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Abstract. A 50-year hourly data set of global short-
wave radiation, cloudiness and visibility over the Nether-
lands was used to quantify the contribution of aerosols
and clouds to the trend in yearly-averaged all-sky radia-
tion (1.81± 1.07 W m−2 decade−1). Yearly-averaged clear-
sky and cloud-base radiation data show large year-to-year
fluctuations caused by yearly changes in the occurrence of
clear and cloudy periods and cannot be used for trend anal-
ysis. Therefore, proxy clear-sky and cloud-base radiations
were computed. In a proxy analysis hourly radiation data
falling within a fractional cloudiness value are fitted by
monotonic increasing functions of solar zenith angle and
summed over all zenith angles occurring in a single year
to produce an average. Stable trends can then be computed
from the proxy radiation data. A functional expression is de-
rived whereby the trend in proxy all-sky radiation is a linear
combination of trends in fractional cloudiness, proxy clear-
sky radiation and proxy cloud-base radiation. Trends (per
decade) in fractional cloudiness, proxy clear-sky and proxy
cloud-base radiation were, respectively, 0.0097± 0.0062,
2.78± 0.50 and 3.43± 1.17 W m−2. To add up to the all-
sky radiation the three trends have weight factors, namely
the difference between the mean cloud-base and clear-sky ra-
diation, the clear-sky fraction and the fractional cloudiness,
respectively. Our analysis clearly demonstrates that all three
components contribute significantly to the observed trend in
all-sky radiation. Radiative transfer calculations using the
aerosol optical thickness derived from visibility observations
indicate that aerosol–radiation interaction (ARI) is a strong
candidate to explain the upward trend in the clear-sky radi-
ation. Aerosol–cloud interaction (ACI) may have some im-
pact on cloud-base radiation, but it is suggested that decadal

changes in cloud thickness and synoptic-scale changes in
cloud amount also play an important role.

1 Introduction

Aerosols and clouds impact the solar radiation reaching
the surface by radiative absorption and scattering. Although
there have been well-recorded trends in the all-sky radiation
all over the globe it has been difficult to precisely attribute
such trends to trends in either aerosols or clouds. Widespread
reductions in all-sky radiation in the 1950–1970s (“dim-
ming”) have been followed by increases in later decades
(“brightening”), especially in Europe (Wild et al., 2005;
Wild, 2009). Indeed, a thorough evaluation of all-sky radi-
ation data over Europe (Sanchez-Lorenzo et al., 2015) shows
conclusively the distinct dip during the 1970s flanked on ei-
ther side by an earlier downward trend and a later upward
trend. The later upward trends are thought to be the result
of changes in aerosol content and/or to changes in fractional
cloudiness.

One issue hampering the understanding of records of all-
sky radiation is that the impacts of aerosols and clouds need
to be derived from a single record at observational sites
where additional data, for instance from clouds, were often
not present. This has led some investigators to group data
into regions and rely either on cloud data from stations in
the immediate surroundings or from satellites (or both) to
supplement their radiation records (Norris and Wild, 2007).
Even though good results on trends in clear-sky radiation
can be obtained at sites where direct and solar radiation are
recorded at the same time, such as Baseline Surface Radi-
ation Network stations (Long and Ackermann, 2000; Long

Published by Copernicus Publications on behalf of the European Geosciences Union.



8082 R. Boers et al.: Impact of aerosols and clouds on decadal trends

et al., 2009; Wild et al., 2005; Gan et al., 2009), most often
an investigator will have to rely on single global radiation
data records that are specific to the region of interest (such as
Manara et al., 2016) or on data stored in the Global Energy
Balance Archive (GEBA) archive. GEBA data can be used
to good effect because of the fact that many stations have
submitted data, but the peculiarities of the radiative signals
typical to individual localities are invariably lost in the abun-
dance of data. It is therefore of great importance that regional
studies are carried out that record the changes in surface radi-
ation in relation to atmospheric parameters that can influence
such changes.

In the context of Europe there have been a considerable
number of regional studies that focus on trends in global ra-
diation and their attribution, such as in Germany (Liepert
and Tegen, 2002; Liepert and Kukla, 1997; Liepert, 1997,
2002), in Germany and Switzerland combined (Ruckstuhl
et al., 2008; Ruckstuhl and Norris, 2009; Ruckstuhl et al.,
2010), in Estonia (Russak, 2009), in the general Baltic states
(Ohvril et al., 2009), in Spain (Mateos et al., 2014), in Nor-
way (Parding et al., 2014), northern Europe in general (Stjern
et al., 2009) and in Italy (Manara et al., 2015). Even though
there are regional differences, the summarized global or all-
sky radiation data from Europe combined (Sanchez-Lorenzo
et al., 2015) display a minimum in 1984–1985 at the end of a
“dimming” period with a subsequent return to higher values.
The consensus about the decadal trends in global radiation
hides a considerable discourse about the attribution of the ra-
diation trends. Of the parameters of interest when investigat-
ing the trends in all-sky radiation, namely clear-sky radiation,
cloudy-sky radiation and fractional cloudiness, the first two
have been difficult to isolate from data and were addressed
in only a few studies (Wild, 2010). However, an increasing
number of studies indicate that there are good reasons to be-
lieve that aerosol–radiation interaction (ARI) is responsible
for the rise in all-sky radiation after 1985 (e.g. Philipona et
al., 2009; Manara et al., 2016; Ruckstuhl et al., 2008) al-
though the timing of the minimum or intensity cannot be
simulated very well using current aerosol emission invento-
ries (Ruckstuhl and Norris, 2009; Liepert and Tegen, 2002;
Romanou et al., 2007; Turnstock et al., 2015). Concerning
the influence of clouds, the situation continues to be elusive.
While it is obvious that clouds are important, the difficulty
here is that there are several factors that control their im-
pact. For example there are considerable regional differences
in fractional cloudiness (Norris, 2005): fractional cloudiness
is constant in northern Europe (Parding et al., 2014) and in
Germany before 1997 (Liepert, 1997), well after the mini-
mum in global radiation in 1984, and has declined in the
period after 1997 in Switzerland and Germany, at least un-
til 2010 (Ruckstuhl et al., 2010). Furthermore, cloud opti-
cal thickness changes can be the result of changes in micro-
physics or cloud thickness and current observations are not
able to separate the two effects. Nevertheless, modelling and
observation studies by Romanou et al. (2007), Ruckstuhl and

Norris (2009), Chiacchio and Wild (2010), Liepert (1997),
Liepert and Kukla (1997), Long et al. (2009) and Augus-
tine and Dutton (2009) suggest a definite but mixed role for
clouds impacting the trend in all-sky radiation.

Attribution studies using only surface-based observations
must rely on supplemental data, namely those of clouds (pre-
dominantly fractional cloudiness) and aerosols. Also, data
on fractional cloudiness need to be collected simultaneously
with radiation data. Up to the mid-1990s clouds were ob-
served by human observers but since then the role of the
observers is taken over by ceilometers. Apart from occa-
sional sun photometer records (Ruckstuhl et al. (2008), data
on aerosol are often unavailable. However, recent studies
by Wu et al. (2014) and Boers et al. (2015) have shown
that it is possible to retrieve useful aerosol optical thickness
data from surface visibility records. The principal idea be-
hind both studies is almost 50 years old (Eltermann, 1970;
Kriebel, 1978; Peterson and Fee, 1981; revived by the work
of Wang et al., 2009) and asserts that clear-sky optical thick-
ness is most often caused by aerosols residing in the plane-
tary boundary layer, which can be characterized by the opti-
cal extinction at 550 nm. This parameter is by definition pro-
portional to the inverse of atmospheric horizontal visibility,
which in turn is a quantity abundantly observed over at least
50 years, often together with observations of radiation.

Because of the importance attached to potential attribution
of observed regional trends in all-sky radiation to aerosols
and/or clouds, we analyse hourly records of radiation, cloudi-
ness and visibility data at five climate stations in the Nether-
lands for the 50-year period of 1966–2015. The two aims of
this study are (a) to quantify the decomposition of the all-
sky flux into its contributing components and compute the
decadal trends in the components and (b) to discern the rel-
ative importance of aerosols and clouds in shaping the ob-
served trends.

The remainder of this paper is organized as follows: Sect. 2
describes briefly the theory and analysis procedures to obtain
clear- and cloudy-sky signals from the all-sky data. The pro-
cedures combine radiation and cloud coverage data. Equa-
tions describe the manner in which the all-sky radiation is
explicitly dependent upon fractional cloudiness, clear-sky ra-
diation and radiation emanating at cloud base. The equations
are based on elementary principles but we believe that this
is the first time that these dependencies are explicitly quan-
tified, although the work by Liepert (1997), Liepert (2002),
Liepert and Kukla (2002) and Ruckstuhl et al. (2010) contain
elements similar to our work. A full derivation of the equa-
tions is presented in the Appendix.

In Sect. 3 the data analysis is discussed: all metadata for
all stations recorded between the late 1950s and today were
examined in order to better understand the impact of any
changes in instruments and location and calibrations on the
data. Homogeneity tests were performed to discern any pos-
sible discontinuities in the data and to understand whether all
climate stations indeed belonged to the same climatological
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regime. Attention is also given to a break in the cloud ob-
servations that occurred in 2002 with the transition from the
human observer to the ceilometer. Section 4 show the results.
The relative influence of clear-sky radiation, cloudy-sky ra-
diation and fractional cloudiness on the all-sky radiation are
shown. Also, the relative merits of ARI and aerosol–cloud
interaction (ACI) in influencing the all-sky radiation are dis-
cussed.

Section 5 concludes this paper with discussion and con-
clusions.

2 Method

2.1 Radiation data, their proxies and trends

An important aspect of this paper is to quantify the various
radiative contributions to the all-sky radiation. It is shown in
this subsection that there is an elegant way to do so while
invoking a minimum set of assumptions. The radiative con-
tributions arise from skies under clear, partly cloudy or over-
cast sky conditions. The presence of cloud cover which is
recorded simultaneously with the radiation assures that it
is possible to quantify these different contributions. Cloud
cover is normally recorded in oktas (0–8) so that nine dif-
ferent contributions to the radiation can be identified, which
together build up the all-sky radiation.

For each okta value it will be assumed that the observed
radiation is a linear combination of clear-sky radiation and
radiation emanating from cloud base, each with cloud frac-
tion weight factors that correspond to the okta value at hand.
The result is an equation which casts the all-sky radiation as
a function of only three components: (1) the clear-sky ra-
diation, (2) the cloud-base radiation and (3) the fractional
cloudiness. Long-term changes in cloud type could perhaps
affect cloud optical properties (liquid water versus ice wa-
ter) but their influence on trends is unknown and not studied
here. The process to calculate the three components is then
repeated for each year in the period 1966–2015, resulting in
three time series. The method thus assures that the relative
importance of clear-sky radiation, cloud-base radiation and
fractional cloudiness to the trend in all-sky radiation can be
quantified.

Unfortunately, as has been shown before (Ruckstuhl et al.,
2010) the analysis of trends using real-data time series is
prone to large errors as periods of cloudy and clear sky occur
at random times throughout the year. Thus, the year-to-year
variations in averages are mostly the result of differences
in the selection of solar zenith angles used in constructing
yearly averages. In the study of decadal variability that may
be attributable to physical causes this is an undesirable side
effect so that an alternative method needs to be applied in the
trend analysis.

The method we applied is coined an analysis of “prox-
ies”. We make use of the fact that for each okta value the

observed radiation data can be fitted by a monotonically in-
creasing function of solar zenith angle. The line fit is next
evaluated at all hourly solar zenith angles occurring in a sin-
gle year and averaged. The average proxy radiation data that
are thus obtained give a much more stable set of values from
which (decadal) trends can be calculated.

If Sk is the yearly-averaged all-sky radiation (an observ-
able), then Spk is the yearly-averaged all-sky proxy radiation
in year yk . It can be shown that

Spk = Sp,c0k(1− ck)+ ckSp,cloud,k, (1)

where Sp,c0,k is the yearly-averaged clear-sky proxy radia-
tion, ck is the yearly-averaged fractional cloudiness and

Sp,cloud,k =

8∑
j=1

fk(cj )cjSp,cb,cj ,k

8∑
j=1

fk(cj )cj

, (2)

with fk(cj ) the fractional occurrence of okta j in a given
year k, cj the fractional cloudiness corresponding to okta j
(see further description of this procedure in Sect. 3.4) and
Sp,cb,cj ,k the cloud-base proxy radiation occurring at okta
value j . A full derivation to arrive at Eq. (1) is given in the
Appendix.

In summary, the all-sky proxy radiation can be expressed
as a linear combination of the clear-sky proxy and the cloud-
base proxy radiation, each weighted by their yearly mean
coverage. Note that the real all-sky radiation (Sk) and the
proxy all-sky radiation (Spk) are different, although they are
of course quite close in value. Sk is observable, while Spkis
derived from Eq. (1) after its components on the right side are
first evaluated. However, an a posteriori comparison between
the two has shown that they agree with each other better with
a better than 5 % margin.

Using Eq. (1) trends can be calculated using the deviation
from the averages over 5 decades:

S′pk = c
′

k(Sp,cloud− Sp,c0)+ (1− c)S
′

p,c0,k
+ cS′p,cloud,k

+ c′k(S
′

cloud,k − S
′

p,c0,k
), (3)

where S′pk is yearly deviation of the average over the 5
decades of the all-sky proxy radiation; c′k is the yearly devia-
tion of the average over the 5 decades of the fractional cloud
cover; c is the average over the 5 decades of the fractional
cloudiness; S′p,c0,k

is the yearly deviation of the average over
the 5 decades of the clear-sky proxy radiation; Sp,c0 is the
average over the 5 decades of the clear-sky proxy radiation;
S′p,cloud,k is the yearly deviation of the average over the 5
decades of the cloud-base proxy radiation; Sp,cloud is the av-
erage over the 5 decades of the cloud-base proxy radiation.

The derivation of Eq. (3) is given in the Appendix.
Equation (3) is the desired result for the analysis of trends.

The first component on the right-hand side represents per-
turbations/trends in fractional cloudiness multiplied by the
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difference in cloud-base and clear-sky radiation, which is
negative. Therefore a positive trend in fractional cloudiness
will impact as a negative trend component in building up
the all-sky radiation. The second term represents the clear-
sky perturbations/trends weighted by the average occurrence
of clear skies (in our case approximately 0.32). The third
term represents the perturbations/trends in cloud-base radi-
ation weighted by the fractional cloud cover (in our case ap-
proximately 0.68). The fourth term is a cross-correlation term
which in practice can be neglected.

Equation (3) explains to a large extent the difficulties in
attribution studies of the all-sky radiation. Not only are the
trends in fractional cloudiness, clear-sky and cloud-base ra-
diation important, but their relative weight as determined by
the mean fractional cloudiness and the difference between
the mean clear-sky and cloud-base radiation are as well. In
other words, there are a total of five different factors con-
tributing to the trend in all-sky radiation. For example, when
the mean cloud fraction is large, as in north-western Europe,
the impact of the trend in clear-sky radiation on the trend in
all-sky radiation will be relatively modest in comparison to
the impact of trend in cloud-base radiation. The latter would
be weighted by a factor of 2 more than the trend in clear-sky
radiation (0.32 versus 0.68).

Tests of trends will be performed using the standard
Mann–Kendall (Kendall, 1975) non-parametric test often
used in this type of analysis (see e.g. Long et al., 2009) after
the time series was first decorrelated. The uncertainty value
attached to the trend is a test of significance indicating the
95 % confidence interval of the calculated slope line. The
uncertainties in trend are due to two factors, namely uncer-
tainties in yearly-averaged values of Sp as a result of uncer-
tainties in fitting constants in Eq. (A19) (see Appendix for
details) and the natural variability of a multi-year or even
decadal origin. Thus the stated uncertainty in output trend is
a mix of both factors.

2.2 Retrieval of aerosol optical thickness

Once the method to decompose the all-sky radiation into its
clear-sky and cloudy-sky (proxy) components has been ap-
plied and a trend analysis is performed, then it is our goal
to seek an answer to the question of which processes might
be responsible for their long-term change. Although possible
long-term changes in the synoptic conditions are a conceiv-
able influence, an obvious candidate for exploration of cause
is the changing aerosol content of the atmosphere. Aerosol
content/concentration was not directly observed but visibil-
ity was recorded throughout the period from which aerosol
optical thickness was derived.

Aerosol optical thickness is the single most controlling
factor in changing clear-sky radiation. A radiative transfer
model is used here to calculate the clear-sky radiation as a
function of the changing optical thickness. The output was
compared to the observed clear-sky radiation. The process

whereby aerosol can directly affect clear-sky radiation is de-
noted as the aerosol direct effect or, using a term used in the
IPCC (IPCC, 2013) report, the ARI.

Aerosols can also affect the microphysical structure of
clouds, which in turn affects its radiative structure, a process
which is commonly denoted as the aerosol indirect effect, or
ACI (as using the terminology of IPCC, 2013).

The aerosol optical thickness of the atmosphere (τa) is a
function of aerosol extinction (σa) integrated over the depth
of the atmosphere

τa =

h∫
0

σadz=

h∫
0

∫
r

Qn(r)r2drdz, (4)

whereQ is the scattering efficiency and can be obtained from
Mie calculations. The parameter n(r) is the density of the
size distribution and r is the radius of the particle. The ver-
tical integration over height z is over the depth of the atmo-
sphere (h) and this yields using the mean value theorem:

τa ∼ σa,meanH =QmeanNaHR
2. (5)

Here Na is the concentration of aerosols, R is the mean size
of the aerosol particles and H is a scaling depth proportional
to the depth of the planetary boundary layer. The propor-
tionality factor includes all vertical variations in aerosol, size
distribution and optical properties. Aerosol extinction can be
approximated as (Eltermann, 1970; Kriebel, 1978, Peterson
and Fee, 1981; Wang et al., 2009)

σa,mean =
−loge(0.05)

Visibility
. (6)

Visibility is a measurable quantity and it provides a means to
compute aerosol optical thickness at hourly intervals from
standard weather station observations. This procedure has
been used to obtain decadal time series of the aerosol op-
tical thickness over the Netherlands and China (Boers et al.,
2015; Wu et al., 2014). We examined the European Centre for
Medium-Range Weather Forecasts reanalysis (ERA-Interim)
data (Dee et al., 2011) for changes in the planetary boundary
layer depth. No indications for changes were found in the
course of 50 years and a value of 1000 m was used to reflect
conditions over the Netherlands.

2.3 Radiative transfer calculations

Variations or trends in solar radiation under cloudless con-
ditions are mostly caused by variations in the optical prop-
erties and concentrations of aerosols, the ARI. The principle
aim here is to assess whether the variations in optical prop-
erties can explain the observed variations in solar radiation.
For this purpose, we used a simple radiation transfer model
based on the delta-Eddington two-stream approach, as added
complexity in radiative transfer models will not increase the
confidence in our results (Boers and Mitchell, 1994).
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For model calculations, the parameters affecting the ra-
diation are the aerosol optical thickness, single scattering
albedo, asymmetry parameter and Ångstrøm parameter. Of
these four parameters the first two are the most important and
only the first one can be obtained from observations. It was
attempted to derive the single scattering albedo and its time
variation from the aerosol composition in the Netherlands
(Boers et al., 2015) but its precise quantification remains
elusive due to its uncertain dependence on aerosol compo-
sition, wavelength, aerosol hygroscopicity and relative hu-
midity. Thus a constant value of 0.90 was used instead. The
results of Boers et al. (2015) indicate that a considerable por-
tion of the reduction in aerosol optical thickness or potential
solar brightening can be attributed to the reduction of sul-
fate aerosols after the 1980s. Even though the nitrate values
did increase over the same time, their increases cannot com-
pletely counterbalance the decreasing sulfate concentrations.
The asymmetry parameter and the Ångstrøm parameter are
set to 0.69 and 1.5, respectively, to reflect typical aerosol val-
ues derived for the Netherlands (Boers et al., 2015).

2.4 Solar radiation and aerosol–cloud interaction

Variations or trends in solar radiation emanating from the ac-
tion of clouds are mostly caused by variations in the cloud
fractional coverage and by variations in the optical proper-
ties and concentrations of droplets or ice. The two main hy-
potheses for ACI to operate on cloud properties are formu-
lated below as hypotheses 1 and 2, in the remainder of this
paper referred to as ACI-I and ACI-II, respectively. ACI-I
suggests that variations in cloud optical properties are at-
tributable to variations in aerosol concentration itself. A mas-
sive amount of literature has been devoted to this subject, but
Twomey (1977) is the first one to describe this effect. It is
based on a causal link between changes in aerosol concen-
tration (Na) and cloud droplet concentration (Nc). These two
parameters are not necessarily linearly linked: as the amount
of aerosol particles increases, it becomes more and more dif-
ficult to raise the supersaturation necessary to activate addi-
tional particles. Therefore, Nc and Na are often related by
means of a logarithmic function or a power law with expo-
nent smaller than 1 (Jones et al., 1994; Gultepe and Isaac,
1995), e.g.

Nc ∼N
0.26
a . (7)

Only a limited amount of aerosol particles will be activated
to cloud droplets and incipient water droplets all compete for
the same amount of water vapour as they grow. This means
that the mean size of cloud droplets decreases as the number
of cloud droplets increases. The consequence for the cloud
optical thickness (Twomey, 1977) is that

τc,ACI ∼HcN
1/3
c . (8)

Here Hc is the depth of the cloud and τc,ACI is the cloud op-
tical thickness attributable to the aerosol–cloud interaction

(ACI-I). Thus, compared to Eq. (5) where the equivalent link
between aerosol optical thickness and aerosol number con-
centration is described the dependence of cloud optical depth
to number concentration is much weaker.

Combining Eqs. (7) and (8) with Eq. (5) we find

τc,ACI ∼ τ
0.26/3
a . (9)

As the cloud optical thickness τc (which is due to the ACI-I
and other causes) can be obtained from inverting the cloud-
base radiative fluxes and τa can be obtained from Eqs. (7) and
(8), the validity of the Eq. (9) can be studied.

ACI-II suggests that increasing Nc will result in suppres-
sion of precipitation so that cloud lifetime and cloud frac-
tion is increased (Albrecht, 1989). In our analysis, cloud
fraction is obtained in a straightforward manner by count-
ing the hourly cloud data so that the hypothesis that changes
in aerosol results in changes in cloud cover can be tested.

3 Data analysis

3.1 Data sources

We used quality-controlled time series of hourly data of sur-
face radiation, cloudiness and visibility, which are standard
output commonly available to the general public and submit-
ted to the traditional climate data repositories. The surface
radiation data consist of 12 s data for shortwave radiation
instruments integrated over the hour. To be consistent with
most publications on the subject of trends in radiation, the
hourly average is taken and expressed in W m−2. The visibil-
ity is recorded at the end of each hour, either by the Human
Observer (until 2002) or taken from a present weather sensor
(PWS, after 2002). The PWS detects the forward scattering
of light emitted by a near-infrared light-emitting diode under
an angle of 42◦. Cloud cover is observed by the Human Ob-
server until 2002 and represents the last 10 min of every hour.
After 2002 it is observed by a vertically pointing ceilometer
and represents the average of the last 30 min of the hour.

A serious concern is that conditional sampling was done
on the radiation data in a situation where the observation that
represents the condition (namely whether or not clouds are
present) was not taken in exactly the same time interval as
the observation (radiation) itself. Therefore the conditionally
sampled data are an imperfect representation of the true sit-
uation. This is particularly true for rapidly changing cloudi-
ness conditions. This issue cannot be rectified. However, in
this paper exclusive use is made of yearly averages of condi-
tionally sampled radiation data. For these data, the averaging
procedure cancels out data with too much or too few clouds
within the hour of the selected radiation data, so that the vari-
ability observed in the data will be simply enhanced random
noise.
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3.2 Metadata

Table 1 presents the basic metadata of the five principal cli-
mate stations in the Netherlands together with the dates when
the collection of radiation data started. The station metadata
archive was analysed, from which it was apparent that ini-
tially the regular maintenance and understanding of instru-
ments was inadequate. Typical problems that needed to be
overcome were the build-up of moisture between the concen-
tric glass half-domes, the removal of dust and bird droppings,
the horizontal alignment of the instrument and the proper
positioning of instruments with respect to shading obstacles
such as (growing) trees.

Apart from these issues, insufficient (re)calibration of
the instruments and irregular replacement/rotation of instru-
ments from the instrument pool are the reason that the initial
years of observation often yielded data of dubious quality.
In the end it was decided to discard all data from the cli-
mate stations before the year 1966. The data from the station
De Bilt are of acceptable quality from 1961 onwards, in par-
ticular since from that year onward radiation was measured
by two radiometers that were placed side by side. However,
these earlier data will not be used here because this would in-
duce unacceptable weighting on this station of the radiation
average in the 5-year period prior to the year 1966.

When proper calibration procedures were eventually in
place, instruments were rotated from the instrument pool on
a 12–15-month cycle out of KNMI, where calibration was
done according to fixed procedures. Based on these proce-
dures individual hourly observations were estimated to have
a random (i.e. unbiased) uncertainty of 8 %. However, per
year 8760 or 8784 are used to produce the average and with
no bias in individual observations the uncertainty in the av-
erage is negligible in comparison to the trends in radiation to
be shown below (see Sect. 4).

3.3 Homogeneity test

Even though some investigators have attempted with some
success to homogenize and gap-fill their data (Manara et al.,
2016) for a small region of the Netherlands with a few sta-
tions (in our case, five), such a homogenization procedure is
unlikely to be successful. The reason is that it carries the risk
of replacing real data with bogus data, which would weigh
heavily on the few data time series available. Nevertheless it
is instructive to apply a homogeneity test to understand dif-
ferences between the time series.

The five radiation time series were analysed for statistical
homogeneity using the Standard Normal Homogeneity Test
(SNHT; Alexanderson, 1986). Instead of applying SNHT di-
rectly to each station series, we used relative testing. Rela-
tive testing removes the natural variation from a time series
(while assuming that natural variation is about the same for
all locations), which increases the probability of detecting
statistically significant breaks. The SNHT was applied twice

to each station series. In the first test each station series was
subtracted by the mean of the four other station time series.
In the second test each station series was subtracted by the
other four station time series separately. The latter would re-
veal a break in the series. Note, however, that the results yield
potential statistical breaks, not real ones.

The homogeneity testing was applied to the 1966–2015
period. The results indicate that De Bilt data are different
from the others in the 1966–1975 period, though a possi-
ble inhomogeneity reveals itself only in two of the four rela-
tive series. From the metadata there is, however, no reason to
doubt the quality of the series of De Bilt in this particular pe-
riod. In fact of all five stations the instruments at the De Bilt
observatory were probably maintained in the most optimum
way. Also, the series of Eelde appears to be high relative to
the other four stations for the 1966–1972 period, although
again from the metadata there is no reason to judge the se-
ries of Eelde in this particular period as suspect. Eelde is the
most north-easterly station in the Netherlands and data from
this station were compared to the nearest German station
with a long radiation time series (Norderney, 1967–2015).
This comparison indicated that Eelde is homogeneous with
Norderney, strongly suggesting that the relative high values
of radiation at Eelde in the period 1966–1972 are indicative
of real atmospheric variability rather than instrumental prob-
lems.

A similar homogeneity test was applied to the standard
aerosol optical thickness output from the stations based on
Eq. (6), which in turn are based on the visibility observa-
tions. No discontinuity was detected at the year 2002, indi-
cating good adjustment procedures from Human Observer to
instrument at the transition time. From these tests it emerges
that the stations Vlissingen and De Bilt depart the most from
the average. Furthermore, when all stations are compared, De
Bilt departs the most from the other four. Again these differ-
ences can very well imply real differences between stations,
such as local differences in air pollution that influence visi-
bility (and thus optical thickness).

For the remainder of the research we decided to use the
mean of all five stations for the 1966–2015 period. We stud-
ied the sensitivity of the results to leaving out stations and
found that even though some details were different, it did not
significantly alter any of the findings and conclusions.

3.4 Okta and cloud amount

Even though cloud amount is commonly indicated with the
parameter okta, its translation to actual cloud amount as
a fraction is necessary for usage in this paper. According
to World Meteorological Organization guidelines (WMO,
2008) actual cloud amount should be indicated as 1 okta in
case a single cloud is present in an otherwise completely
clear-sky. Similarly, if a single hole exists in an otherwise
overcast sky, cloud amount should be indicated as seven out
of eight. Therefore, a cloud amount of 1 okta corresponds to

Atmos. Chem. Phys., 17, 8081–8100, 2017 www.atmos-chem-phys.net/17/8081/2017/



R. Boers et al.: Impact of aerosols and clouds on decadal trends 8087

Table 1. Details of the stations and the introduction data of the radiometers.

Station WMO nr. Lat (N) Long (E) ALT (m) Introduction date

De Kooy 06235 52.924 4.785 0.5 24 September 1964
De Bilt 06260 52.101 5.177 2.0 10 May 1957
Eelde 06280 53.125 6.586 3.5 2 October 1964
Vlissingen 06310 51.442 3.596 8.0 10 April 1962
Maastricht 06380 50.910 5.768 114.0 5 March 1963

a lower cloud amount than expected based on the numeri-
cal value of one-eighth. Similarly, a cloud amount of seven-
eighth corresponds to a larger value than indicated by its nu-
merical value. Boers et al. (2010) evaluated observed cloud
amounts expressed in oktas with fractional cloud amounts
derived from all-sky observation of clouds using a total sky
imager (an instrument sensitive to radiation in the visible
part of the solar spectrum) and using a Nubiscope (an all-
sky scanning infrared radiometer). We adhere to the results
of their study (their Sect. 2.3, Table 1) where for okta 0–8
the following cloud fractions are given: 0.00, 0.0615, 0.2494,
0.3751, 0.5003, 0.6256, 0.7518, 0.9507, 1.00.

In the analysis presented in the next section a practical
problem occurred in distinguishing between radiation ema-
nating from a completely clear-sky or from a sky with a sin-
gle cloud but otherwise clear. In the latter case, provided that
the cloud does not completely block the direct solar beam, it
will be impossible to discern whether the radiative flux would
have come from a sky with 0 okta. For this reason it was de-
cided to take data from c = 0 and c = 1 together and desig-
nate the combined data as “clear-sky”. A similar argument
can be made for the radiation at the high end of cloudiness.
Hence, data from c = 7 and c = 8 were lumped together as
designating an “overcast” sky.

In this paper we use both the term cloud fraction and okta.
When selecting radiation values for a particular okta value
(index j in Sect. 2), the cloud fraction attributable to that
particular okta value (i.e. cj in Eq. 2) is used to compute the
(proxy) radiation. The computation of the yearly mean frac-
tional cloudiness (with index k), ck as per Eq. (A4), simply
takes the average over all cj values occurring over the entire
range of okta values.

3.5 Discontinuity in 2002

In 2002 the Human Observer was replaced by the Present
Weather Sensor for visibility observations and by the
ceilometer for cloud observations. While the former transi-
tion posed few problems in the analysis of data, such was
not the case for the latter. When observing clouds the Hu-
man Observer takes into account the full 360◦ view of the
horizon. A ceilometer only observes a narrow portion of the
sky in vertical direction. Although the half-hour averaging of
the cloud observations to some extent compensates for the
absence of instantaneous hemispheric information, the two

types of observation represent different methods of estimat-
ing cloud cover so that the conditional sampling of the radia-
tion is significantly affected. For example, the digital nature
of the ceilometer observation results in many more observa-
tions in the c = 0 (cloudless) and the c = 8 (overcast) cloud
cover selection bin than obtained from the Human Observer
(Boers et al., 2010). As a result, the selectively sampled ra-
diation data in both okta bins will be contaminated by data
recorded under fractionally cloudy conditions. Contamina-
tion by other okta values is also present for data selected for
each of the 1–7 okta range but less than for overcast sky con-
ditions. As a result, the selectively sampled radiation data
showed distinct discontinuities in 2002.

To account for the discontinuity we decided to apply a
so-called quantile–quantile correction to the frequency dis-
tribution of cloud coverage from the period after 2002 (dur-
ing which the ceilometer was operative) and adjust it to the
frequency distribution from the period before 2002 (during
which the Human Observer was operative). The quantile–
quantile correction (Li et al., 2010) is commonly used to ad-
just distributions of meteorological parameters of numerical
models to observed distributions of the same parameters. As
a first step cloud cover data (converted from okta to fractional
cloudiness, see Sect. 3.4) from the period 2002–2015 were
smoothed by a Gaussian filter with a half-width of two data
points (i.e. 2 h). This produced a smooth distribution which,
when converted back to okta, yielded a distribution similar
to, but not the same as, the okta distribution of the Human
Observer. The next step was to do a quantile–quantile cor-
rection on the smoothed data. The credibility of a quantile–
quantile correction depends on whether it can be assured that
the average distribution function as observed by the Human
Observer does not change over the break (in case the Human
Observer would have made the observations after the break).
Although there were some long-term changes in the distribu-
tion function before the year 2002 they were small enough
to assume the invariance of the distribution function over the
break. With the application of the quantile–quantile correc-
tion the okta values and hence the fractional cloudiness val-
ues after the break assume new and/or corrected values that
are applied as new and/or corrected discriminators in the se-
lection of the radiative flux.
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Figure 1. Surface-based cloud fraction estimates versus satellite-
based estimates.

As a proof of soundness of the procedure we applied the
quantile–quantile correction and recomputed the fractional

cloudiness as the summation
8∑
1
fj cj = ck (see discussion

beneath Eq. A4 in the Appendix) and compared the result to
satellite observations derived from successive NOAA satel-
lites (Karlsson et al., 2017). Figure 1 shows the results.

The NOAA data (red line) comprise an average over the
Netherlands and have been bias corrected. It is clear that
the surface data (black line) which are break-corrected af-
ter the year 2002 provide an excellent agreement to the
NOAA data when compared to the data which are not break-
corrected (blue line). Note also that the data that are not
break-corrected show a downward trend in cloudiness while
the break-corrected data show an upward trend. These re-
sults are thus at odds with observations in Germany, close to
the Netherlands (Ruckstuhl et al., 2010), where cloud cover
seems to be declining at least until 2010.

4 Results

4.1 Decomposing the all-sky radiative fluxes

As a first step in understanding the relative impact of clear
and cloudy skies on the all-sky radiative flux it is instruc-
tive to examine the manner in which the top-of-atmosphere
(TOA) radiative flux is reduced by the various constituents
and scattering and absorption mechanisms in the atmosphere
(Fig. 2). The combined effect of all these processes is re-
sponsible for reducing the TOA radiative fluxes down to the
observed all-sky radiative flux as indicated by the white line
at the bottom of the figure. Figure 2 is a combination of
calculations and observations. Observed are the all-sky flux
(the white line at the bottom of the figure) and the clear-
sky flux (the white line in the middle). Starting from the top
and moving downward, the first reduction of the TOA flux
is due to Rayleigh scattering, namely downwards from 274
to 253 W m−2. Continuing downwards ozone absorption is
responsible for a further reduction from 253 to 246 W m−2.

Figure 2. Impact on all-sky flux due to Rayleigh scattering, ozone
absorption, water vapour absorption, aerosol scattering and absorp-
tion and the action of clouds.

Next, water vapour absorption reduces the radiative flux by
a further 39 W m−2 from 246 to 207 W m−2. These three
decrements were calculated from inputs from ERA-Interim
(for the ozone and water vapour absorption) or surface pres-
sure observations (for the Rayleigh scattering).

The next reduction is due to the aerosol scattering and ab-
sorption, which takes the radiative flux further down to the
observed clear-sky flux (or more precisely the proxy) from
207 to ∼ 170 W m−2 around 1970 or to ∼ 185 W m−2 near
2015 with a steady increasing value during the intermediate
years. The solid white line in the middle of the plot repre-
sents the clear-sky proxy flux. The rest of the reduction from
the clear-sky radiative flux to the all-sky flux is entirely due to
the action of clouds. The observed clear-sky proxy shortwave
radiation shows that about 13.6 W m−2 has been added to the
clear-sky radiation over a period of 5 decades. A trend value
at 2.78± 0.50 W m−2 decade−1 was calculated. The upward
trend in clear-sky radiation is thus deemed to be strongly sig-
nificant. The lower white solid line represents the all-sky ra-
diation which is derived straight from the publicly available
climate data sources. It shows considerable short-term vari-
ations but overall there is a positive trend. The trend value
was calculated as 1.81± 1.07 W m−2 decade−1 and is thus
also considered significant.

When comparing the different contributions there are three
important points to be considered. First, the combined effects
of Rayleigh scattering, ozone and water vapour absorption
are constant over time. Even though there is a slight increase
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Figure 3. All-sky, clear-sky proxy and cloud-base proxy radiation
as a function of time. Blue lines are the regression fits with the grey
area as the uncertainty around the fit. The red lines are 21-point
Gaussian filter smoothers.

in water vapour path over the 50-year period, this is not re-
flected in any discernable decrease in radiative flux. Second,
despite the absence of any significant trends in the respective
radiative reductions they make up a very substantial part of
the overall reduction from the TOA radiative flux to the all-
sky flux (40–50 %). Third, the two-pronged action of clouds
of (1) blocking part of clear-sky flux in reaching the surface
and (2) scattering radiation inside the clouds is considerably
larger than the action of scattering and absorption of radi-
ation by aerosols in reducing the TOA radiative flux. The
former ranged from double the latter at the beginning of the
period to triple the latter at the end of the period.

Figure 3 shows the measured all-sky radiation and the
proxy clear-sky and weighted cloud-base radiation. Linear
regression lines (blue) as well as a 21-point Gaussian fit (red)
are shown in the figure. There is a weak minimum in all-sky
radiation in 1984 which is matched by a minimum in cloud-
base radiation around 1982–1984. In contrast the clear-sky
radiation has an upward trend throughout the entire period.
All trends are significant when taken over the entire period.

Figure 4 shows the all-sky radiation and its proxy. The
difference between the two averaged over the 50 years is
4.34 %. However, there is some year-to-year variability. For
example in the years just prior to 2000 the differences are
less than 1 %, while in the period 2012–2015 it is about 8 %.
Such variations are the result of (a) natural year-to-year vari-
ations in the distributions of zenith angles attributable to the

Figure 4. The all-sky radiation and its proxy.

individual okta values for the all-sky radiation, (b) possibly
more systematic changes to the distribution of sun angles per
okta value (i.e. seasonal changes on a multi-year timescale)
and (c) the uncertainties in the line fits necessary to compute
the proxy radiation. At any rate there appears to be a sys-
tematic bias between the two time series of 4 W m−2. This
is primarily caused by the fact that in the Netherlands mostly
cloudless skies occur in summer months when the sun is high
in the sky. This means that when the proxy radiation is com-
puted using the marginal distribution of sun angles (see Ap-
pendix) there will be an inevitable shift towards lower sun
angles (i.e. smaller radiation values) in comparison to the
real flux for which the conditional distribution of sun angles
is used in its computation. This situation is peculiar to the
Netherlands and is unlikely to be a universally observable
feature. Because of these differences there will also be some
differences between the trend values of the real (observable)
and proxy (calculated) fluxes to be calculated later on (see
later in Table 2).

Figure 5 shows the key result of this paper namely the re-
construction of the trend in the all-sky (proxy) flux out of
its three main components as formulated in Eq. (3). Here the
last term, a cross-correlation term, is not shown on account
of its very small yearly values (less than 0.5 W m−2). The
black curve shows the variation in all-sky proxy radiation as
a function of time. Note again that this function is slightly
different from the real all-sky radiation data as its construc-
tion is based on the proxy data. Even so, the fluctuations and
trends in the proxy data are clearly very close to the fluc-
tuations and trends as observed in the real all-sky data in
Figs. 3 and 4. However, the Gaussian-filtered data indicate
that the weak minimum in the original data is replaced by a
(close to) constant value in the proxy data. The red curve is
the contribution to the trend in all-sky proxy radiation due to
the trend in cloud amount. Cloud amount is increasing and
as a consequence the contribution to the overall trend in so-
lar radiation is negative. The green line is the contribution to
the trend in all-sky proxy radiation as a result of the posi-
tive trend in clear-sky proxy radiation, but modulated by the
average fraction of time that it is actually clear (32 %). The
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Table 2. Summary of trend analysis. Except for the fractional cloudiness, all parameters have W m−2 decade−1 as a unit. Fractional cloudi-
ness has no unit and the indicated trend is computed per decade. Whether or not the indicated trend is significant is indicated by the star in
the column “uncertainty”.

Type Period Trend Uncertainty

Fractional cloudiness 1966–2015 0.0097 0.0062*
1966–1984 −0.0055 0.0344
1984–2015 0.0205 0.0117*

All-sky radiation 1966–2015 1.81 1.07*
1966–1984 −1.40 4.19
1984–2015 3.30 1.55*

All-sky proxy radiation 1966–2015 1.89 0.78*
1966–1984 0.39 3.86
1984–2015 2.30 1.68*

Clear-sky proxy radiation 1966–2015 2.78 0.50*
1966–1984 1.22 2.14
1984–2015 3.46 1.35*

Cloud-base proxy radiation 1966–2015 3.43 1.17*
1966–1984 −0.77 2.01
1984–2015 4.94 2.30*

Fractional cloudiness term of Eq. (3) 1966–2015 −1.06 0.67*
1966–1984 0.43 3.30
1984–2015 −2.22 1.19*

Clear-sky proxy term of Eq. (3) 1966–2015 0.88 0.16*
1966–1984 0.39 0.68
1984–2015 1.09 0.43*

Cloud-base proxy term of Eq. (3) 1966–2015 2.35 0.80*
1966–1984 −0.53 1.38
1984–2015 3.37 1.57*

blue line is the contribution to the trend in all-sky radiation
as a result of the positive trend in proxy cloud-base radiation.
It has a broad minimum, but modulated by the fraction that
it is cloudy on average (68 %). Each curve represents a per-
turbation with respect to its average and the large tick marks
represent intervals of 10 W m−2.

A number of intermediate conclusions can be drawn at this
point:

1. The cloud base and cloud cover contributing trends are
of the same order of magnitude whereas the clear-sky
trend contribution is less significant than either one of
them.

2. As the mean fractional cloudiness at 0.68 is larger than
0.50, the contribution to the all-sky flux due to a trend in
cloud-base radiation has a comparatively larger weight
than the contribution of the trend in clear-sky radiation.

3. The increase in cloud cover results in a negative trend
contribution to the trend in all-sky (proxy) radiation,
which thus dampens the strong trend contribution due
to the increasing cloud-base proxy radiation. The im-
plication is that clouds have become (optically) thinner
but at the same time more frequent, the cause of which
is unclear.

4. The short-term variations in all-sky radiation are almost
entirely due to the short-term variations in fractional
cloudiness.

5. The weak minimum (constant) in all-sky (proxy) radia-
tion is linked to trends in clouds, but not to the trend in
clear-sky radiation.

Table 2 summarizes the results of the trend analysis. Here, a
subselection is also made according to the time period over
which trend analysis is performed. Significance is indicated
in the last column. Note that both the trends in all-sky ra-
diation and the trend in all-sky proxy radiation are given in
the table. The trend in all-sky radiation is simply inferred
from the data whereas the trend in all-sky proxy radiation is
computed from Eq. (3). Thus, contrary to common notion the
trend in measured all-sky radiation cannot be recovered from
the trends in proxy data. It is only the all-sky proxy trend that
can be recovered from the clear-sky and cloud-base proxy
terms and the fractional cloudiness term of Eq. (3). Note that
the fractional cloudiness term in Eq. (3) is a scaled version of
the trend in fractional cloudiness, whereas the other two are
scaled versions of the trend in clear-sky proxy radiation and
cloud-base proxy radiation.

Inspection of the table indicates that none of the trends
(including those of the clear-sky proxy radiation) are signifi-
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Figure 5. All-sky radiation perturbation components. Terms are in-
dicated in the graph; 21-point Gaussian filter smoothers are drawn
through the curves.

cant in the period 1966–1984. All significant trends occur in
the period 1984–2015. In comparing the trends between all-
sky and all-sky proxy flux we find that for the period 1966–
2015 both trends are almost the same. For the period 1966–
1984 they are different in sign (but neither trend is deemed
significant). For the period 1984–2015 both are significantly
positive but the trends differ by 30 % from each other. As
explained above (see under Fig. 4) such differences are to be
expected due to the fact that the method to calculate the proxy
all-sky flux uses the marginal distribution while the calcula-
tion of the all-sky radiation uses the conditional distributions
of sun angles, which can exhibit year-to-year variations or
multi-year seasonal changes.

Two-thirds of the strong upward trend in cloud-base proxy
radiation is offset by the cloud fraction trend term in the same
period. To our knowledge these calculations are the first of
their kind and demonstrate the relative importance of the im-
pacts of clear and cloudy skies on the all-sky radiation. Trend
values for the all-sky radiation all fall within the bounds of
Sanchez-Lorenzo et al. (2015) given by their comprehensive
summary of Europe’s observations. For the clear-sky proxy
radiation the trend is positive throughout the entire period
and the absence of a curvature matching that of the all-sky
radiation does not suggest a very strong causal link with it.
In contrast the curvature of the cloud-base proxy radiation
curve much more resembles that of the all-sky radiation. Be-
cause the fractional cloud cover term partly compensates the
strong upward trend of the cloud-base curve after 1985, it

Figure 6. Aerosol optical thickness derived from visibility observa-
tions.

Figure 7. Clear-sky radiation observations matched by radiative
transfer computations.

strongly suggests that for the Netherlands cloud processes
are the dominant factor that impact the shape of the all-sky
radiation time series.

4.2 Aerosol–radiation interaction

To investigate the possibility of aerosol–radiation interaction
the median aerosol optical thickness is derived from the vis-
ibility observations. Next radiative transfer model calcula-
tions were performed to compute the solar radiation. Figure 6
shows the time series of median aerosol optical thickness for
the Netherlands. Until about 1985 the optical thickness has
a weakly downward trend albeit with considerable year-to-
year variations. After 1985 there is a distinct downward trend
that remains present until the end of the time series in 2015.
Overall trend is −0.032 per decade and is significant.

Figure 7 shows the results from radiative transfer compu-
tation compared to the clear-sky flux. The solid black and ac-
companying shading represents the best fit through the data
(the points connected by a black line). The blue line is the
result of calculating the clear-sky radiation using the aerosol
optical thickness in Fig. 6 as an input, with a fixed value of
the single scattering albedo of 0.90. The calculations indi-
cate a remarkable agreement with the observed clear-sky ra-
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Figure 8. Cloud optical thickness as a function of aerosol optical
thickness. The broken lines are the suggested dependencies of the
two optical thicknesses assuming that ACI-I is valid. The solid line
is the actual fit through the data.

diation. The blue line falls entirely within the shaded area of
uncertainty of the slope through the data.

The accuracy of the modelled radiation curves is depen-
dent upon the accuracy of the optical thickness derived from
the visibility observations and the value of the single scat-
tering albedo. If the scaling depth used to match the optical
thickness observations to satellite and surface-based radia-
tion data (Boers et al., 2015) is changed, so will the position
of the model output (blue line) change with respect to the
clear-air data (δSW = 5–6 W m−2 for δτ =−0.1).

There is, however, no useful information on the time de-
pendence of the single scattering albedo; its mean value is
also not clear. The value of 0.90 as used here reflects a com-
promise between the necessity of having to assign it a value
less than 1 due to the presence of radiation absorbing aerosols
(black carbon and organic aerosols) and the prevalence of
pure scattering aerosols in an environment of high relative
humidity (sulfates and nitrates), which tend to keep the sin-
gle scattering albedo at a high value.

However, the overall conclusion is that the reduction in
aerosol concentration resulting in a reduction in aerosol op-
tical thickness is a very strong candidate for explaining the
overall increase in clear-sky solar radiation. This implies that
there is a compelling argument that ARI i.e. the direct aerosol
effect, is responsible for the decadal change in clear-sky ra-
diation.

4.3 Aerosol–cloud interaction

Concerning ACI-I we plotted the left and right sides of the
function described in Eq. (9). Here (Fig. 8) the cloud opti-
cal thickness for clouds has been derived from the mono-
tonic relationship between solar radiation and cloud optical
thickness and using the mean weighted cloud-base radiation
(bottom curve in Fig. 3) as the radiative input. The cloud op-
tical thickness that is thus derived constitutes the left side of
Eq. (9). The right side of Eq. (9) is based on the aerosol opti-
cal thickness data as shown in Fig. 6. According to Fig. 8,

there is indeed an indication that there may be a link be-
tween the two optical thicknesses but the regression line has
a larger slope than suggested by Eq. (9). This suggests that
there may be other mechanisms that play a role in chang-
ing the cloud optical thickness. The most likely candidate re-
sponsible for these additional changes is a decadal thinning
of clouds. However, there is no confirmation by independent
data sources suggesting that such thinning has indeed taken
place over the course of 5 decades.

Under ACI-II cloud amount is governed by precipitation.
Here a reduction in aerosols over time would increase the
size of cloud droplets, thus enhancing the fallout of liq-
uid water and thus reducing cloud amount. However, data
shown in Fig. 1 indicate that cloud fraction is increasing af-
ter 1985 when at the same time the aerosol optical thick-
ness decreases. This does not necessarily mean that ACI-II is
not operative but that other factors (such as large-scale syn-
optic changes) at least overwhelm any possible cloud cover
changes due to ACI-II.

5 Discussion and conclusions

Our derivation of a trend equation for the all-sky radiation
shows that there are five parameters that influence the trend,
namely (1) a trend in fractional cloudiness, (2) a trend in
clear-sky radiation, (3) a trend in cloud-base radiation, (4) the
mean over 5 decades of the fractional cloudiness and (5) the
difference between the means over 5 decades of the cloud-
base and the clear-sky radiation. It is therefore not surprising
that it has been difficult up to now to come up with any firm
conclusions about the relative importance of trends in clouds
or clear-sky radiation in contributing to the trend in all-sky
radiation. This situation is further hampered by difficulties
in the derivation of clear-sky and cloud-base radiation, re-
quiring a specialized analysis removing the year-to-year in-
ternal fluctuations in radiation estimates. They are the results
of periodic synoptic conditions that favour certain cloudiness
conditions. An analysis of annual means of radiation selected
under specific okta values will produce unrealistic results,
as noted by Ruckstuhl et al. (2010). In order to overcome
this last issue we have cast the problem of estimating annual
mean radiation in a two-dimensional framework with cloud
fraction (okta) and cosine of solar zenith angle as the two
controlling variables. A proxy radiation is derived by fitting
per okta value a function that is solely dependent upon cosine
of zenith angle. Next annual means are computed using the
annually constant distribution of cosine values. Stable values
of radiation ensue from which trends can be calculated.

Our analysis comprises 50 years of hourly radiation,
cloudiness and visibility data at the five principal climate
stations in the Netherlands. We summarize the main conclu-
sions of this work.

1. The three most important mechanisms reducing the
TOA radiation to the observed all-sky radiation are ab-
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sorption of radiation by water vapour and scattering and
absorption by aerosols and clouds. Over the Nether-
lands the reduction in radiation due to water vapour ab-
sorption is actually larger than from aerosol scattering
and absorption. However, as there is no trend in water
vapour, there is no trend in the all-sky radiation due to
trends in water vapour.

2. Trends in clear-sky and cloud-base radiation and frac-
tional cloudiness are all important in contributing to the
trend in all-sky radiation.

3. Over the Netherlands the clear-sky trend is weighted
by 0.32, which is 1 minus the mean of fractional
cloud cover over 5 decades, and the cloudy-sky trend is
weighted by 0.68 (i.e. the the mean of fractional cloudi-
ness over 5 decades). Therefore, in the Netherlands a
trend in cloud-base radiation has double the weight of
a clear-sky radiation trend in contributing to the all-sky
radiation trend. Thus, in a general sense this means that
the actual value of fractional cloudiness, which has a
strong regional dependence, exerts a considerable con-
trol over the relative importance of clear-sky and cloud-
base radiation trends.

4. Over the Netherlands the trend in fractional cloudiness
is significantly positive in the period after 1985 and
because this trend is multiplied by the (negative) dif-
ference between the decadal means of cloud-base and
clear-sky radiation, it contributes as a negative trend to
the trend in all-sky radiation. As the literature suggests
(e.g. Norris, 2005) there are significant regional differ-
ences in long-term trends in cloud cover, which indi-
cates that strong regional differences will exist in its
contribution to the trend in all-sky radiation.

5. As found in most studies (see summary of Sanchez-
Lorenzo et al., 2015), a minimum in all-sky radiation is
found around 1985. The negative trend of −1.4 W m−2

up to 1985 is weaker than the average of Europe
(−2.5 W m−2). The upward trend from 1985 onwards
of 2.3 W m−2 is also weaker than the average of Europe
(3.2 W m−2).

6. The minimum in all-sky radiation is not matched by a
corresponding minimum in clear-sky proxy radiation.
A trend of 1.22 W m−2 is found over the earlier pe-
riod which increased to 3.40 W m−2 later on. After sig-
nificant amounts of local natural gas were found in
the late 1950s the Netherlands became a very early
(1960–1965) adopter of cleaner fuels, which may ex-
plain the increase in clear-sky radiation in the earlier
period (1966–1985).

7. The trend in cloud-base radiation has a similar shape as
that of the all-sky radiation. It is weakly negative be-
fore 1985 (−0.77 W m−2) and strongly positive there-

after (4.94 W m−2). Consequently, the conclusion is jus-
tified that the curvature/weak minimum in all-sky radi-
ation around 1985 is caused mostly by the cloud-base
radiation.

8. As our techniques are able to isolate the clear-sky ra-
diative component it has been possible to study the at-
tribution of changes in aerosol content to the observed
trend in clear-sky radiation. Radiative transfer calcula-
tions demonstrate that the increase in clear-sky radiation
can be completely explained by a concomitant decrease
in aerosol optical thickness. This strongly suggests that
the ARI (the direct aerosol effect) is a prime candidate
to explain the observed increase in clear-sky radiation.

9. Similarly, ACI-I and ACI-II have been studied to un-
derstand their potential impact on the all-sky radiation.
Neither is shown to have a dominant contribution to the
trend in the overall all-sky flux but the potential influ-
ence of ACI-I and ACI-II cannot be ruled out by the
data; there may be other influencing mechanisms that
mask the impact of ACI-I and ACI-II such as decadal
changes in cloud thickness and fractional cloudiness as
a result of large-scale synoptic phenomena.

A prerequisite required for our method to work is the avail-
ability of simultaneous time series of radiation, cloudiness
and visibility. The first two are necessary to resolve the dif-
ference between clear and cloudy-sky signals in the radiation
data, a method which in this paper has been called the deter-
mination of “proxies”. Additional observations of visibility
are necessary to understand the possible influence of aerosols
on radiation.

There are a number of ways to improve and/or facilitate
this work in the future:

1. The practice of observing different parameters simul-
taneously can be improved by a more optimal consid-
eration of the impact of one parameter on another. For
example, aerosols and clouds impact radiation, but radi-
ation is recorded as an hourly average, while clouds and
visibility parameters are recorded as averages of smaller
time intervals. Often these different recording and aver-
aging intervals are based on WMO standards. Yet, they
inhibit the analysis and interpretation of their physical
links. It would be better if averaging times were stan-
dardized more uniformly or if the basic data underlying
the averages became available.

2. The relative contribution to the all-sky radiation of
cloud thickness remains unclear. Therefore, the poten-
tial impact of ACI-I and ACI-II cannot be unambigu-
ously quantified. The best way to resolve this issue is by
adding observations of clouds using a cloud radar and a
cloud lidar. As clouds are largely transparent to radar
probing, cloud thickness and its long-term variations
can thus be derived. Here, supersites such as those of
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the Atmospheric Radiation Measurement program and
CloudNet or long-term data from CloudSat could be of
great assistance. Passive radiation data from satellites
are less suitable as they only record radiation emanat-
ing from the top of clouds or from the layer just beneath
cloud top.

3. The impact of changes in the aerosol single scattering
albedo on the radiative transfer calculations is unclear.
This situation is best resolved by direct observations of
the single scattering albedo including its wavelength de-
pendence. However, this suggestion only works for fu-
ture studies as observations of aerosol single scattering
albedo have hardly been performed in the past. It may be
that regional modelling of past aerosol composition and
physical and optical properties may alleviate the histor-
ical lack of single scattering albedo data.

Data availability. The data used in this paper can be down-
loaded from the KNMI website: http://www.knmi.nl/nederland-nu/
klimatologie/uurgegevens.
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Appendix A

A1 Averaging using real data

Here we provide a full derivation of the analysis leading to
Eqs. (1) and (3) in the main text. The essential elements in
this analysis are (1) a transition from “real” data to “proxy”
data, which constitutes a different way of averaging yearly
data; (2) expressing the all-sky proxy radiation as a linear
combination of clear-sky and cloud-base proxy radiation; and
(3) a perturbation analysis from which trends can be calcu-
lated.

We analyse the trends of time series of global radiation Sk ,
where S is the yearly-averaged global radiation and k is the
index of a year in the period 1966–2015. We write Sk as a
function of two controlling variables: fractional cloudiness c
and cosine of solar zenith angle µ0 = cos(θ0). Each of these
two parameters varies between 0 and 1 (i.e. when the sun is
below the horizon the variable µ0 is set to zero).

In the observations from meteorological stations the global
radiation comes in discrete values, in our case as hourly av-
erages, 8760 or 8784 values in a year. Each of these hourly
averages is thus assigned a specific value of µ0, namely the
mid-point of the hour. The index i is the bin index of count-
ing over µ0. Whether to build up the probability space for the
µ0 bins of µ0 can be selected at the analyst’s discretion (for
example with width 0.05).

Observations of cloudiness are usually assigned in oktas.
Okta values (0–8) are associated with specific margins of
fractional cloud coverage (see table 1 of Boers et al., 2010).
We will designate the fractional cloudiness associated with
each okta value as cj , where j = 0–8. The yearly bivariate
distribution function can then be constructed as

pk(µ0i,cj )=
Nijk

Nk
, (A1a)

where Nijk is the number of observations in a single bin and∑
i

∑
j

Nijk =Nk (A1b)

and∑
i

∑
j

pk(µ0i,cj )= 1. (A1c)

The convention used in this paper is that when no superscript
is used over the summation sign, the summation is over the
entire range of subscript values. Marginal distribution func-
tions of Eq. (A1a) are

fk(cj )=
∑
i

pk(µ0i,cj )=

∑
i

Nijk

Nk
=
Njk

Nk
, (A2)

where fk(cj ) is the fractional occurrence of cloud cover
within a specific okta value, and

f (µ0i)=
∑
j

pk(µ0i,cj )=

∑
j

Nijk

Nk
=
Nik

Nk
, (A3)

where f (µ0i) is the distribution of cosines of solar zenith an-
gle. While the distribution f (µ0i) is invariant with time as it
is solely dependent on the latitude of the observations, fk(cj )
is varying with time due to yearly and possible decadal
trends. Yearly-averaged fractional cloudiness ck is found as
the expected value of c of the marginal distribution pk:

ck =

8∑
j=1

cjfk(cj ). (A4)

The yearly-averaged Sk can be computed as the expected
value of S, namely the double summation over all values of
c and µ0 that jointly occur in a single year:

Sk =
∑
i

∑
j

Sk(µ0i,cj )pk(µ0i,cj ). (A5)

Here Sk(µ0i,cj ) is the average value of Sk in the bin (i,j,k).
For each okta class we can derive the distribution of zenith

angles as the conditionally sampled bivariate distribution at
the specific okta class cj :

fk(µ0i
∣∣cj )= pk(µ0i,cj )

fk(cj )
. (A6)

We now obtain the yearly-averaged global radiation in each
okta class as the expected value of the hourly global radiation
data sampled conditionally with okta class:

Scj ,k =
∑
i

Sk(µ0i,cj )fk(µ0i
∣∣cj ). (A7)

Combining Eqs. (A5), (A6) and (A7) yields

Sk =
∑
j

fk(cj )Scj,k . (A8)

Provided that there are adequate observations of cloudiness
to select each observation of global radiation according to the
okta class in which it occurs, it is possible to calculate Scj ,k
and hence Sk directly from the observations.

The assumption we make at this point is that the hourly ob-
servation of radiation is a linear combination of a clear-sky
term and a cloud-base term, each weighted by their occur-
rence:

Sk(µ0i,cj )= Sk(µ0i,c0)(1− cj )+ Sk,cb(µ0i,cj )cj , (A9)

where Sk,cb is the cloud-base radiation. Although Eq. (A9)
is a customary approximation, it is almost certainly incom-
plete as it neglects possible contributions to the flux from
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three-dimensional photon scattering between clouds, in par-
ticular when cloud cover is broken. However, to our knowl-
edge no useful correction to Eq. (A9) has been published tak-
ing such scattering into account. To produce a yearly average
this function is multiplied by the conditional distribution f
(from Eq. A6) and summed over all observations occurring
in the specific okta class:∑
i

Sk(µ0i,cj )fk(µ0i
∣∣cj ) =∑

i

Sk(µ0i,c0)fk(µ0i
∣∣cj ) (1− cj )

+

∑
i

Sk,cb(µ0i,cj )fk(µ0i
∣∣cj )cj . (A10)

We thus find that

Scj k = Sc0k(1− cj )+ Scb,j,kcj +R1 (A11a)

with

R1 =
∑
i

Sk(µ0i ,c0)[fk(µ0i
∣∣cj )− fk(µ0i |c0 ] (1− cj ) (A11b)

and

Scb,j,k =
∑
i

Sk,cb(µ0i,cj )fk(µ0i
∣∣cj ). (A11c)

In Eq. (A11c) all cloud-base radiation in a single okta class is
simply lumped together. We now calculate the total radiation
using Eq. (8).

With further manipulation we then find that

Sk = Sc0k[1−
8∑
j=1

fk(cj )cj ] +

8∑
j=1

fk(cj )cjScb,cjk+∑
j

fk(cj )
∑
i

Sk(µ0i,c0)[fk(µ0i
∣∣cj )− fk(µ0i |c0 ]

= Sc0k[1− ck)] + ckScloud,k +
∑
j

∑
i

Sk(µ0i,c0)fk(cj )

[fk(µ0i
∣∣cj )− fk(µ0i |c0 )], (A12)

from which it follows that

Sk = Sc0k[1− ck] + ckScloud,k +R2 (A13a)

R2 =
∑
j

∑
i

Sk(µ0i,c0)fk(cj )

[fk(µ0i
∣∣cj )− fk(µ0i |c0 )]. (A13b)

Here

Scloud,k =

8∑
j=1

fk(cj )cjScb,cj k

8∑
j=1

fk(cj )cj

. (A14)

The rest terms R1 and R2 stem from the fact that the summa-
tion over values of the cosine of solar zenith angle is differ-
ent for each okta class. Nevertheless it is expected that both
terms are small as the summations inR1 andR2 are done over
small terms that are positive as well as negative and thus will
partly cancel. The parameter Scloud,k is the cloud-base radia-
tion weighted by cloud fraction.

A2 Averaging using proxy data

It has long been recognized that Scj k has large year-to-year
fluctuations because pk(µ0i,cj ) varies from year to year. Ex-
tended periods of cloudiness of certain types that influence
pk(µ0i,cj ) are associated with synoptic systems that may
occur randomly during the year. This means that trend anal-
ysis based on Eq. (A13) will be subject to large uncertainties
that can only be alleviated by collecting data over large areas
so that different synoptic systems are sampled at the same
time (Liepert, 2002) or by averaging Scj k over several years
and then performing trend analysis on the reduced and av-
eraged data set (Liepert and Tegen, 2002). Over a relatively
small region like the Netherlands, Eq. (A13) is unsuitable
to use. In fact Ruckstuhl et al. (2010) demonstrated that the
use of the radiation data in their pure form would lead to
wrong interpretations of trends. To reduce the uncertainty in
estimates of Scj k , in particular when estimating the global ra-
diation under cloudless skies, Sc0k , some investigators have
resorted to fitting an “umbrella” function of clear-sky radi-
ation over all observations within 1 year (Long et al., 2009;
Ruckstuhl et al., 2010) based, for example, on discrimination
of clear skies by analysis of direct and diffuse radiation. In
our formulation the approach of fitting an umbrella function
is equivalent to a procedure whereby Sk(µ0i |c0) is fitted by
a function Gc0k (µ0i). When we proceed in this way, the pa-
rameter Sp,c0k , which is a proxy for Sc0k , is calculated as

Sp,c0k =

∑
i

Gc0k(µ0i)f (µ0i). (A15)

There are strong theoretical arguments to suggest that
Gc0k(µ0i) is a monotonically increasing function of µ0ik
given a specific value of cj . The use of the marginal distribu-
tion f (µ0i) in the summation ensures that the entire distri-
bution of cosines of solar zenith angles representative for the
location at hand is used in the calculation rather than condi-
tional distribution fk(µ0i |c0 ), which is highly variable from
year to year and for which only a summation over a limited
set of observations can be used.

In this paper the approach will be to generalize Eq. (A15)
to all nine okta values as

Sp,cj k =
∑
i

Gcj k(µ0i)f (µ0i). (A16)

In other words we will calculate functions of the type
Gcj k(µ0i) for each okta value using the observations at hand.
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The notion that the functionsGcj k(µ0i) are monotonically
increasing with µ01 comes from Beer’s law, which states
that for a single wavelength only the optical thickness of
the atmosphere and µ0i itself are parameters controlling the
change in downwelling radiation with µ0i :

Ss = µ0Se exp(−τ/µ0). (A17)

Here Ss is the downwelling radiation at the surface, Se is the
extraterrestrial radiation and τ is the optical thickness of the
atmosphere.

Even though the global radiation is a wavelength-
integrated quantity, the scattering through the atmosphere
consisting of water droplets, ice crystals and aerosols at high
relative humidity can in first order be assumed to be conser-
vative. Therefore, it is reasonable to assume that Gcj k(µ0i)

has a functional form resembling Eq. (A17). When regressed
through data taken over an entire year the fitted line has a pa-
rameter akin to the yearly-averaged optical thickness of the
atmosphere as its sole controlling variable.

Consequently, we will adopt the function

G(µ0)= µ0Aexp(−B/µ0), (A18)

where B is a parameter depending on µ0 according to

B(µ0)= αµ
β

0 . (A19)

The parameters α and β are constants determined by fitting
the data. The method expressed in Eq. (A18) is equivalent
to the Langley method of obtained optical thickness with the
only difference the weak dependence ofB on sun angle. Such
dependence is necessary to include because the diffuse radi-
ation arriving at the surface is weakly dependent upon µ0.

Following the procedure outlined for the real data exactly
but including the subscript p to indicate “proxy” and chang-
ing the conditional distributions (Eq. A6) with the marginal
distribution (Eq. A2), we can finally write for the proxy
global radiation

Spk = Sp,c0k(1− ck)+ ckSp,cloud,k, (A20)

where Sp,cloud,k is obtained from an equation identical to
Eq. (A9) with Scb,k replaced by Sp,cb,k . Note, however, that
the rest terms R1 and R2 have vanished in the proxy formu-
lation. The reason is that the conditional distributions have
been replaced by the marginal distribution of cosine of solar
zenith angles, which is independent of cloud cover fraction
and time. Therefore the marginal distributions in the rest term
are all identical and thus will cancel exactly. Equation (A20)
is represented in the main text as Eq. (1).

Equation (A19) expresses the dependence of atmospheric
optical thickness onµ0. Regression fits using Eq. (A19) carry
uncertainties into the parameter B and through Eq. (A18)
into parameter G and into Eq. (A20). For clear-sky the scat-
ter is small but for skies under (partly) cloudy skies the scat-
ter is larger. The standard 1σ uncertainty associated with the

clear-sky proxy computed in Eq. (A20) is 2–3 %, increasing
to 8–9 % for high okta values.

The year-to-year determination of proxies in Eq. (A20) is
used in this paper as it will yield more stable results than the
determination of “true” averages. The fitted functions G in
Eq. (A18) are smooth, monotonic increasing functions for all
okta values. Their use together with the marginal distribution
(i.e. all 8760 or 8784) of zenith angles to compute the proxy
will avoid all seasonal, yearly or multi-year variations that
are inherent in the application of the distribution fk(µ0i

∣∣cj )
for which the yearly variable numbers of µ0i values nec-
essary to compute the conditionally sampled data are used.
Therefore, the computed trends of proxies will reflect the
yearly changing transmission through the atmosphere rather
than the more spurious effects of random or multi-year sea-
sonal variability in radiation at various cloud fractions.

Note finally that Sk 6= Spk as the proxy analysis is based
on an evaluation of proxy fluxes, not of the “real” fluxes. In
the analysis to be performed, however, differences between
them turned out to be less than 5 % (see Fig. 4 of the main
text).

A3 Analysis of trend

Once a time series of proxy radiation values is obtained it
is possible to compute trends. As explained in the previous
section, trends in the observed time series of clear-sky and
cloudy-sky radiation are not very useful due to the year-to-
year variability. However, trends in the proxy radiation time
series do not suffer from such noise and thus can yield mean-
ingful results. A single equation will be derived for the trend
in all-sky proxy radiation, from which it emerges that such
a trend is the result of three components: (a) a trend in frac-
tional cloudiness, (b) a trend in clear-sky radiation and (c) a
trend in radiation at cloud base.

To derive trends from the yearly-average (proxy) data we
write

ck = c+ c
′

k,Sp,c0,k = Sp,c0 + S
′

p,c0,k
,Sp(yk)= Sp+ S

′
p(yk),

Sp,cloud,k = Sp,cloud+ S
′

p,cloud,k. (A21)

Here the bar represents an average over 5 decades of the
yearly averages, and the primed variables are the yearly de-
viations from the averages over the 5 decades under analysis.
Inserting into Eq. (A20) yields

Spk = Sp+ S
′

pk = (1− c− c
′

k)(Sp,c0 + S
′

p,c0k
)

+ (c+ c′k)(Sp,cloud+ S
′

p,cloud,k). (A22)

Defining Sp = (1− c)Sp,c0 + cSp,cloud and collecting terms
yields

S′k = c
′

k(Sp,cloud− Sp,c0)+ (1− c)S
′

p,c0k
+ cS′p,cloud,k

+ c′k(S
′

cloud,k − S
′

p,c0k
). (A23)

Equation (A23) can be used for trend analysis and is repre-
sented in the main text as Eq. (3).
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The implications of this expression are quite important.
Equation (A23) demonstrates that the trend in all-sky radi-
ation is not a simple summation of trends in clear-sky and
cloudy-sky trends, which would perhaps be an intuitive no-
tion when seeking to explain the observed trend in all-sky
radiation. Equation (A23) demonstrates that (a) the trends
in clear-sky and cloud-base radiation need to be weighted
by their fractional occurrence in the atmosphere and that
(b) there is a third term constituting the trend in fractional
cloudiness scaled by the difference in average cloud-base and
clear-sky radiation. Furthermore, the additional fourth term,
which is shown to be negligible in the current analysis, may
not always be small when there are significant cross correla-
tions between the perturbations.
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