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Abstract The contribution of clouds and aerosols to the decadal variations of downward surface shortwave
radiation (SSR) is a current controversial topic. This study proposes a method, which is based on surface-based
SSR measurements, aerosol observations, and radiative transfer simulations (in cloud-free and cloud- and
aerosol-free scenarios), to evaluate cloud-aerosol (CARE), cloud (CRE), and aerosol (ARE) radiative effects. This
method is applied to quantify the role played by, separately, clouds and aerosols on the intense brightening of
the SSR observed in the Iberian Peninsula. Clouds and Earth’s Radiation Energy Budget System (CERES) and
surface-based data exhibit an increase in SSR between 2003 and 2012, exceeding +10 Wm�2 over this period for
some areas of the peninsula. The calculations are performed for three surface-based sites: Barcelona and Valladolid
(Spain), and Évora (Portugal). Ranges in monthly values of CARE, CRE, and ARE are (�80, �20), (�60, �20), and
(�30, 0), respectively (in Wm�2). The average trends for the analyzed period of CARE, CRE, and ARE are +7, +5,
and +2 Wm�2 per decade, respectively. Overall, three fourths of the SSR trend is explained by clouds,
while the other one fourth is related to aerosol changes. The SSR trends explained by the clouds and
aerosol radiative effects are in line with the observed reductions in total cloud cover and aerosol
load (both at the surface and in the whole atmospheric column). Furthermore, the CRE values are
compared against CERES data showing good agreement between both data series, although some
discrepancies are observed in their trends.

1. Introduction

Trends of downward surface shortwave radiation (SSR) have received much attention due to their role in
climate change. Variations of the SSR levels may cause a relevant effect on the planetary radiative budget
[Trenberth et al., 2009; Stephens et al., 2012; Wild et al., 2013], hydrological cycle [e.g., Niemeier et al., 2013;
Wang and Yang, 2014], and carbon cycle [e.g., Ramanathan and Carmichael, 2008].

Regarding trends in SSR, two different periods have been distinguished in many regions worldwide: a
decreasing trend in SSR from the early 1960s to the 1980s and an increasing trend beyond the late 1980s.
The first period is known as the dimming period [Stanhill and Cohen, 2001], while the second one is the
brightening period (BP) [Wild et al., 2005]. All these decadal variations in SSR were mainly attributed
to variations in clouds and aerosols and the interactions between them [Wild, 2009]. Changes in the
concentration of various atmospheric gases such as ozone and water vapor play a negligible role on the
significant long-term variations detected in the incoming SSR at the surface [e.g., Kvalevag and Myhre, 2007;
Antón and Mateos, 2013;Mateos et al., 2013]. Nevertheless, the relative contribution of clouds and aerosols to
the temporal changes in SSR is not clear yet [e.g., Norris and Wild, 2009; Chiacchio and Vitolo, 2012; Kawamoto
and Hayasaka, 2012]. On the one hand, the discussion of aerosol radiative effects is usually restricted to
cloud-free conditions. For instance, Ruckstuhl et al. [2008] have found for northern Germany and Switzerland
a strong decline in aerosol load of about 60% since the 1980s, which is responsible for the BP under cloud-
free skies. Hence, the direct aerosol effect is suggested as the dominant one on modulating the radiative
budget [Philipona et al., 2009]. Equally, Kudo et al. [2012] attributed the BP over Japan to changes in aerosol
properties, particularly the single-scattering albedo, since clouds exhibit no significant trend for the same
period. With respect to aerosol indirect effect, Ruckstuhl et al. [2010] found a small contribution (5 times smaller
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than the direct effect) to the BP over Europe. All of these studies agree in pointing out aerosols as the main
factor modulating the BP during the last decades.

Nevertheless, the long-term contribution of the cloud radiative effect is a matter of controversy. Some studies
state that clouds seem to contribute in a lesser extent to the SSR changes than aerosols [e.g., Norris and Wild,
2007; Ruckstuhl et al., 2008; Ruckstuhl and Norris, 2009]. However, other studies indicate that decrease in
cloud cover as well as changes in the cloud types and cloud optical properties are the main responsible for
the BP. For instance, Hatzianastassiou et al. [2005] found that low-level clouds can explain up to 70% of the BP
observed between 1984 and 2000 on a detailed global-scale analysis. Stjern et al. [2009] analyzed the relationship
between SSR records and cloud cover and aerosol information at 11 stations in northwestern Europe and the
European Arctic. Their results showed that SSR changes can be mainly explained by variations in cloud cover in
most cases. Yang et al. [2011] stated that cloud and aerosol effects on BP over the Tibetan Plateau are comparable.
In addition, Liley [2009] suggested that brightening in New Zealand was also due to changes in cloudiness.
Similarly, Long et al. [2009] and Augustine and Dutton [2013] concluded that changes in aerosols alone cannot
explain the observed SSR changes in the USA since 1996. Therefore, the contribution of the atmospheric factors
responsible for the increasing trend in SSR needs to be more thoroughly investigated.

In a previous study, Mateos et al. [2013] described a methodology to obtain the radiative effects for the
cloud-aerosol system as a whole. The current study goes further in the characterization of the radiative effects
caused separately by each factor. The method proposed in this paper to discriminate between cloud and
aerosol radiative effects is based on measurements of SSR and aerosol properties and radiative transfer
simulations. Therefore, it can be applied at a large number of stations worldwide. To our knowledge, this
study is the first effort in the use of surface-based data (both SSR and columnar aerosols observations) in the
separate retrieval of the long-term radiative effects related to clouds and aerosols. As discussed in the present
study, an intense and recent BP was observed for the Iberian Peninsula (Southwestern Europe) starting in
the early 2000s [e.g., Bilbao et al., 2011; Sanchez-Lorenzo et al., 2013a]. Taking advantage of this phenomenon,
the proposed method is applied to obtain separate cloud and aerosol radiative effects, and their temporal
variations, for this region and time period.

2. Database

Spanish SSR measurements were provided by the Spanish Meteorological Agency (AEMET). The same
collection of 13 data series extensively described by Sanchez-Lorenzo et al. [2013a] is used in this study to
document brightening over the Iberian Peninsula. Details about calibration, quality control, and
homogenization were described by these authors. SSR measurements (305–2800 nm) have been performed
by using Kipp and Zonen pyranometers with an expected daily relative uncertainty <5% [e.g., Bilbao et al.,
2011]. In addition, the site Barcelona is also used because it has coincident aerosol data. The same procedures
are applied to this latter time series. The Portuguese station used in this study is located in the city of Évora
and maintained by the University of Évora. At this station, an Eppley black and white pyranometer records
SSR. This time series was validated against a nearby site (Mitra, with a Kipp and Zonen albedometer) and
compared very well (not shown).

Monthly mean of aerosol properties are obtained from the Aerosol Robotic Network (AERONET). Level 2.0
data are downloaded in order to obtain reliable aerosol information of aerosol optical depth (AOD) and
Ångström coefficient α [e.g., Toledano et al., 2007]. The advantage of level 2.0 (quality assured) with respect to
other levels is that the data are calibrated before and after a measurement period (usually about one year),
cloud-screened, and manually inspected to ensure high-quality aerosol data. According to Holben et al.
[1998], the estimated uncertainty is 0.01–0.02 for the aerosol optical depth. Monthly gaps of aerosol data are
filled with the corresponding monthly climatological mean for the whole analyzed period. The number of
filled gaps is 3, 17, and 19 for the sites Valladolid, Barcelona, and Évora, respectively. The data gaps in the
Barcelona and Evora time series all occurred in the first year of each time series and in 2006. The filling of
these gaps (<15% of the entire data set) is necessary to better reproduce the temporal trends of the aerosol
effects [e.g., Bennouna et al., 2014]. Values of AOD at 440 and 1020 nm, and α coefficient are used as input
in the simulations described in the next section.

Locations with both aerosol and SSR measurements are required in this study for the longest possible period.
Only three sites in the Iberian Peninsula offer high-quality, long-term, and collocated SSR and aerosol data:
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Barcelona, Évora, and Valladolid (which uses aerosol information from 40 km away at Palencia). All required
variables are available since 2003 for Valladolid and Évora and since 2004 for Barcelona. Table 1 shows the
geographical information of the three stations. The distance between aerosol and radiation sites seems
not to be a disadvantage since the columnar aerosol observations are representative for the background
aerosols over each area. For instance, Palencia aerosol data are representative for the “Castilla and León”
region, which is not affected by high pollution conditions; hence, they are adequate to characterize the
aerosol information of the site Valladolid.

The Clouds and the Earth’s Radiant Energy System (CERES) EBAF (Energy Balanced and Filled)-surface data set
(Ed2.7) [Kato et al., 2013] is also used in this study. This data set provides a wide spatial and long temporal
coverage of radiative products that can be compared with the surface-based results presented in this study.
These data were obtained from the NASA Langley Research Center (http://ceres.larc.nasa.gov/). CERES is a
three-channel radiometer measuring solar radiation (0.3–5μm), emitted terrestrial radiation (8–12μm),
and total radiation (0.3–>100μm) with a spatial resolution of 20 km at nadir. The EBAF-Surface product
provides computed monthly mean surface radiative fluxes [Kato et al., 2013]. Two products from the CERES
EBAF-surface database are used: downward surface shortwave radiation (SSRCERES), and surface shortwave
cloud radiative effect (CRECERES). This database is provided as a monthly grid with a resolution of 1° × 1°.
Computed fluxes are based on cloud and aerosol observations from instruments onboard Earth Observing
System Terra and Aqua satellites and other meteorological assimilation data from the Goddard Earth
Observing System. Further details about CERES are provided byWielicki et al. [1996]. To compare the monthly
anomalies of surface measurements to those computed from 1° by 1° CERES monthly data, the CERES
data were interpolated to the locations of the surface measurements using a two-dimensional spatial
interpolation from the four closest pixels. A previous comparison [Kato et al., 2013] between CERES and
surface-based observations (monthly mean irradiances) from 10years of data has shown a bias of�1.7 Wm�2

and a root-mean-square error of 13.3 Wm�2 in the monthly SSR.

Additional information for this analysis including ozone, water vapor, and surface albedo are obtained using
the methodology described by Mateos et al. [2013]. Total ozone column and precipitable water column are
retrieved from the ERA-Interim reanalysis produced by the European Centre for Medium-Range Weather
Forecasts (ECMWF), while monthly land surface albedo is obtained from the MERRA (Modern Era
Retrospective-Analysis for Research and Applications) reanalysis.

3. Methodology

Radiative flux calculations are required in the evaluation of the radiative effects. Reanalysis information
(ozone, water vapor, and surface albedo) and AERONET level 2.0 aerosol data are used as input (see
Valenzuela et al. [2012], Mateos et al. [2014], and among others) for the libRadtran model [Mayer and Kylling,
2005]. The rest of the information required to run the model is the same as explained in detail byMateos et al.
[2013]. The simulations are performed each month (with the corresponding monthly means of ozone,
aerosols, water vapor, and albedo as input) between 2003 and 2012. Hence, monthly SSR can be estimated
under different conditions: SSRcloud&aer-free for a cloud- and aerosol-free atmosphere; and SSRcloud-free for a
cloud-free atmosphere (i.e., when aerosol information is used in the model).

With these simulations, the radiative effects of the cloud-aerosol, cloud, and aerosol systems can be derived
as [Ramanathan et al., 1989]:

CARE ¼ 1 � albsurð Þ SSRSB � SSRcloud&aer�freeð Þ (1)

CRE ¼ 1 � albsurð Þ SSRSB � SSRcloud�freeð Þ (2)

ARE ¼ 1 � albsurð Þ SSRcloud�free � SSRcloud&aer�freeð Þ (3)

where SSRSB is the surface-based SSR measurement for all-sky conditions.

Table 1. Details of the Three Sites (SSR Measurements) Used in This Study

Station Latitude (°N) Longitude (°E) Altitude (masl) Time Period AERONET Aerosol Station

Barcelona 41.39 2.12 125 2004–2012 Barcelona
Valladolid 41.65 �4.77 735 2003–2012 Palencia
Évora 38.57 �7.91 293 2003–2012 Évora
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As can be deduced from the three
equations, CARE =CRE+ARE. The
separate contribution of clouds and
aerosols can be obtained with this
method. CRE obtained from this
method is also called the surface-based
CRE (CRESB) to distinguish it from
CERES data (CRECERES).

Temporal trends are evaluated
following the Sen’s slope method and
the Mann-Kendall test for significance.
In order to remove the seasonal
dependence from the results, trends
are calculated analyzing the monthly
anomalies, which are defined as the
difference between the actual value
and the corresponding climatic
monthly value (i.e., mean of the

10 years analyzed). The trends are obtained in W m�2 per year for the analyzed period; however, to simplify
the notation of the numbers, the units chosen to show the trends are Wm�2 per decade.

4. Results and Discussion
4.1. Brightening in the Iberian Peninsula Since the 2000s

Satellite-derived observations are a useful tool to evaluate global-scale SSR trends [e.g., Pinker et al., 2005;
Hatzianastassiou et al., 2005, 2012]. In this sense, Figure 1 shows the SSR trends as determined from CERES
data on a global basis between 2003 and 2012. Most of the Earth’s surface shows small changes of SSR
(white areas in Figure 1). However, several parts of the world present large trends, mainly: Brazil, USA,
South America, southern and eastern Europe, and Oceania. Some regions present SSR changes around
+10Wm�2 per decade, although extreme values of �20 and over +20Wm�2 per decade are also observed.
For the latitudinal belt between 60°S and 60°N, we obtained an average SSR trend in the period 2003–2012 of
+0.4Wm�2 per decade using CERES data. At the global scale, a slight BP for SSR is, therefore, observed.
The large negative trends shown in Figure 1 in the western Pacific area cannot balance the global SSR
increase in this period. Wild [2012] reported the average values of SSR trends after 2000 for five different
regions by using surface-based observations: USA (+8 Wm�2 per decade), Europe (+3 Wm�2 per decade),
China/Mongolia (�4 Wm�2 per decade), Japan (0 Wm�2 per decade), and India (�10 Wm�2 per decade).
Regarding Europe, the value reported by Wild [2012] is in line with the majority of the studies reporting
SSR trends since the 1980s. In summary, a dimming of SSR is seen in the western Pacific area, while the
brightening is observed in the tropical and southeastern Pacific, USA, South America, and Europe. The
intensity of the brightening depends on the area and its local conditions. For instance, Table 2 summarizes
some of the results of previous studies dealing with the BP in Europe. One of the areas with a notable interest
is the Iberian Peninsula (southwestern Europe) with a recent strong BP that shows higher rates than the
surrounding areas.

The temporal trends of SSR are established for the period 2003–2012 in the present work for the Iberian
Peninsula using data from 15 surface-based stations and are shown in Figure 2a. The spatial interpolation is
carried out by an ordinary Kriging method [Ribeiro and Diggle, 2001]. This kind of interpolation is usually
carried out with meteorological and atmospheric variables [e.g., Jolly et al., 2005; Ruiz-Arias et al., 2013].
This process is performed with the following characteristics: sill (variance of the signal) of 10 W2m�4, range
(scale parameter) of 3.33°, nugget (variance of the noise) of 0 W2m�4, and exponential correlation function.
In order to minimize possible uncertainties in the results [e.g., Yamamoto, 2000], we decided to limit
the discussion of this figure to areas close to each surface-based site. The results are statistically significant
(with a level over 90%) for those stations highlighted by a circle. The sites located in the central area of
the Iberian Peninsula (Valladolid, Madrid, Logroño, and Albacete) present a strong brightening in SSR with

Figure 1. Surface shortwave radiation trends between 2003 and 2012 (in
W m�2 per decade) using CERES (Clouds and the Earth’s Radiant Energy
System) EBAF (Energy Balanced and Filled)-surface data [Kato et al., 2013].
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values greater than +10 Wm�2 per decade. Large brightening trends are also observed for sites located at
the Mediterranean coast (Málaga and Murcia). The sites at the Atlantic and Cantabric (Northern Iberian
Peninsula) coasts exhibit a weaker brightening, although their results are generally not statistically significant.
Particularly, only one station, A Coruña (northwestern coast), shows a negative trend of SSR around
�7Wm�2 per decade.

In order to corroborate this strong brightening over the Iberian Peninsula, data from CERES over the same
period are also analyzed, and the results are presented in Figure 2b. Areas of 1° × 1° showing statistically
significant trends are highlighted by circles in Figure 2b. All the central area again presents an enhancement
of the SSR over +10Wm�2 per decade. We observe good agreement between the surface-based and satellite
values. Besides the central area, the trend for the Balearic Islands (Mallorca station) is very similar, and again,
the trends over the northern and western coasts of the peninsula exhibit lower values, in line with the
surface-based observations shown in Figure 2a.

Therefore, the intense BP over the Iberian Peninsula between 2003 and 2012 is corroborated by the surface-
and satellite-based results in Figure 2 showing trend values greater than +10Wm�2 per decade. Table 3

Table 2. SSR Trends for Different Sites in Europea

Reference SSR Trend Time Period Region

Sanchez-Lorenzo et al. [2013a] +3.9b 1985–2010 Spain
Bilbao et al. [2011] �15c 1991–2000 central Spain
Bilbao et al. [2011] +7.5c 2001–2010 central Spain
Wild [2009] +5b 1985–2005 Iberian Peninsula
Wild [2009] +3.6b 1985–2005 France
Ruckstuhl et al. [2008] +2.6b 1981–2005 Switzerland
Ruckstuhl et al. [2008] +3.3b 1981–2005 northern Germany
Stjern et al. [2009] +4.4c 1983–2003 northern Europe
Lindfors et al. [2007] +1.2c 1983–2005 Norway
Lindfors et al. [2007] +4.4c 1983–2005 Sweden
Lindfors et al. [2007] +2.5c 1983–2005 Finland
Lindfors et al. [2007] +3.8c 1983–2005 Finland
Sanchez-Lorenzo et al. [2013b] +4.5b 1994–2005 Europe
Chiacchio and Wild [2010] +0.4b 1985–2000 Europe
Hakuba et al. [2013a] +7.0b 2000–2007 Europe
Norris and Wild [2007] +1.4b 1987–2002 Europe

aMore references and regions can be found in the review by Wild [2009].
bW/m2 per decade.
cPecent per decade.

Figure 2. (a) Surface shortwave radiation trends (in Wm�2 per decade) between 2003 and 2012 over the Iberian Peninsula
using surface-based and (b) CERES (Clouds and the Earth’s Radiant Energy System) EBAF (Energy Balanced And Filled)-
surface data. Circles highlight the areas with a statistically significance level over 90% and symbols point out the sites where
the trends were calculated (squares are Barcelona, Valladolid, and Évora sites, while triangles are the rest of the stations).
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shows the information of the SSR temporal trends over the three sites which are used in the following
sections. Considering the other 12 sites shown in Figure 2a, the average rate over the peninsula is +7.0Wm�2

per decade (confidence interval of [1.6, 12.9] at the 99% significance level), while the trend for the whole area
using CERES data is +6.3Wm�2 per decade (confidence interval of [1.6, 11.9] at the 99% significance level).
These rates are in line with the values obtained for Barcelona and Évora sites, although smaller than the
trend rate for Valladolid. The strong change of SSR levels at Valladolid site was also reported by Bilbao
et al. [2011] for the decade between 2001 and 2010. Using yearly values of SSR, they found a trend of
0.75% per year in contrast to the �1.5% per year obtained in the period 1991–2000.

4.2. Quantifying the Aerosol and Cloud Effects in the BP

Monthly values of CARE, CRE, and ARE are obtained for the sites Barcelona, Valladolid, and Évora, using the
methods described in section 3. Their temporal evolutions are shown in Figure 3. There are common features for
particular periods. For instance, the maximum radiative effects of the clouds-aerosol system (minimum CARE
values) obtained in April 2003, May 2008, and April 2012 can be explained by the evolution of clouds since the
ARE/CARE ratio is around 0.1, or even less. Hence, clouds explain more than 90% of the CARE values of these
peaks (as CARE=CRE+ARE). However, other peaks in May 2004 and April 2007 present a higher contribution of
ARE around 20%. The largest ARE values (in absolute term) are obtained in Barcelona, June 2005 and June 2012,
with radiative effects around �30Wm�2. For instance, the peak of June 2012 can be explained by the large
monthly AOD at 440nm close to 0.4. The CALIMA project (see http://www.calima.ws/) has identified 11days with
Saharan dust intrusions in northeastern Spain during that month. As a consequence, ARE represents 86% of
the CARE value for this month. The stronger aerosol effect in the Barcelona is in line with previous studies which
show larger AOD values at this site [e.g.,Mateos et al., 2014], and this is expected since Barcelona is a large city. The

well-known AOD annual cycle with larger
values during summer months is translated
to an ARE annual cycle. This seasonal pattern
is not as evident for CRE values.

Figure 4 presents the histogram of relative
frequency of values for the CARE, CRE and
ARE for the three stations. Six intervals
are selected between�100 and 0Wm�2 at
20 Wm�2 steps (e.g., �100± 10 Wm�2;
�80± 10 Wm�2;…). As expected from
Figure 3, the ARE shows the highest
percentage for the smallest (absolute)
values (60% of data falling in the interval of
0 ± 10 Wm�2). The maximum contribution
of CRE is achieved in the �20± 10 Wm�2

interval for almost half of the data, although
there is also a significant CRE occurrence in
the�40±10 Wm�2 interval. The maximum
occurrence of CARE values (around 40%) is
in the interval �40±10 Wm�2, but
with regard to CARE, the intervals at �60
and �20 Wm�2 are also relevant. The

Table 3. Temporal Trends for the SSR in Three Stations of the Iberian Peninsula (Units in W m�2 per Decade); Relative
Trend is the Relative Trend With Respect to the Monthly Mean (% per decade), CI is the Confidence Interval of the
Trend, and SL is the Statistical Significance Level

Station SSR Trend Relative Trend CI SL Time Period

Barcelona 7.6 4.1 [�1.6, 16.7] 88% 2004–2012
Valladolid 12.6 6.7 [4.8, 20.9] 99% 2003–2012
Évora 6.1 3.0 [�4.7,16.6] 70% 2003–2012
Average 7.9 4.1 [0.1,15.3] 96% 2003–2012

Figure 3. Monthly evolution of radiative effects of aerosols, (a) ARE,
clouds, (b) CRE, and clouds and aerosols, (c) CARE, at the sites
Barcelona (blue diamonds), Valladolid (black triangles), and Évora
(red circles).
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magnitude of the values obtained in this study can
be compared with the results presented by previous
studies (see Table 4). Particularly, ARE values for
the three Mediterranean stations (Lampedusa,
Valencia, and Granada) are of the same magnitude
than the results presented in this study. With respect
to CRE, it is very difficult to extract any conclusions
since the methodologies to retrieve the cloud
radiative effect are very different (using surface-
based data, satellite observations, model
simulations, or combinations among them); but the
values are, in general, similar to what we find here.

The temporal evolutions of CARE, CRE, and ARE are
analyzed, and the results are summarized in
Table 5. On average, the positive trend for CARE is
+7.5Wm�2 per decade. Note that the average
series was built by averaging the monthly anomaly
series of each variable (it is not the average of the

trends obtained for each series). The average individual trends for CRE and ARE are +5.2 and +1.6Wm�2 per
decade, respectively. Evaluating the mean contribution of clouds and aerosols to the CARE trend, we can
estimate that almost three fourth of the trend is explained by clouds, while the other one fourth is due to
aerosol changes. The high statistical significance in the three rates for the site Valladolid supports this
relevant result. The mean ARE trend of around +2 Wm�2 per decade is in line with the cloud-free SSR trends
reported in Europe by previous studies [e.g., Norris and Wild, 2007; Ruckstuhl et al., 2008]. In particular, Folini
and Wild [2011] found for the Iberian Peninsula (using the global climate model ECHAM5 combined with the
Hamburg Aerosol Module) a brightening period between 1989 and 2004 under cloud-free conditions of
+1.4 Wm�2 per decade, which must be linked to the decrease in the ARE, like in the rest of Europe. This fact,
together with the CRE decrease, has produced the strong increase in SSR since the 2000s in the Iberian Peninsula.

In order to corroborate the decrease in the radiative effects of clouds and aerosols over the Iberian Peninsula
in the last decade, the temporal trends of cloud observations, aerosol optical depth at 440 nm (AOD440nm),
and particulate matter under 10μm (PM10) are also analyzed. The AEMET database also contains visual
observations of total cloud cover (TCC) 3 times per day (6, 12, and 18 h UT) [Mateos et al., 2010; Sanchez-
Lorenzo et al., 2012]. With the three observations in oktas, the daily averages are evaluated as percentage of
sky covered by clouds (1 okta = 12.5%). Then, monthly values are used to identify the trends in three sites
close to the stations analyzed in this study: Valladolid airport (Valladolid), Barcelona airport (Barcelona), and
Badajoz (Évora). Aerosol AERONET stations are the same as mentioned in section 2. It is worth mentioning

Figure 4. Relative frequency of aerosol (ARE), cloud (CRE),
and cloud and aerosol (CARE) radiative effects occurrence
for the three sites analyzed in this study.

Table 4. Range of Radiative Effects (Monthly or Annual Scale) Obtained by Previous Studiesa

Reference Station or Region ARE Values CRE Values Time Period

Chen et al. [2000] Worldwide - (�80, 0) 1989–1993
Gautier and Landsfeld [1997] Oklahoma (USA) - (�90, �22) 1993–1994
Ruckstuhl et al. [2008] Switzerland - (�45, 0) 1981–2005
Dong et al. [2006] Oklahoma (USA) - (�120, �50) 1997–2002
Kim and Ramanathan [2008] Worldwide �7 �47 2000–2002
Allan [2011] Worldwide - �52.8 2001–2007
Esteve et al. [2014] Valencia (Spain) (�30, 0) - 2003–2011
Di Biagio et al. [2010] Lampedusa (Mediterranean) (�30,0) - 2004–2007
Valenzuela et al. [2012] Granada (Spain) (�35, 0) - 2005–2011
Pandithurai et al. [2008] New Delhi (�100,0) - 2006
Li et al. [2011] Worldwide - (�400, �50) 2007–2008
Garcia et al. [2014] Canary Islands �7 - 2009–2012
Alam et al. [2012] Pakistan (�110, �70) - 2010–2011
Alam et al. [2012] India (�80, �50) - 2010–2011

aUnits are W m�2.
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here that in a previous paper,Mateos et al. [2014] observed a decreasing trend in yearly AOD values over the
whole Iberian Peninsula around �0.04 AOD500nm unit per decade. In the same study, the site Barcelona
exhibited a statistically significant trend of �0.09 AOD440nm unit per decade (2004–2012 period). This rate is
stronger than the average decrease in AOD of around �0.04 AOD440nm unit per decade reported over the
Euro-Mediterranean region from1979 and 2009 using satellite andmodel data [Nabat et al., 2013]. In two sites of
the western Mediterranean, Avignon (France) and Ispra (Italy), the AOD trends are insignificant or decreasing
in the early 2000s [Yoon et al., 2012]. In the present study, the monthly database described above is used for
this purpose. The results are similar to those obtained byMateos et al. [2014], although the use of amonthly scale
adds more significance level to the results. To reinforce the aerosol trends, the more stable database of
particulate matter given by PM10 is used. PM data are recorded under all-sky conditions, in contrast to AOD
observations which are obtained under cloud-free conditions. In a recent paper focusing on the Palencia-
AERONET site, Bennouna et al. [2014] have shown the influence of sampling on the PM-AOD relationship and

Table 5. Temporal Trends of CARE, CRE (Both CRESB and CRECERES), and AREa

Barcelona Valladolid Évora Average

CARE trend 7.0 10.2 5.5 7.5
relative trend �15.5 �25.1 �15.4 �18.5

CI [�0.8,15.1] [4.1,16.4] [�3.0,13.8] [1.6,13.3]
SL (%) 91 100 77 99

CRESB trend 4.0 7.7 3.3 5.2
relative trend �12.2 �23.9 �11.7 �16.7

CI [�4.8,11.8] [1.6,13.4] [�5.3,11.1] [�0.2,11.2]
SL (%) 58 99 57 94

ARE trend 2.8 2.0 2.1 1.6
relative trend �22.6 �23.9 �26.7 �17.0

CI [1.2,4.3] [0.4,3.6] [0.8,3.4] [0.3,3.0]
SL (%) 100 95 99 98

CCLOUD (%) 57 75 60 69

CAEROSOL (%) 40 20 38 21

CRECERES trend 0.5 2.8 �0.6 -
relative trend �1.3 �7.1 1.9 -

CI [�6.6,8.4] [�2.2,8.0] [�6.8,5.9] -
SL (%) 24 68 19 -

aThe units for the temporal trends are W m�2 per decade, relative trend is the relative trend with respect to the monthly mean (percent per decade), CI is the
confidence interval of the trend, SL is the statistical significance level, and CCLOUD and CAEROSOL are themean contribution of clouds, and aerosols, respectively, to
the CARE trend.

Table 6. Temporal Trends of Several Variables Between 2003 and 2012; Relative Trend is the Relative Trend With Respect
to the Mean Monthly Value, CI is the Confidence Interval of the Trend, and SL is the Statistical Significance Level

Barcelona Valladolid Évora

TCC trenda �3.2 �9.4 �6.6
relative trenda �8.5 �23.8 �20.0

CIa [�6.9,0.8] [�13.3,-5.3] [�11.9,-1.5]
SL (%) 85 100 94

PM10 trendb �18.4 �4.7 �3.3
relative trenda �54.2 �43.9 �21.0

CIb [�23.7,-13.6] [�6.4,-3.0] [�6.0,-0.1]
SL (%) 100 100 99

AOD440nm trendc �0.06 �0.03 �0.04
relative trenda �27.8 �18.4 �29.3

CIc [�0.08, �0.03] [�0.05,-0.01] [�0.06,-0.02]
SL (%) 100 97 100

aUnits in percent per decade.
bUnits in μg/m3 per decade.
cUnits in AOD unit per decade.
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trends, corroborating AOD trends based on
the more stable PM series. The PM10 sites
used in this study are the following: the
European Monitoring and Evaluation
Programme (EMEP) database [Aas et al., 2013]
for Valladolid (Peñausende site) and Évora
(Barcarrota site); and for the Barcelona station
the site of Castellbisball (managed by
Generalitat de Catalunya) is selected to
present the evolution of PM10 over that area.
This choice is justified because this site can
be considered as background for the
urban conditions in the Barcelona area. The
temporal trends for all these variables and
stations are computed following the same
methodology that was explained in section 3.
The results are summarized in Table 6.

In the Valladolid region, a strong decrease
in the cloud cover (�24% per decade) is
observed during the analyzed period,
which is in line with the large positive CRE
trend shown in Table 5. This fact has
produced, together with a reduction of the

aerosol load (�18% per decade), one of the largest recent BP over the Iberian Peninsula. The reduction in the
atmospheric aerosols in this period is corroborated by the negative trends observed in PM10 and AOD440nm.
Barcelona station presents the largest negative trend for AOD440nm (�0.06 AOD unit per decade), which is in
line with the slightly more positive trend observed in Table 5 for ARE (+2.8 Wm�2 per decade). The difference

between Barcelona and the other two sites for the
PM10 results is based on the suburban
characteristics of Castellbisball site. The other two
sites considered (Peñausende and Barcarrota) are
rural and, therefore, represent background
aerosols. Local regulations to reduce air pollution in
urban environments and the impact of the current
economic crisis have produced this large decline of
the particulate matter [e.g., Cusack et al., 2012;
Querol et al., 2014]. Furthermore, natural aerosols
such as intense desert dust events (AOD at 550 nm
over 0.4) are found to decrease in the western
Mediterranean Basin between 2000 and 2007
[Gkikas et al., 2013]. The decreases of cloud cover
are slightly smaller for Évora and notably lower for
Barcelona, but the low statistical significance of
these results for CRE make it difficult to draw firm
conclusions for these sites. ARE trends are similar
for the three stations (between �0.06 and �0.03
AOD unit per decade); hence, the differences in the
SSR trends can be understood as differences in the
temporal evolution of the local cloud cover
(between�9.4 and�3.2% per decade). Overall, the
decreases of total cloud cover and aerosol load
over the Iberian Peninsula seem to corroborate the
strong BP during the last decade.

Figure 5. Monthly evolution of cloud radiative effect (CRE) using the
method presented in this article (CRESB, solid symbols) and the estima-
tions given by CERES (Clouds and the Earth’s Radiant Energy System)
EBAF (Energy Balanced and Filled)-surface (CRECERES, open squares).

Figure 6. Scatterplot of cloud radiative effect monthly
anomalies by the estimations given by CERES (Clouds and the
Earth’s Radiant Energy System) EBAF (Energy Balanced and
Filled)-surface (CRECERES) and by the method presented in this
article (CRESB). The solid line points out the linear fit, and the
dashed line is the 1:1 line. Legend: n (number of data), mbe
(mean bias error), mabe (mean absolute bias error), RMSE (root-
mean-square error), iagree (index of agreement) [Willmott, 1982],
and R (correlation coefficient).
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4.3. CRE Comparison Between CERES and Surface-Based Data

The estimations of CRE performed by CERES instrument (CRECERES) can help to assess the robustness of the
proposed method (CRESB). Figure 5 shows the monthly evolution of both CRE series. A good agreement can be
observed between them because the two series follow the same pattern and reproduce the same peaks with a
similar magnitude. To minimize the impact of the seasonal dependence on this comparison, the monthly CRE
anomalies are used to establish a linear relationship (see Figure 6) between both methods. The results show a
good agreement between CRE from CERES EBAF-Surface and from the method presented in this study.

Nevertheless, the trends calculated from CERES EBAF-Surface are notably smaller than those presented for
CRESB (see Table 5). Actually, CRECERES trends indicate no change and slight decrease for the cloud radiative
effects in Barcelona and Évora, respectively, although with very low statistical significance. The results for
Valladolid site exhibit the highest reduction of cloud effects, which is again linked to the strong BP observed
over this station. The differences in the temporal trends can be understood due to two possible reasons: (a) the
spatial representativeness of 1° × 1° grid as compared to local data [e.g., Hakuba et al., 2013b], which can
produce several uncertainties because it is possible that nonhomogeneous clouds (nonspatially continuous or
different types/levels) can exist in that area and (b) artificial trends in the evaluation of surface clear-sky SSR
flux caused by the two versions of satellite aerosol products used in the CERES_EBAF-Surface_Ed2.7 data set
(see the Data Quality Summary, 7 June 2013, https://eosweb.larc.nasa.gov/). Looking again at Table 6, the
observed trends for TCC over the three stations are in line with those trends obtained for CRESB. Therefore,
CRECERES and CRESB are in agreement, but some kind of uncertainty is observed regarding temporal trends.

5. Conclusions

Monthly surface shortwave radiation (SSR) data from three surface-based sites (Barcelona, Valladolid, and
Évora) of the Iberian Peninsula between 2003 and 2012 and simulations under cloud-free and cloud-
and aerosol-free conditions by the libRadtran model are used to obtain the cloud-aerosol (CARE), cloud (CRE),
and aerosol (ARE) radiative effects separately. The simulations are performed considering, among other data,
aerosol information from AERONET stations. CERES data are used to corroborate the surface-based findings. The
main conclusions obtained in this study are summarized next:

1. A strong brightening phenomenon is observed in the Iberian Peninsula in the early 2000s, around +7 Wm�2

between 2003 and 2012 corroborated by surface-based and satellite data. The central area presents an SSR
trend (significance level>90%) greater than 10Wm�2 per decade. Large trends are also observed in the eastern
area. However, the west and northwest areas show weaker trends with values near zero and even negative.

2. More than 95% of the CARE values in these stations and time period range between�90 and�10 Wm�2.
A similar amount of CRE data is between �70 and 0 Wm�2 and between �30 and 0 Wm�2 for ARE.

3. On average, CARE, CRE, and ARE trends exhibit rates of +7, +5, and +2 Wm�2 over the 2003–2012 period,
respectively. Therefore, three fourths of the SSR trend is explained by clouds, while the other one fourth is
due to aerosol changes in this period.

4. The increase of the SSR radiation levels is consistent with the reductions in total cloud cover, PM10, and
columnar aerosol load in the three sites of study.

5. CERES CRE estimations show good agreement with the surface-based data, although some discrepancies
are observed in the evaluation of temporal trends.

The method proposed in this study can be applied to solar radiation databases (such as Global Energy
Balance Archive, GEBA) which present both large spatial and long temporal coverage to obtain the separate
contribution of clouds and aerosols in other worldwide regions during the last decades.
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