014) reconstructed SSR from SD
records since 1950 for Spanish stations finding tendencies matching the
global dimming and the subsequent brightening. Anton et al. (2017)
followed the same procedure to reconstruct SSR in Madrid (Spain) for
the period 1887-1950 and identified an early dimming from the
beginning of the series until the 1910s, followed by an early brightening.
Similarly, reconstructed SSR in Badajoz (Spain) over 1929-2015 was
inferred by Montero-Martin et al. (2023) presenting an early brightening
period (1929-1950), followed by a dimming (1951-1984) and a sub-
sequent brightening (1985-2015). Montero-Martin et al. (2021) studied
SD records for the period 1891-1950 in Coimbra (Portugal) and found
an early dimming from the beginning of the series up to the 1910s.
Lastly, it is worth mentioning that early trends in the Iberian Peninsula
have also been analyzed using other variables related to solar radiation
such as actinometric measurements (Bravo-Paredes et al., 2019) and
atmospheric transparency (Anton et al., 2014; Aparicio et al., 2019).

In the present work, we have digitized daily and monthly records of
SD registered in Lisbon for the period 1890-1942. Thus, this work ex-
pands the data series available in electronic format for this location
(period 1941-2018) creating the earliest continuous SD series in
Portugal and the second one in the Iberian Peninsula (Madrid series
starts in 1887). Note that the earliest SD data series in the Iberian
Peninsula is that at San Fernando with data since 1881. Unfortunately,
that series is not homogeneous for the 1891-1933 period (Wheeler,
2001). We have also digitized cloud cover (CC) records and expanded
the available data series for the same location and period. Thereby, the
present work aims to study the evolution of SD in Lisbon, the long-term
trends and the factors that may explain the behavior of this data series
for the period 1890-2018.

The data used in the present study are described in Section 2. Section
3 contains an explanation of the methodology followed to process the
data and create the temporal series that are shown and analyzed in
Section 4. Lastly, conclusions are presented in Section 5.

2. Data

The Instituto Dom Luiz (IDL) is a research center for the study of
Earth and Atmospheric Sciences hosted by the University of Lisbon. It
was founded under the name Observatério Meteoroldgico da Escola
Politécnica in 1853. In the course of time, it has had other names such as
Observatério do Infante D. Luiz, Observatério do Infante D. Luis,
Observatdrio Central Meteorolégico do Infante D. Luiz and Instituto
Geofisico do Infante D. Luis (Batllo et al., 2014). The coordinates of the
IDL meteorological observatory are 38° 42’ 59.4" N in latitude and 9°
08’ 56.7"” W in longitude, and its altitude above sea level is 77.1 m. The
IDL have performed systematic meteorological observations in Lisbon
since 1856. Some of the first records contain data on atmospheric
pressure, precipitation, temperature, cloud cover and wind speed,
among others (Silveira, 1863). The measurements are published in
bulletins called “Anais do Observatorio do Infante D. Luiz” or similarly,
depending on the denomination of the institution at the time. With the
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passage of time, the bulletins have incorporated measurements of other
variables.

SD measurements in the IDL started in 1890. The first device
employed was a Jordan heliograph (Capello, 1893). In January 1913, it
was replaced by a more modern device: a Campbell-Stokes heliograph
(Lima, 1915). Over the whole study period (1890-2018) the heliograph
altitude has been 22.8 m above ground (and the location of the obser-
vatory has not changed). The first bulletins with SD records only contain
monthly data on this variable (period 1890-1917). From 1918, daily
data is available too. Fig. 1 shows an example page with daily SD
measurements for January 1918. First column represents the days of the
month, columns 2-17 contain SD in intervals of one hour (expressed in
hours and minutes), column 18 is the total SD for each day (expressed in
hours and minutes) and column 19 includes the percentage of SD with
respect to the theoretical number of daylight hours. All the rows show
daily data except for the last one, which contains the sum for the month.
In the present work, daily and monthly SD records have been digitized
from IDL bulletins (in pdf format) since the beginning of the series
(1890) up to 1942. Most of the bulletins are available on the website of
the project SIGN (http://sign.fc.ul.pt/index.html), and the ones missing
in that website (bulletins with data for the period 1921-1925) have been
provided by the Portuguese Institute for Sea and Atmosphere (Instituto
Portugués do Mar e da Atmosfera, IPMA).

After digitization, an exhaustive quality control has been performed
to detect digitization errors and inconsistences in the bulletins. We
checked that all the values were inside coherent intervals. For example,
we checked that there were no negative values and that SD was lower
than the theoretical number of daylight hours. In addition, for the period
1918-1942 (1890-1917) monthly (yearly) averages from daily
(monthly) records were calculated and compared with monthly (yearly)
averages of the bulletins. When the averages did not match, we con-
sulted the bulletins and checked if the cause of the error was the digi-
tization or an inconsistency in the bulletin. Later, we corrected the error.

As mentioned above, the bulletins of the IDL contain CC records since
1856. The measurements of CC were carried out by human observations.
Numbers 0-10 represent the number of tenths of the sky covered with
clouds. The values of CC used in the present study are averages of CC
measurements at 9:00, 12:00 and 15:00 (local time of Lisbon until 1946
and local time of Greenwich since 1947, being 37 min the difference
between the two times). In line with our retrieval of SD records, we have
digitized monthly CC data for 1890-1917 and daily data for 1918-1941
(although the bulletins contain daily CC data for the whole study
period). A quality control similar to that applied to the SD data was also
applied to the CC values.

As mentioned in the previous section, daily SD and CC data series
since 1941 for Lisbon (digitized from the IDL bulletins) are available in
machine-readable format from the IPMA. For the present study, we
joined the SD (CC) data series digitized in the present work for the
period 1890-1942 (1890-1941) with the digital records of the IPMA for
the period 1943-2018 (1942-2018). Thereby, we obtain SD and CC data
series for Lisbon for the period 1890-2018. The temporal coverage of the
data is 100% for the monthly part of the SD and CC series (period
1890-1917), and 99.2% and 99.6% for the daily part of the SD and CC
series (period 1918-2018), respectively. Machine-readable versions of
these data series are made available to the scientific community as
supplementary material of this paper. Note that the CC data from IPMA
are expressed in oktas of sky covered by clouds (scale 0-8). Then, with
the goal of merging the CC series digitized in the present work for the
period 1890-1941 (which contains values expressed in tenths of sky)
with that from the IPMA for the period 1942-2018, the values in tenths
of sky were converted into oktas.

3. Corrections applied to the series

Aiming to have series with the same periodicity, for the daily part of
the SD and CC series (1918-2018), monthly averages are computed from
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Fig. 1. Example page of a bulletin “Anais do Observatério Central Meteorolégico do Infante D. Luiz” with measurements of sunshine duration in Lisbon for January

1918 (source: Ferreira, 1948, LVI, p. 47).

the daily data. After that, we have monthly series of SD and CC for the
whole study period 1890-2018. Further calculations and analyses are
performed over these series. Fig. 2 (continuous lines) contains the time
evolution of SD (top panel) and CC (bottom panel) series (annual av-
erages, calculated from monthly values, are presented to have a clear
view of the data).

3.1. Homogenization

The temporal homogeneity of the series is evaluated through the
Standard Normal Homogeneity Test (SNHT), which is applied to the
annual series to detect potential inhomogeneities (Alexandersson,
1986). Note that data of the year 1919 is not taken into account when
the test is applied. For this year, there is a gap in the series from March to
August. These months of the year contain the days with the highest
number of hours of daylight. For this reason, Fig. 2 (top panel) shows a
dip for 1919. This anomalous behavior is corrected in the following
subsection. According to the test, there is a statistically significant break
(p < 0.05) in the SD series in 1913 and another in 1958. Looking at Fig. 2
(top panel, continuous line) there is an evident shift in 1913. As
mentioned in Section 2, in 1913 the Jordan heliograph was replaced by a
Campbell-Stokes one. Then, this break represents an inhomogeneity that
must be corrected. For that, using the monthly series, the average values
of the periods 1890-1912 and 1913-1936 are calculated. Then, the
difference between the two averages is added to the monthly values
prior to 1913. In relation to the break in 1958, after consulting the
bulletins, we verified that no changes took place around this date that
could cause an inhomogeneity in the SD series. Moreover, according to

Miranda et al. (2002), who presented the time evolution of SD mea-
surements for six Portuguese stations (Lisbon included) from the 1940s
to the 1990s, the evolution over time of the six series around 1958 is
similar. This implies that the break detected by the test is not a real
inhomogeneity (due to an artefact) but the natural behavior of SSR in
that period. Then, the SD series does not need to be corrected for this
break.

The SNHT was also applied to the CC annual series. A statistically
significant break was detected in 1957. Fig. 2 (bottom panel, continuous
line) reveals a clear shift in CC values in that date. The bulletins do not
register any changes in the observers, the measurement process, etc. that
can cause an inhomogeneity around 1957. However, Miranda et al.
(2002) show the evolution over time of four Portuguese CC measure-
ments series (Lisbon included) from the 1940s to the 1990s. From that
work, we can see that the only series with a shift is that of Lisbon. Then,
we consider that the break in 1957 represents an inhomogeneity in the
CC series. To correct it, average values for the periods 1896-1956 and
1857-2017 in the monthly CC series are computed, and the difference
between the two values is added to the data prior to 1957 (period
1890-1956).

The temporal evolution of SD and CC series before and after cor-
recting for inhomogeneities is shown in Fig. 2.

3.2. Correction for seasonal variations

Once the inhomogeneities have been corrected in the monthly SD
and CC series, we have homogeneous series. However, before perform-
ing long-term trend analyses, the series require a correction for seasonal
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Fig. 2. Time evolution of annual series of sunshine duration (SD, top panel) and cloud cover (CC, bottom panel) in Lisbon for the period 1890-2018 before

(continuous lines) and after (dashed lines) correcting for inhomogeneities.

variations. Firstly, the average seasonal cycle needs to be calculated.
This cycle consists of 12 values: one average for each month of the year.
For example, the first value represents the average SD value of January
and is calculated by averaging all the monthly SD data corresponding to
January for the period 1890-2018. Then, the deseasonalized monthly
SD series is obtained by subtracting the corresponding value of the
average seasonal cycle to each month of the initial series. The following
equation summarizes the operation:

DY =19 -8

where D represents the series corrected for seasonal variations (anom-
alies), I the initial uncorrected series, S the average seasonal cycle, the
superscript i the year (ranging from 1890 to 2018) and the superscript j
the month of the year (from 1 to 12). The same procedure is followed to
deseasonalize the CC monthly series.

As a summary of the methodology followed in this work, Section 2
described how records of SD and CC for the period 1890-1942 and
1890-1941, respectively, have been digitized in this work. Then, these
data were merged with those available in machine-readable format from
the IPMA (1943-2018 for SD and 1942-2018 for CC) to obtain series for
the period 1890-2018 (see Fig. 2, continuous lines). Subsequently, these
two data series are corrected for inhomogeneities (see Fig. 2, dashed
lines) and seasonal variations (see resulting series in Fig. 3), which has
been explained in Section 3. Once the data series have been both con-
structed and corrected, it is possible to detect trends in SD and CC, as
described in the following Section 4.

4. Results and discussion

Fig. 3 depicts the resulting annual SD (top panel) and CC (bottom
panel) series after applying the two aforementioned corrections. The
figure also contains 11-year running averages to highlight the long-term
behavior of the series.

Firstly, we look at SD series (Fig. 3, top panel). At first glance, two
clear periods are distinguished. An early period from the beginning of
the series up to the 1950s, followed by a modern period. The early
period presents stable values with short decreases and increases whereas
the modern period contains a long decline followed by a long partial
recovery. Performing linear regressions on the monthly SD time series,
statistically significant trends (at the 95% confidence level) covering the
whole early period, that is, spanning from 1890 up to any of the years of
the 1950s are not detected. An almost statistically significant negative
trend (p = 0.06) is found for the period 1890-1915 with a value of —0.17
+ 0.09 h per decade (slope =+ standard error), which could indicate the
existence of a weak early dimming in the study location. After this
period and until the late 1940s, there are short increases and decreases
(for example 1910s-1930s) without statistically significant trends.
Therefore, there is no evidence for an early brightening in the study
location. These results derived from the trend analysis for the period that
spans between the last decade of the 19th century and the first half of the
20th century are similar to those obtained by Montero-Martin et al.
(2021) who detected an early dimming period in SD data from Coimbra
(a Portuguese location too) for a similar period without finding an early
brightening period until the 1950s. In Spain, other studies obtained an
early dimming period (Anton et al., 2017; Aparicio et al., 2019; Bravo-
Paredes et al., 2019), and outside the Iberian Peninsula too (Kazadzis
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Fig. 3. Time evolution of homogenized and deseasonalized annual anomalies of SD (red thin line, top panel) and CC (blue thin line, bottom panel) in Lisbon for the
period 1890-2017. Thick lines represent 11-year running averages. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

et al., 2018; Matuszko, 2014; Stanhill and Achiman, 2017; Stanhill and
Cohen, 2008). On the contrary, there is no evidence of this trend in the
US (Stanhill and Cohen, 2005) and mixed evidence in Ireland (Pallé and
Butler, 2002). In relation to the second quarter of the 20th century, other
works reported early brightening periods in Spain (Anton et al., 2017;
Aparicio et al., 2019; Curto et al., 2009; Montero-Martin et al., 2023) as
well as outside the Iberian Peninsula (Matuszko, 2014; Ohmura, 2009;
Ohmura, 2007; Sanchez-Romero et al., 2014; Stanhill et al., 2018),
whereas other studies did not find that trend (Manara et al., 2015;
Sanchez-Lorenzo and Wild, 2012; Stanhill and Cohen, 2005).

With respect to the modern period (1950s-2010s), statistically sig-
nificant trends with a value of —0.28 + 0.07 h per decade for the period
1953-1982 and 0.20 =+ 0.05 h per decade for the period 1982-2017 are
obtained. Both trends are in line with the well-known dimming and
brightening periods in SSR found in the Iberian Peninsula (Montero-
Martin et al., 2023; Roman et al., 2014; Sanchez-Lorenzo et al., 2013;
Sanchez-Lorenzo et al., 2007) and other locations around the world
(Sanchez-Lorenzo et al., 2015; Wild, 2016; Wild, 2009).

Regarding the CC series (Fig. 3, bottom panel), an increase is
apparent from the beginning of the series up to the 1980s, followed by a
decline until the end of the series (statistically significant trends of 0.02
+ 0.01 and — 0.16 + 0.05 oktas per decade for 1890-1982 and
1982-2017, respectively). The increase for the 20th is common in the
literature (Pallé and Butler, 2002; Sanchez-Lorenzo and Wild, 2012)
and, in addition, there are also some studies in line with the decrease
since the second half of the 20th century (Manara et al., 2023; Mateos
etal., 2014; Sanchez-Lorenzo et al., 2017; Sanchez-Lorenzo et al., 2009).
Sanchez-Lorenzo et al. (2012) provide a detailed review of studies
dealing with trends in CC using visual observations covering the whole
20th century. Unfortunately, there are few works studying long term
trends of CC and cloud genera, being Matuszko (2003) one of the few
exceptions covering the 20th century in Cracow (Poland).

Looking at the relationship between SD and CC, it can be seen from
Fig. 3 that the minimum values of SD are associated with maximum
values of CC (years 1895, 1913, 1919, 1972, 1977) and vice versa (1896,
1906, 1917, 1933, 1944). On the decadal scale (see Table 1), during the

Table 1

Values of trends (slope + standard error) in sunshine duration (SD) and cloud
cover (CC) in Lisbon for different subperiods obtained through linear regression
analyses. The upper part of the cells contains SD expressed in units of hours per
decade, CC in units of oktas per decade and SD fraction in units of decade™!,

whereas the lower part in terms of percentage per decade.
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first quarter of the study period (1890-1915), a weak dimming in SD is
detected whereas no trends in CC are found. Subsequently, during the
second quarter of the study period (1915-1953), there are no trends in
both SD and CC. During the third quarter (1953-1982), a clear dimming
in SD is obtained whereas there are no trends in CC. Lastly, during the
fourth quarter (1982-2017) when an evident brightening in SD is found,
a statistically significant decrease in CC is obtained. Therefore, the
above suggests that there is an inverse relationship between SD and CC
(which is confirmed by CC vs SD linear regressions showing statistically
significant negative correlations for the four aforementioned periods)
and, in general, many changes (especially in the short term) in the time
evolution of SD could be explained in terms of CC variability. However,
especially on the decadal scale, not all the changes in SD can be
attributed to CC. In fact, considering the whole study period, a decline in
both variables is observed. On average, values at the end of the series are
lower than those at the beginning. Thus, there seems to be another
variable with notable influence over the long-term evolution of SD. Note
that, according to some works, the multi-year variability of SD and SSR
is influenced by atmospheric circulation conditions, which affect not
only the variability of CC, but also the occurrence of cloud genera (e.g.,
Clement et al., 2009; Marsz et al., 2022; Matuszko, 2014). In our above
analysis, cloud genera have not been considered since this information is
not available for Lisbon. However, as an example, a decline in the fre-
quency of stratiform clouds and an increase in convective and strato-
cumulus clouds have been noted in certain regions of Europe (Liepert,
1997; Wibig, 2008) and on a global scale (e.g., Diibal and Vahrenholt,
2021; Pokrovsky, 2019; Veretenenko and Ogurtsov, 2016) since the
second half of the 20th century, which would imply an increase in SSR.

Thus, we investigated if changes in atmospheric aerosol load can
affect the evolution of our SD data series by trying to remove cloud ef-
fects. For that, a cloudless SD series is obtained by selecting daily SD

1920 1940

1960
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records that correspond with a CC value of zero oktas (Sanchez-Lorenzo
et al., 2009). It was observed that the months of the year contained 2, 3
or 4 days of this type on average, except for July and August that con-
tained 8. Then, we selected the cloudless days of these two months to
construct the cloudless SD series. It was seen that the data for the year
2018 produced a huge dip in the cloudless SD series, which is not
associated with any changes reported in the metadata or a powerful
volcanic eruption. Then, with the objective of constructing a more
robust series without the seasonal influence of the different number of
daylight hours over the year, the cloudless SD fraction series was
calculated, in which all the daily cloudless SD data are divided by their
theoretical maximum SD value (the theoretical SD value was defined as
the time span from solar zenith angle 90° at sunrise to solar zenith angle
90° at sunset). The dip of the year 2018 was reduced significantly in the
cloudless SD fraction series. However, that dip still represented the
largest change in value from one year to the next. Data for the year 2018
were removed in all the series because the measurements of that year
may be affected by a problem in the heliograph (not registered in the
metadata) as they correspond to the last year with SD data. In addition,
all the calculations and figures of all the data series were redone without
considering data for the year 2018. In fact, the analyses and figures
presented in this section are the ones after discarding data of the year
2018.

Fig. 4 (top panel) displays the cloudless SD fraction data series
(annual averages are shown to have a clear view of the data). Note that
the series starts in 1918 since we did not find daily SD measurements
before that date, which are necessary to select cloudless days. The
cloudless SD fraction series exhibits a clear shift from the beginning of
the series up to 1937. In fact, we assessed the homogeneity of the series
by applying the SNHT test in the same way as explained in Section 3. The
test detected a strong break in 1937 and two minor ones in 1975 and
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Fig. 4. Time series of raw (top panel) and homogenized (bottom panel) cloudless SD fraction in Lisbon for the period 1918-2017. The thick black line represents 11-

year running averages.
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2004. The bulletins containing the original data do not register any
changes in the heliograph, its location, the observers, the measurement
process, etc. that can cause inhomogeneities around the mentioned
years. However, after comparing our series with other cloudless SD se-
ries from nearby stations (Montero-Martin et al., 2021; Sanchez-Lorenzo
et al., 2009), it was concluded that the break in 1937 represented an
inhomogeneity that needed to be corrected because the shift is evident
in the Lisbon series and it does not represent the natural behavior of SSR
in that period (the shift only appears in the Lisbon series), whereas the
breaks in 1975 and 2004 are not inhomogeneities because they are
smaller and the evolution of the series around those dates is natural and
observed in other nearby stations.

Fig. 4 (bottom panel) depicts the resulting time evolution of the
cloudless SD fraction series after correcting the inhomogeneity in 1937.
Comparing the corrected SD time series (Fig. 3, top panel) with the
corrected cloudless SD fraction time series (Fig. 4, bottom panel), it can
be seen that they are similar both in the oscillations of the annual series
and in the long-term trend behavior highlighted by the 11-year running
averages. In fact, the corrected cloudless SD fraction series presents
similar statistically significant trends to those found in the corrected SD
series (see Table 1), i.e., no trends for the second quarter of the study
period (there are no cloudless SD fraction data for the first quarter of the
period), followed by a negative trend during 1950s-1980s, and by a
positive trend until the 2010s. Moreover, looking at the time series of the
corrected SD (Fig. 3, top panel), CC (Fig. 3, bottom panel) and cloudless
SD fraction (Fig. 3, bottom panel), and the results of the trend analyses
for these series exposed in Table 1, it can be seen:

1) Second quarter of the study period (1915-1953): there is a stabili-
zation of SD values, a slight increase of CC (not statistically signifi-
cant) and a slight increase in cloudless SD fraction (not statistically
significant). Therefore, the slight increase in CC does not imply a
decline in SD because there seems to be a decrease in atmospheric
aerosol load (indicated by the slight increase in cloudless SD
fraction).

Third quarter of the study period (1953-1982): there is a negative
trend in SD, no trends in CC and a negative trend in cloudless SD
fraction. Thus, the decline in SD is not caused by CC, but probably by
an increase in atmospheric aerosol load.

Fourth quarter of the period (1982-2017): there is a positive trend in
SD, a negative one in CC and a positive one in cloudless SD fraction.
Thereby, the increase in SD is probably caused by both a decrease in
CC and a decline in atmospheric aerosol load.

2

—

3

-

This reflects, firstly, the utility of SD in cloudless conditions to track
the long-term variability of atmospheric aerosol load, which may be
related to changes in the rates of black carbon emissions in Europe since
the 1920s (Lamarque et al., 2010; McConnell et al., 2007; Novakov
et al., 2003), and, secondly, that cloud changes cannot explain all the
changes in SD since the aerosol load seems to play an important role in
the long-term evolution of SD (Bartoszek et al., 2020; Sanchez-Romero
et al., 2014; Wandji Nyamsi et al., 2020).

Furthermore, Fig. 4 (bottom panel) shows that the lowest values of
the cloudless SD fraction series correspond to the years 1982 and 1992.
This matches the eruption of the volcano El Chichon in Mexico (March
1982) and Pinatubo in Philippines (April 1991), whose volcanic aerosols
seem to have affected the SD measurements in Lisbon. This demonstrates
that SD measurements in cloudless conditions can detect the signal of
major volcanic eruptions (Montero-Martin et al., 2021; Obregon et al.,
2020; Sanchez-Lorenzo et al., 2009).

Lastly, seasonal behaviors are analyzed. Seasonal series are con-
structed (see Fig. 5) by extracting the values of March, April and May for
spring, June, July and August for summer, September, October and
November for autumn, and December, January and February for winter
from the homogenized and deseasonalized monthly SD series.

Looking at Fig. 5, we can identify similar periods as those in annual
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SD series (Fig. 3, top panel), i.e., an early period until the 1950s pre-
senting more or less stable values with short declines and increases,
followed by a modern period with a clear long decline and a clear long
increase. As expected, seasonal series present larger maximum and
minimum values. For this reason, the y-axis covers a wider range of
values (than in the case of the total SD series) giving the impression that
the long-term evolution (represented by the 11-year running averages)
varies less. Note that the higher values in the series are associated with
minimum values in CC and vice versa. Linear regressions only yield
statistically significant trends in the summer series (Table 1). That series
presents the same type of trends as those reported from the annual SD
series, but in a more prominent way. This indicates that the trends
detected in SD are mainly driven by summer measurements, whereas
records registered in other seasons tend to soften the trends. Taking into
account that summer is the least cloudy season (for example, the average
number of cloudless days is 8 in spring, 21 in summer, 10 in autumn and
10 in winter) the above results suggest that the aerosol load appears to
play a major role in long-term trends in Lisbon (as concluded from the
cloudless SD fraction analysis).

Finally, it is worth highlighting that the fact that the long-term
behavior of SD in Lisbon studied in the present study matches those
trends in SD and SSR found in other regions of the world proves once
again that SD is a good proxy for SSR, being especially useful for early
years when there is little or no SSR measurements.

5. Conclusions

This work presents SD and CC data series registered in Lisbon for the
period 1890-2018. Daily measurements for the period 1941-2018 were
available in electronic format whereas daily and monthly ones from
1890 until 1940 have been digitized in the present work. After a quality
control applied to the digitized records, these two periods of data have
been joined and machine-readable series of SD and CC for the period
1890-2018 are made available to the scientific community. This rep-
resents the earliest continuous SD series in Portugal and the second one
in the Iberian Peninsula.

Once the series were corrected for inhomogeneities (one in each
series), long-term analyses were carried out. The SD series presents a
negative trend without statistical significance compatible with a weak
early dimming period in Lisbon from the 1890s to the 1910s, after that, a
stabilization of the values (1910s-1950s), and then, two strong statis-
tically significant trends in line with the well-known negative and pos-
itive trends called global dimming (1950s-1980s) and brightening
period (1980s-2010s), respectively. With respect to CC, the series shows
an increase from the beginning of the study period until the 1980s,
followed by a decline (both being statistically significant).

An analysis of SD under cloudless conditions revealed that this
quantity is useful to track the long-term variability of atmospheric
aerosol load, which appears to be responsible for long-term changes in
SD (apart from cloud changes) in Lisbon. In addition, the minimum
values of the cloudless SD series match the eruptions of El Chichon and
Pinatubo demonstrating the potential of SD under cloudless conditions
to detect major eruptions.

The seasonal analysis of SD only yields statistically significant trends
in the summer series, which are more prominent that the trends in total
SD. As summer is the least cloudy season, this indicates, again, that
aerosol load seems to have a significant influence on long-term SD
variability in Lisbon.

The conclusions drawn from the present work highlight the impor-
tance of SD as a proxy for SSR to detect long-term trends in that variable
and the value of SD records in combination with CC ones to provide
atmospheric aerosol load information for early years and/or locations
with a shortage of solar radiation and aerosol measurements.

Lastly, it is worth noting that most works analyzing SD trends in the
Iberian Peninsula contain series starting in the second half of the 20th
century (almost no series begins in the 19th century or in the first



A.J.P. Aparicio et al. Atmospheric Research 290 (2023) 106804

1900 1920 1940 1960 1980 2000 2020

o eV TN M gy o

Sunshine duration anomaly (hours) Sunshine duration anomaly (hours) Sunshine duration anomaly (hours) Sunshine duration anomaly (hours)

1900 1920 1940 1960 1980 2000 2020
Date

Fig. 5. Time evolution of seasonal anomalies of SD (thin lines) in Lisbon for the period 1890-2017. Thick lines represent 11-year running averages.
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decades of the 20th century), and almost all are associated with Spanish
locations. The present work improves that spatial and temporal
coverage. However, our study is limited to one location and the use of SD
as a proxy for SSR. As future work, we intend to recover more Portu-
guese SD data, digitize them if they are not available in electronic format
and analyze their long-term behavior. Other possible future tasks could
include the reconstruction of SSR series from SD ones, the study of other
meteorological variables that can act as proxies for SSR and the recovery
of cloud genera records to study the influence of possible changes in
cloud type on SSR variability.
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