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Abstract

Increasing air pollution by aerosols led to a continuous weakening of global radiation at the
earth's surface (global dimming) in Europe from about 1950-1980, but during the subsequent
improvement of air quality, an increase occurred again (global brightening). Global brighten-
ing, which has continued until at least 2020 (end of the study period), has more than compen-
sated for global dimming. In this study the variation of global radiation from 1950-2020 and
its cause was investigated based on measurements of sunshine duration, global radiation and
temperature from six measuring stations from the national weather services in Austria, Swit-

zerland and Germany.

The phases of global dimming and brightening are mainly caused by increasing and decreas-
ing opacity of the atmosphere by aerosols, which is shown in the distribution of direct solar
radiation at Potsdam at different states of cloudiness. From 1982-2020, direct solar radiation
increased by about one-third in both the summer and winter months. This increase is at least
twice as large as the decrease during the dimming phase, except for the case of nearly over-

cast sky.

A quantitative estimation of the influence of the fluctuating global radiation on surface air
temperature was carried out with the help of a multiple linear regression model based on
monthly values from the period 1950-2020, i.e. including the phase of global dimming and
global brightening. The applicability of this approach was ensured by a set of five statistical

standard tests.

The overall temperature increase from 1950-2020 is dominated by the temporally continuous
temperature increase (global warming). However, a fraction of the increase (+0.3 °C resp.
+0.5 °C for the entire year resp. summer half-year) is attributed to the increase of global radia-

tion.

With regard to the brightening period in the last four decades (ca. 1980-2020), the fraction of
the increase of global radiation within the total temperature increase is substantial: about one
third for the entire year (ca. +0.6 °C), even half for the summer half-year (ca. +1.1 °C). The
model results are reasonable in view of the comparison with the temperature measurements at

the six stations.



Abbreviations

AOD, aerosol optical depth; GHG, Greenhouse gases; GR, Global radiation; DSR, direct solar
radiation; SSD, Sunshine duration; TMIN, mean annual minimum temperature; TMAX, mean
annual maximum temperature; DWD, Deutscher Wetterdienst; ZAMG, Zentralanstalt fir Me-

teorologie und Geodynamik (Austria).

1. Introduction

Measurements of sunshine duration (SSD) and global radiation (GR) from different regions of
the world show a decrease from about 1950 to 1980, followed by an increasing trend
(OHMURA, 2006). Several studies investigated this ‘global dimming’ (OHMURA and LANG,
1989; STANHILL and COHEN, 2001; LIEPERT, 2002) and subsequent ‘brightening’ (WILD
et al., 2005). It cannot be explained by variations in extraterrestrial solar irradiance (FOUKAL
et al., 2006).

Global dimming and brightening have subsequently been linked to changes in atmospheric ra-
diative transmittance due to increases and subsequent decreases in anthropogenic aerosol con-
centrations (NoRRrIS and WILD, 2007). This was confirmed by RUCKSTUHL et al. (2008) with
aerosol optical depth (AOD) measurements from many radiation sites in Northern Germany
and Switzerland. The measurements confirmed solar brightening and showed that the direct
aerosol effect had an approximately five times larger impact on climate forcing than the indi-

rect aerosol and other cloud effects.

Already 30 years ago, sulfates were identified as the main aerosol influence on the radiation
budget (e.g. CHARLSON 1992; KIEHL AND BRIEGLEB 1993). In Austria, emissions of sulfur di-
oxide have been reduced by 85% from 1990 to 2019 (Federal Environmental Agency of Aus-
tria, 2021). In Switzerland, sulfate in the atmosphere has decreased by 80% from 1988 to
2019 (FOEN, 2020); such strong declines are likely typical for most of Europe. Globally,
there are major differences in sulfate development. Europe had the largest reductions in sulfur
emissions in the first part of the period while the highest reduction in North America and East
Asia came later. The uncertainties in both the emissions and the representativity of the obser-

vations are larger in Asia. However, emissions from East Asia clearly increased from 2000 to
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2005 followed by a decrease, while in India a steady increase over the whole period has been
observed and modelled (AAs et al., 2019).

The variations of global radiation over the last 70 years might have impacted the hydrological
cycle, through a modulation of the energy available for evapotranspiration. Bog (2016) found
large inconsistencies in climate models in this regard, mainly related to two properties of the

models: the magnitude of the impact of anthropogenic aerosols on solar radiation and whether

evapotranspiration is predominantly water or energy limited.

WILD et al. (2021) investigated global dimming and brightening using daily data on

global radiation at Potsdam, Germany, over the 71-year period 1947-2017. Strong dimming
and brightening tendencies in atmospheric transmission could also be found under clear-sky
conditions, which means independent of cloudiness, causing variations in surface solar radia-
tion of about 10 W/m2. Variations in atmospheric opacity also in cloud-free atmospheres were
therefore identified by the authors as the main contributors to dimming and brightening in
Central Europe. They indicated that aerosol pollutants are the likely major drivers for this ef-

fect.

SCHERRER and BEGERT (2019) could explain the evolution of mean annual minimum temper-
ature (TMIN) by global forcing and the modifying effects of the large-scale atmospheric flow
alone. However they found that local sunshine duration (SSD) information is crucial to ex-
plain major features of the mean annual maximum temperature (TMAX) series and the differ-
ences between TMIN and TMAX since about 1950. SSD showed no clear trend until 1950, a
decline from the period 1950-1980 and an increase since 1980 resembling the global dimming
and brightening signal. TMAX was strongly influenced by SSD and its evolution could be
well reconstructed with local TMIN and SSD.

KUHN and OLEFs (2020) considered global brightening in the context of elevation dependent
warming. The resulting effects do not seem so clear: on the one hand, global brightening is
expected to have more impact at low altitudes because the optical thickness of the aerosol has
decreased more there since the 1980s than at higher altitudes, but on the other hand, the
warming in the Alps is larger than in the surrounding lowlands. Other altitude-dependent pro-

cesses also seem to play an important role.



In summary, there is substantial evidence that increased air pollution since the 1950s and suc-
cessful air pollution abatement since the 1980s are primarily responsible for global dimming

and brightening.

In this study, a quantitative estimation of the influence of varying global radiation on surface
air temperature was carried out with the help of a multiple linear regression model based on
monthly values from the period 1950-2020, i.e. during the global dimming period and the
global brightening period. Sunshine duration, global radiation and temperature data from six

stations in Switzerland, Austria and Germany were analyzed.

2. Measurements

2.1 Measuring Stations

Monthly data on global radiation, temperature and sunshine duration from three national me-
teorological services (MeteoSchweiz for Switzerland, ZAMG for Austria and DWD for Ger-
many) from 1950 to 2020 were used in this study. In total, results from four stations from
Switzerland, one station from Austria and one from Germany were analyzed. Global radiation
measurement series at these stations are amongst the longest in existence. Table 1 shows the
coordinates and measurement durations of the stations, and their geographical location is indi-

cated in Figure 1.

2.2 Viewing meteorological long time data series

For a long time series of meteorological date, traceability is a special challenge. The national
meteorological services make earnest efforts to homogenize these data. Within the framework
of this study, no further adaptations of the data delivered from the national meteorological ser-

vices were made with one small exception (cf. below).

The monthly data of the four Swiss stations (Basel, Bern, Genéve, Zirich) with regard to

global radiation, temperature and sunshine duration were homogenized by MeteoSchweiz



(BEGERT ET AL 2003; MOESCH AND ZELENKA 2004; DURR ET AL. 2016; SCHERER AND BEGERT
2019).

The monthly data of the German station (Potsdam) with regard to global radiation, tempera-
ture and sunshine duration were homogenized by DWD. In particular, the global radiation
measurements have been subjected to careful homogenization (as reported by WILD et al,

2021) and regular calibrations have taken place since 1947.

For the Austrian station (Wien), the database of HISTALP (Historical Instrumental Climato-
logical Surface Time Series of The Greater Alpine Region, a project from ZAMG) for homog-
enized monthly values of temperature and sunshine was analyzed (AUER et al, 2007; BOHM
et al, 2009). Monthly data from global radiation were taken from ZAMG. Since systematic
homogenization of the global radiation measurement series from ZAMG could not be con-
ducted so far, only data from the station at Wien (Hohe Warte) were used. “Regular calibra-
tion of the radiation measuring instrument reduces the uncertainty due to changing instrument
sensitivity to a minimum and ensures the traceability of the measurements to the WRR
(World Radiometric Reference) in Davos” (TEUBNER, ZAMG, private communication 2021).
In April 1991, a new device was installed at the station in Vienna (an electric Starpyranograph
was replaced by a Starpyranometer Schenk 8101); an obvious shift due to this equipment re-
placement was corrected by raising the readings before April 1991 by 3%. This was the only

change in measurement data made in this study.



3. Global dimming and brightening: long-term observational
records of temperature, global radiation and sunshine dura-
tion

The typical long-term observational records of temperature, global radiation (GR) and sun-
shine duration (SSD) are illustrated with two examples: Basel and Potsdam (Figure 2). A glid-
ing average of five years is presented to bring the long-term trend into focus.

The parallel nature of variations in sunshine duration, global radiation and temperature is ob-
vious, whereby the temperature curve is underpinned by a continuous increase. From about
1950-1980 a decrease in sunshine duration (and global radiation, cf. Potsdam) and a stabiliza-
tion of temperature can be seen, followed from about 1980-2020 by an increase of SSD and
GR together with an increased temperature rise. Dimming and brightening of SSD are found
at all stations, and of GR at Potsdam; the measurement of global radiation does not go back as

far as sunshine duration and temperature (cf. table 1).

Viewed across all six stations the increase of measured GR from the period 1982-2020 was
14.4 + 4.8 W/m? (average + standard deviation), corresponding to about 11% of global radia-
tion at the beginning of the 1980s. The increase of SSD was 28.9 + 8.3 h/month correspond-
ing to about 21% of SSD at the beginning of the 1980s. During the dimming period 1950-
1981, the decrease of SSD was -19.6 £ 4.8 h/month corresponding to about -13% of SSD at
the beginning of the 1950s. For Potsdam, the increase of GR from 1982-2020 (+15%) was
about the double of the decrease 1950-1981 (-7%). For all measured SSD and GR, the effect
of global brightening exceeds that of global dimming distinctly. As pointed out by Ruck-
STUHL et al. (2008) and WILD et al. (2021), and as can be seen from measured data at Pots-

dam, this development of GR depends mainly on atmospheric opacity.

In the next section, the causes of the change in global radiation will be discussed in more de-

tail.



4. On the causes of the long-term variations of global radiation

The statements of this chapter are based on measurements at Potsdam. As mentioned and in-
vestigated by Wild et al. (2021), Potsdam is one of the longest and best maintained opera-
tional radiation monitoring stations, and its global radiation record can be considered repre-

sentative for a substantial area in central Europe.

The fact that the increase in global radiation during the brightening phase 1980-2020 out-
weighs the decrease during the dimming phase 1950-1980 could be due to a trend of decreas-
ing cloud cover during the brightening phase. However, an examination of the development of
the cloud cover at Potsdam shows an approximately constant distribution in the long term
(Figure 3). From 1982-2020 there is a non-significant decrease of -0.1 octas in the summer
half-year and a non-significant increase of +0.5 octas in the winter half-year. This cannot have
had a relevant influence on the variation of global radiation, although global radiation in indi-
vidual half-years was of course modulated by the variability of cloud cover. Potsdam also
shows significantly decreasing cloud cover from 1984-1994 and from 1996-2007, as shown
for all of Europe by TANG et al. (2012). However, for an overall view of the last four decades,

the overall trend must be considered.

The influence of aerosols seems to be the only remaining explanation of the long-term
changes of global radiation (see section 1). Their radiative influence depends on their concen-
tration, size distribution and chemical composition. A higher radiation influence means more
scattering, more absorption of sunlight and therefore less direct solar radiation and more dif-
fuse radiation. The path of direct solar radiation directly maps the path of aerosol optical
depth (AOD). Both types of radiation are available for Potsdam as daily averages over the
study period 1950-2020; averages for the summer and winter half-years were formed from the
daily averages. The relative temporal variation of summers and summer half-years or winters
and winter half-years were very similar. The results for direct solar radiation are shown in
Figure 4 and Figure 5. They were classified according to the mean daily cloudiness: clear-sky
(cloudiness < 2 octas), slightly cloudy (cloudiness 2-4 octas), very cloudy (cloudiness 4-6 oc-
tas), overcast (cloudiness >6 octas). For clear-sky conditions until 2017, results are in line
with WiLD et al. (2021).



The dimming and brightening phases are clearly formed in all four cloudiness classes. Direct
solar radiation responds to changing aerosol optical parameters, even if intermittently. From
1982-2020, DSR increased by about one-third in both the summer and winter months. This
increase is at least twice as large as the decrease during the dimming phase, except in the case
of overcast sky, when DSR is very low and various interfering influences have a greater
weight. The diffuse solar radiation has behaved in the opposite way during the two phases
(i.e., less scattering led to less diffuse solar radiation during the brightening phase). However,
because the decrease in diffuse radiation was less than the increase in DSR (and vice versa in
the dimming phase), the result was an increase in GR overall from 1982-2020 as shown in
Section 3.

The increase in DSR from 1982-2020 is consistent with other studies of aerosol radiation pa-

rameters:

MORTIER et al. (2020) explored regional time series for a set of nine optical, chemical compo-
sition and mass aerosol properties by using the observations at a set of ground-based stations.
Significant decreases in aerosol optical depth (AOD) in Europe, North America, South Amer-
ica, North Africa and Asia were found. Modeling the aerosol trends at a global scale (includ-

ing poorly measured regions and especially the oceans) led to a slight increase in global AOD
of about +0.2 %/y between 2000 and 2014, primarily caused by an increase in the loads of or-

ganic aerosols, sulfate and black carbon.

A long-term trend analysis of aerosol optical properties was performed by CoLLAUD COEN et
al. (2020) for 52 stations situated across five continents. The time series covered at least 10
years and up to 40 years for some stations. There is evidence that scattering and backscatter-
ing coefficient trends over the last 2 decades are mostly decreasing in Europe and North
America and are not statistically significant in Asia, while polar stations exhibit a mix of in-

creasing and decreasing trends.

The studies mentioned go back as far as 1980. In Potsdam, the DSR has increased in the last 4
decades by at least twice as much as it previously decreased in the dimming phase 1950-1982.
This means that the reduction in optically relevant aerosol pollution 1982-2020 would also

have to be significantly larger than the increase from 1950-1982. According to "Environment

Switzerland 2022", Report of the Federal Council (2023), the decrease in SO, emissions from
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1980-2020 was actually 1.5 times the increase from 1950-1980. This relation should be repre-
sentative throughout Central Europe, because the basic economic development was similar.
Since the mid-19th century, coal was the most important energy source in Europe; already in
1900, SO, emissions were 7 times larger than in 2020 and 2/3 as large as in 1950 ("Environ-
ment Switzerland 2022"). Since sulfate reduction is the most important component of AOD
reduction in Europe (e.g. CoLLAUD COEN et al. (2020)), the larger increase in DSR from
1982-2020 beyond offsetting the 1950-1982 decrease is plausible in principle. Since emis-
sions of NOx, NMVOC and NHs were essentially higher in 2020 than in 1950, and although
aerosol mass (PM10) was still about half as high, the development of these key aerosol com-
ponents does not seem to be sufficient for a doubling of the DSR increase 1982-2020 com-
pared to the decrease in the dimming phase. Further studies are needed to understand the aero-

sol optical parameters back to the 1950s.

The aerosol reductions since 1982 resulting from the air pollution control measures have led
to an increase in GR (in sum of DSR and diffuse radiation) of 10-19 W/m? on annual average
(see section 3). It occurs when the sun is shining and thus shows a strong dependence on the
time of day, season and weather conditions. It must be expected that it has a particularly
strong influence in already radiation-rich situations, e.g. summer heat, urban heat islands, soil

drying or convective processes.

Based on these results, the influence of the development of GR on surface air temperature in

the period from 1950-2020 was quantitatively estimated.

5. Influence of variation of global radiation on surface air tem-

perature

5.1 Estimation of global radiation based on sunshine duration

At the Swiss stations, measurements of global radiation (GR) extend only to 1981. Due to the
close relationship between GR and sunshine duration (SSD), GR could be estimated with SSD
for the periods without measurement. This relationship strongly depends on the average solar

elevation angle and thus depends on the season.
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Figure 6 illustrates how much GR changes with one hour more of SSD (monthly sum), aver-
aged across all six stations (GR as monthly average. The maximum is in June, the minimum
in December; the standard deviation is quite small, indicating a small influence of local condi-
tions on the relation between GR and SSD. Therefore, there is, of course, no linear relation
between GR and SSD over the whole year; but for the single months, a linear relation is evi-
denced by high coefficients of determination r2 of the linear correlation between SSD
(monthly sums) and GR (monthly means) per month for the period 1981-2020 (Wien 1991-

2020) and all the six stations (cf. Figure 7) of around 0.9 (except for the winter months).

With the Potsdam station it can be demonstrated that the relationship between GR and SSD
from 1981-2020 can be extrapolated to 1950-1980 based on calendar months. For each calen-
dar month a linear regression between GR and SSD was formed for the period 1982-2020,
and thus the GR values from 1950-1981 were estimated (GRcaic); for the estimation period
there are also measurements at Potsdam. Good agreements were found between GRcaic and
GRmeasured for 1950-1981 with r2 values in the range of the correlation between GR and SSD
from 1982-2020. Figure 8 depicts two examples from spring (April) and summer (July), re-
spectively. The mean value of GRcac from 1950-1981 is 2-3% higher than GRmeasured IN both

examples, and r2 between GRcac and GRmeasured 1S 0.93 in both cases.

Using this approach, GR for 1950-1981 was estimated from the SSD for the four Swiss sta-
tions and used together with the German and Austrian station for further analysis as described

in section 4.2.

5.2 Methodological approach

The surface air temperature is the result of many complex processes such as increasing GHG-
concentrations, changing circulations in oceans and air and others, most of them not linear
with time. Looking at the measured surface air temperature in the last century, we neverthe-
less get the impression of an essentially linear temporal development, modulated by global
dimming and brightening. Figure 9 gives the example of Basel. Therefore, the methodological
approach of choice to evaluate the influence of global radiation on temperature seemed to be a

multiple linear regression model based on monthly values from the period 1950-2020 with
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temperature as the dependent variable and GR and time as independent variables. The com-
plexity of the dependence of the surface air temperature on various influencing variables is
not an obstacle to using a multiple linear regression model. The statistical sciences were de-
veloped for complex relationships that cannot be simply expressed with formulas. Here it is
important to ensure the applicability of the model by a set of statistical standard tests. The

tests for the approach in this study are described as follows:
T1: determined regression coefficient for GR is significant (error probability pcr<0.05).

T2: Shapiro-Wilk Test for normal distribution of the residuals, i.e. the linear relation of tem-
perature with GR as well as with time is adequate. Based on convention the test value must be
>0.05.

T3: Durbin-Watson test for autocorrelation (correlation inside the dependent variables). This
can be a problem especially for the correlation of time series. Since the regression is run sepa-
rately for each month of the year, the problem of seasonality is eliminated. The accepted
range of the Durbin-Watson test value was between 1.4 and 2.6 (for n=71 values per regres-

sion (years) and an alpha level a=0.01).

T4: Statistical power (likelihood that a model detects an existing effect), depending on r2 of
the regression. Based on convention the statistical power must be >0.80, the maximum value
is 1.

T5: Variance Inflation Factor (VIF) to measure multicollinearity of the independent variables,
or of the linear combination of the independent variables in the regression. In the present
model, time and GR are the independent variables. Time is per se independent if relativistic
effects are irrelevant. But GR could be dependent on time (structural multicollinearity) or the
effect of GR on temperature could be dependent on time (sample-based multicollinearity).
The VIF is calculated regarding both types of multicollinearity. A value of 1 means no multi-
collinearity; VIF values above 4 suggest possible multicollinearity; values above 10 indicate

serious multicollinearity.

The model was run for each calendar month of the year and each station. A regression result

was only used to determine the influence of global radiation on surface air temperature if all
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five tests were fulfilled, i.e. if at least one test failed, the contribution of that month to the
temperature influence of GR was set to zero.

For GR, the regression period 1950-2020 includes the phase of global brightening and global
dimming. The coefficient expressing the influence of GR on temperature is derived for the

whole period.

5.3 Results

In total 72 multiple linear regressions were performed: 12 months each at six stations. For the
summer half year (April to September), 3 of 36 regressions did not fulfil all the five tests (s.
section 4.2), for October and March 3 of 12 regressions failed, and in winter (November to
February), 21 of 24 regressions did not fulfil all the tests (cf. Table 2). More irradiation during
the day often means more outgoing longwave radiation in the entire day. In wintertime, this
may lead to lower temperatures depending on the exposure of the measurement site to
ground-level atmospheric inversions. The temperature effect in winter can vary much more

than in the summer half-year.

The three rejected regressions in the summer half-year were due to failed Shapiro-Wilk tests
(linearity); the rejected regressions in the winter half-year (October to March) all had error
probabilities (p) of the GR coefficient above the threshold of significance, partly with failed
tests concerning Shapiro-Wilk and statistical power. The tests of Durbin-Watson (autocorrela-
tion) and VIF (variance inflation factor; multicollinearity between the independent variables)

were all satisfied.

For the successful regressions, the statistical power (conventionally should be >0.80, the max-
imum value is 1), the test values were between 0.90 and 1.00 with an average of 0.99; the test
values for VIF (A value of 1 means no multicollinearity; VIF values above 4 suggest possible,
above 10 indicate serious multicollinearity) were between 1.00 and 1.18 with an average of

1.04. The error probabilities (p < 0.05) of the successful regressions had a maximum of 9*107°

in the summer half-year and of 0.029 in the winter half-year.
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Thus, most regressions fulfilled the tests and led to significant results. The results of months
with at least one unfulfilled test were not included in the calculation of the effects of global

radiation on temperature.

The regression coefficients for each month were summarized across all six stations to mean
values with standard deviation. The GR coefficient concerns the change of temperature
(monthly mean) per unit (W/m?2) of global radiation (monthly mean) (Figure 10). In the sum-
mer half-year this coefficient is +0.04 to +0.06 °C/(W/m?) with a quite small standard devia-
tion. The change of temperature with global radiation in the monthly mean hardly seems to
depend on location. In March and October the scatter is already larger and in winter too few

significant results were available.

The other coefficient in the regression concerns the continuous increase of temperature with
time from 1950-2020. The time dependence of the monthly mean temperature varies on aver-
age across all six stations between +0.016 and +0.036 °C/year (Figure 11). This corresponds
to an increase of +1.7 °C in Central Europe in the summer half-year from 1950 to 2020 re-
gardless of the effect of fluctuating global radiation. No corresponding statement can be made
for the winter half-year, and thus also not for the entire year. Here, the standard deviation per
month across all six stations is larger, because local and regional effects play a larger role.

September is the month with the lowest temperature increase, August and October have the
highest. Similar strong differentiations between the months were also found in a study on cli-

mate change in southeastern Switzerland (THUDIUM and CHELALA, 2020).

From the determined dependence of temperature on global radiation, the temperature effect of
global dimming and brightening could be calculated for each station. This effect was derived
for each calendar month with reference to the average of global radiation from 1950-2020,
and the trend of this effect in the dimming and in the brightening phase was determined, and

further summarized for the summer half year and the entire year, respectively.

For the three stations with one failed month in the regressions for the summer half-year, the
averages for the summer half-year were formed by the other five months. For the winter half-

year, too many months failed for that procedure, so these months contributed with zero to the

14



calculated temperature effects of global radiation, thus the calculations for the entire year

show the minimum effects.

The temperature changes due to fluctuating global radiation are shown in Figure 12 (left side)
for the summer half-year and the entire year for all six stations: cooling during the global dim-
ming phase, warming during the global brightening phase and the sum of both phases, i.e. the
temperature increase from 1950-2020 due to the overall increase in global radiation over the
whole period.

On average across all six stations, in the summer half-year global dimming led to a relative
cooling of -0.6 °C and global brightening to a warming of +1.1 °C. Over the entire period
1950-2020, the overall increase in global radiation resulted in a warming of +0.5 °C, in conse-
quence of the overall increase of global radiation in that period (cf. Chapter 3). For the entire
year, the corresponding values are -0.3 °C during global dimming period, +0.6 °C during
global brightening period and over the entire period 1950-2020 +0.3 °C due to the influence

of global radiation on temperature.

These findings are to be compared directly with the measurements of temperature (cf. Figure
12, right side, for the entire period 1950-2020). For the summer half-year, the mean influ-
ence of the variable time on temperature, representing the long-term continuous temperature
increase, can also be derived across all six stations. Thus, the total temperature development
calculated from the results of linear regressions can be directly compared to the temperature
measurements for the summer half-year. Based on the average of the six stations, the meas-
urements give a temperature development for the dimming period of just 0.0 °C (regression
model +0.1 °C), for the brightening period +2.1 °C (regression model +2.0 °C), and over the
whole period 1950-2020 +2.13 °C (regression model +2.16 °C). The scattering at the single
stations is larger. Overall, the model results are reasonable in view of the comparison with the
measurements. In combination with the section above, the fraction attributable to global radia-
tion change within the total temperature increase for the summer half-year is about a quarter
(+0.5 °C) in the entire period 1950-2020, and about half (+1.1 °C) for the brightening period.

For the entire year, based on the average of the six stations, the measurements give a tem-
perature development for the dimming period nearly +0.3 °C, for the brightening period

nearly +1.9 °C, over the whole period 1950-2020 +2.13 °C. The influence of the variable time
15



on temperature cannot be derived for the entire year, only for October to March, because there
are too few successful regressions for November to February. The results of the influence of
global radiation on temperature are mainly based on these 8 months outside the winter, and
therefore show minimum effects, The fraction attributable to global radiation change within
the total temperature increase for the entire year is about 14% (+0.3 °C) for the entire period
1950-2020, and about one third (+0.6 °C) for the brightening period.

6. Conclusions

The overall temperature increase from 1950-2020 is dominated by a temporally continuous
temperature increase (global warming). However, a fraction of this increase (+0.3 °C for the
entire year resp. +0.5 °C for the summer half-year) is attributed to the increase of global radia-

tion in the brightening period, exceeding the decrease in the dimming period.

Regarding the brightening period in the last four decades (ca. 1980-2020), the fraction of the
increase of global radiation within the total temperature increase is substantial, amounting to
about one third for the entire year (about +0.6 °C), and even half for the summer half-year
(about +1.1 °C).

Fluctuating global radiation has turned out to stem mainly from varying aerosol loads and to
have a clear impact on the evolution of surface air temperature over the past seven decades in
Central Europe. Just as increasing air pollution was mainly responsible for the period of
global dimming, the period of brightening was in large part a consequence of successful air
pollution abatement, especially with regard to sulfates. Similar investigations on global radia-
tion for other regions in the world could be helpful.
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Figures and tables

Table 1: Names and coordinates of the measuring stations used in this study. SSD: Sunshine

duration; GR: Global radiation.

Name of station Abbr. Longitude Latitude  Altitude Data availability for this study since
[deg] [deq] [ma.s.l] SSD Temp. GR
Basel / Binningen BAS 7.583 47.533 316 1950 1950 1981
Bern / Zollikofen BER 7.467 46.983 553 1950 1950 1981
Genéve / Cointrin GVE 6.128 46.248 411 1950 1950 1981
Zurich / Fluntern ZRH 8.567 47.383 556 1950 1950 1981
Potsdam POT  13.060 52.380 81 1950 1950 1950
Wien Hohe Warte WIE  16.356 48.249 198 1950 1950 1951
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Figure 1: Map with the analyzed measuring stations in Austria, Germany and Switzerland.
For more information on the stations see Table 1.
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Figure 2: Temperature (top), global radiation (GR; middle) and sunshine duration (SSD; bot-

tom) at Basel (left) and Potsdam (right), gliding 5-years-averages, 1950-2020. For all stations,

the range of values includes 5 °C for the temperature, 30 W/m2 for global radiation and 60 h

for the SSD, respectively.
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Figure 3: Mean Cloudiness at Potsdam for the summer- (left) resp. winter half years (right),

annual values (thin lines) and gliding 5-years-averages (thick lines), 1950-2020.
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Figure 4: Direct solar radiation /DSR) at Potsdam, 1950-2020, summer half years, for cloud-

iness < 2 octas (top left), cloudiness 2-4 octas (top right), cloudiness 4-6 octas (bottom left)

and cloudiness >6 octas (bottom right).
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Figure 5: Direct solar radiation (DSR) at Potsdam, 1950-2020, winter half years, for cloudi-

ness < 2 octas (top left), cloudiness 2-4 octas (top right), cloudiness 4-6 octas (bottom left)

and cloudiness >6 octas (bottom right).
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Figure 6: Change of monthly mean global radiation (GR) per hour of monthly sum of sun-
shine duration (SSD), calculated from linear regression between GR and SSD for each month
and each station from 1981-2020 (Wien 1991-2020). Average is across all stations used in this

study. The black bars show the standard deviation.

28



0.8 - 'é«
3 06 -
»
0
SO 04
0.2 -

O T T T T T T T T T T
COs S >CcCS5 090 > 9
sP22835z280288

Basel —Bern
Genéve = Zliirich
Potsdam —\Nien

Figure 7: Coefficient of determination r2 of the correlation between sunshine duration (SSD;

monthly sums) and global radiation (GR; monthly means) per month, for the six stations),

1981-2020 (Wien 1991-2020).

Table 2: Success of all five statistical tests or failure of at least one test (X) per station and

month.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

BAS X X v
BER X X
GVE X X
ZRH X X v
POT v v X
WIE X X v
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Figure 8: Variation of measured (GRmeasured) and calculated (GRcaic) global radiation at Pots-
dam for April (left) and July (right) 1950-2020. GRcac Was determined from a linear regres-
sion with GRmeasured and SSD from 1982-2020 (time range highlighted in blue).
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Figure 9: Variation of measured temperature at Basel, gliding 5-years-averages, 1900-2020,

with trendline.
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Figure 10: Change of monthly mean temperature per unit (W/m2) of monthly mean global ra-
diation (GR). Result of linear regression of monthly mean temperature (dependent variable)
with time and monthly mean global radiation (independent variables), 1950-2020, per month.
Mean values over all six stations with standard deviation (black bars) for each month. Illustra-
tive example: In July, an increase of the mean global radiation by 1 W/m?2 results in an in-

crease of the monthly mean temperature by 0.05 °C.
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Figure 11: Change of monthly mean temperature per year. Result of linear regression of
monthly mean temperature (dependent variable) with time and monthly mean global radiation
(independent variables), 1950-2020, per month. Mean values across all six stations with
standard deviation (black bars) for each month. Illustrative example: In July, there is a linear

increase of the monthly mean temperature by 0.028 °C per year.
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Figure 12: Left side: Change of mean temperature of summer half-year (April-September;
top) and year (bottom) per period from1950-1981, 1982-2020 and 1950-2020 respectively.
Result of linear regression of monthly mean temperature with time and monthly mean global
radiation, 1950-2020. Values for all six stations. Illustrative Example: At ZRH (Zurich) for
the summer half-year there was a temperature decrease from 1950-1981 due to decrease of
global radiation (dimming) of -0.65 °C. From 1982-2020 there was a temperature increase
due to an increase in global radiation (brightening) of +1.0 °C. For the whole period from
1950-2020 the temperature increased by +0.35 °C due to the total resulting increase of global

radiation.

Right side: Change of mean temperature of summer half-year (April-September; top) and

year (bottom) or the period 1950-2020. ATcr respectively AT:: Results of linear regression of
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monthly mean temperature with time and monthly mean global radiation; influence of global

radiation (ATgr) respectively of time (AT:). No influence of time can be derived for the entire

year. ATmeasured: Change of mean temperature of summer half-year (April-September; top) and

year (bottom) over the period 1950-2020, directly derived from measurements.
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