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Abstract

The aim of this study is to quantify the impact of increased surface solar radiation on climate warming
in Central Europe from 1915-2024 and to re-examine the relationship between CO: concentrations
and global CO: emissions. A statistical model with proxies for short-wave and long-wave radiation
(sunshine duration SSD and CO2 concentration) as independent variables and surface air temperature
as the dependent variable was tested for validity and significance, and the results were presented for
six long-term measuring stations in Central Europe. A lifetime concept was evaluated for CO:
concentration and contrasted with the concept of accumulated CO2 emissions. The statistical model
fulfilled all tests (error probability, normal distribution of the residuals, autocorrelation, statistical
power, multicollinearity) and showed that the increase in SSD in the entire year accounts for around
20% of the warming over the last 100 years, in the summer half-year (April-September) and summer
(June-August) it is around 30%. The increase in CO:z concentration accounts for the remainder portion
of warming of 70-80%. Studies and models neglecting the influence of the increase in surface solar
radiation are overestimating the influence of GHG on warming. The development of CO:
concentrations from industrialization until today can be mapped very well with a lifetime of 58 years.
Therefore, reducing annual CO:z emissions by around half would stabilize CO: concentrations.

Keywords: climate change; surface air temperature; global radiation; sunshine duration; CO:
emissions; CO: air concentration

1. Introduction

There are many studies on the long-term variations of surface solar radiation (SSR) referred to
as global dimming and brightening. Basically, this variability is derived from different radiative
transmittances of the atmosphere; the latter is significantly influenced by direct and indirect (cloud-
related) radiative aerosol effects.

CHERIAN et al. (2014) have used observations and climate model simulations from the Fifth
Coupled Model Intercomparison Project (CMIP5) archive to infer clues about the global climate
forcing by anthropogenic aerosols. It turned out that solar brightening had strongly contributed to
European warming since the mid-1980s.

RUCKSTUHL et al. (2008) showed solar brightening under clear sky conditions with aerosol
optical depth (AOD) measurements at some radiation sites in Germany and Switzerland. The
measurements confirmed solar brightening between 1986 and 2005 indicating that the direct aerosol
effect had an approximately five times larger impact on climate forcing than the in-direct aerosol and
other cloud effects.
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JIAO et al. (2024) set up a reasonable partial convolutional neural network model based on the
global reanalysis data set (20CRv3) to distinguish the effects of cloud cover and aerosols on the
decadal variations of surface solar radiation (SSR) from 1961-2018 in the Northern Hemisphere. It
turned out, that variations of NHs, SOz and NOx are important drivers for the inter-decadal SSR
variations. There are considerable discrepancies between similar studies on that topic.

Already nearly 30 years ago, SCHWARTZ (1996) stated that the magnitude of the resulting
decrease in absorption of surface solar radiation due to aerosols is estimated to be comparable on
global average to the enhancement in infrared forcing at the tropopause due to increases in
concentrations of CO2 and other greenhouse gases over the same time period.

Increasing SSR due to decreasing aerosol loads are not restricted to Central Europe. MATEOS et
al. (2013) e.g., detected a statistically significant linear trend of the mean annual cloud and aerosol
radiative effect series over Spain from 1985-2010 of +3.1 W/m? per decade.

TEN BRINK et al. (2012) addressed the magnitude of the regional first aerosol indirect forcing
effect (AIE) with two different approaches: Modelling based on a generic parameterization of the
interaction of aerosols and clouds (Chemical Transport Model LOTOS-EUROS and regional climate
model RACMO?2) and experimentally testing of the cloud forming proper-ties of the regional aerosol
in a cloud chamber. The regional manmade aerosol component ammonium nitrate appears to be of
equal importance to the magnitude of the AIE as the component sulphate which is normally
considered concerning AIE.

The role of nanoparticles in indirect radiative cloud effects has been addressed in various
studies. FAN et al. (2018) used observational evidence and numerical simulations to determine an
enhancement of the convection and precipitation intensity of tropical clouds by nanoparticles with
diameters < 50 nm. KARLSSON et al. (2021) investigated the role of nanoparticles in arctic cloud
formation. For large parts of the year, and especially during the dark period, large relative
contributions of Aitken mode particles to the cloud residuals were observed. The presented results
are thought to be able to improve the representation of low-level clouds in Earth system models.

The studies presented here represent only a small selection of the many investigations into
surface solar radiation and the direct and indirect radiation effects of the aerosol. There are still many
gaps in knowledge and uncertainties in this field. In this context, a quantitative estimation of the
influence of varying global radiation on surface air temperature was con-ducted by THUDIUM AND
CHELALA (2024) with the help of a multiple linear regression model. It was based on measured
monthly values of sunshine duration, global radiation and temperature data from six stations in
Switzerland, Austria and Germany from the 1950-2020 period. The increase of global radiation was
found to be responsible of half of the warming since the 1980s in the summer half-year (April-
September), and of a quarter for the period 1950-2020. For the entire year, the proportion of global
radiation on warming was smaller, but still considerable.

This study investigates the influence of surface solar radiation and CO: air concentration on
surface air temperature from 1915 to 2024. Since radiation measurements do not go back that far, the
sunshine duration (SSD) was tested as proxy and used over the entire period. By going back to 1915,
the brightening phase in the late 1940s is fully captured. By disentangling the temperature influence
of SSR and COy, it is also important to take a new look at the relationship between CO: concentration
and emissions.

Chapter 2 describes the measurement data used. Chapters 3 and 4 discuss the variables SSD and
CO, respectively. Chapter 5 presents the methodology and the results of the multiple linear
regression model. Chapter 6 deals with the relationship between CO: concentration and emissions.

2. Measurements

2.1. Measuring Stations

Monthly data on sunshine duration and temperature from three national meteorological ser-
vices (MeteoSchweiz for Switzerland, GeoSphere for Austria and DWD for Germany) from 1895 to
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2024 were used in this study. In total, results from four stations from Switzerland, one station from
Austria and one from Germany were analyzed. In addition, measurements of global radiation in
Potsdam (Germany) since 1947 were used. Selection criteria for the six stations were a good
homogenization of data and a position in a relatively flat terrain, so that the sunshine and radiation
measurements were not disturbed by slopes. Table 1 shows the coordinates of the stations, and their
geographical location is indicated in Figure 1.

Table 1. Names and coordinates of the measuring stations used in this study. Data was used for this study from

1915 until 2024.
Name of station Abbr. Longitude Latitude Altitude
[deg] [deg] [m a.s.l.]

Basel / Binningen BAS 7.583 47533 316
Bern / Zollikofen BER 7.467 46.983 553
Geneve / Cointrin GVE 6.128 46.248 411
Zirich / Fluntern ZRH 8.567 47383 556
Potsdam POT 13.060 52.380 81
Wien Hohe Warte WIE 16.356 48.249 198
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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.

As a representative CO2 air concentration, monthly mean carbon dioxide measurements at
Mauna Loa Observatory, Hawaii, were used (provided by NOAA Global Monitoring Laboratory,
Boulder, Colorado, USA: Dr. Xin Lan, NOAA/GML (gml.noaa.gov/ccgg/trends/) and Dr. Ralph
Keeling, Scripps Institution of Oceanography (scrippsCOz.ucsd.edu/)). The carbon dioxide data on
Mauna Loa constitute the longest record of direct measurements of COz in the atmosphere. They were
started by C. David Keeling of the Scripps Institution of Oceanography in March of 1958 at a facility
of the National Oceanic and Atmospheric Administration (Keeling, 1976).
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2.2. Dataset

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

The monthly data of the four Swiss stations (Basel, Bern, Geneve, Ziirich) for temperature and
sunshine duration were homogenized by MeteoSchweiz (Begert et al. 2003; Moesch and Zelenka
2004; Diirr et al. 2016; Scherer and Begert 2019). The sunshine duration and temperature data from
these four stations were averaged and named as “Swiss Plateau”.

The monthly data of the German station (Potsdam) for global radiation, temperature 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 monthly database of GeoSphere for temperature and
sunshine duration was analyzed.

3. Long-Term Development of Sunshine Duration and Global Radiation in
Central Europe 1915-2024

Long-term records of sunshine duration (SSD) for Potsdam, Wien and the Swiss Plateau from
1915 - 2024 are showed in Figure 2. Although the differences between the three regions are sometimes
considerable, the general trend is well represented by all regions, being representative of most regions
in Central Europe not situated at higher elevations. Accordingly, the SSD course between 1915 and
around 1970 shows two phases of increased values. The first smaller phase, not occurring in the Swiss
Plateau, took place from 1930-1936, the second larger one from 1942-1955. From 1970-1988 was a
phase of reduced levels of SSD during the period of highest air pollution in Europe. From about 1975
to around 1988, the SSD was lower than at any other time since the beginning of the 20th century,
after which a continuous increase set in until the end of the observation period 2024, reaching the
highest values of the last 110 years at all sites of measure. From '1920' (1915-1924) to '2020' (2015-
2024), SSD in Central Europe has increased by about 170 h (+14%) in the summer half-year (April-
September).
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Figure 2. Sunshine duration (SSD) in percent for summer half-year (April-September), 5y-averages, 1915-2022.
100% = average 1915-2022 for each station.
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The real driver of temperature effects due to solar radiation is not the duration of the sunshine,
but the short-wave solar radiation reaching the ground, i.e. the global radiation (GR). Thudium and
Chélala (2024) have already shown that there is a high correlation between global radiation and SSD
at the locations under consideration, specific for each location. As the GR measurements do not go
back that far, the SSD was used as a proxy. Figure 3 shows the interaction of SSD, GR and cloud cover
for the summer (June-August), the summer half-year and the entire year using Potsdam as an
example.

GR correlates very well with SSD, for all seasons. In summer, the high SSD peaks are more
pronounced than in GR up to around 1980. It is possible that intermittent cloud cover, which is
particularly frequent in summer, led to a certain overestimation of sunshine duration with earlier
measuring instruments, which could not be compensated for by homogenization (e.g. Sonntag and
Behrens 1992).

Opverall, the course of SSD shows an increasing phase from 1915-1950, a decreasing phase from
1950-1980 and after 1980 again an increasing phase to the highest values of the last 110 years. The
cloudiness modulates the SSD, sometimes significantly, e.g., the peak around 1950 was additionally
reinforced by a series of years with relatively few clouds. But the course of the SSD is by no means
determined by the cloud cover. Overall, the latter even shows a tendentially increasing trend.
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Figure 3. Sunshine duration (SSD) in total hours, global radiation (GR) and cloudiness measured at Potsdam (D)

for year, summer half-year (April-September) and summer (June-August), 5y-averages, 1895-2022.

The general increase in SSD (and thus GR) over the last 110 years is due to the overall increasing
transparency of the atmosphere, due to changes in the direct and indirect aerosol radiation effects
(e.g. Thudium and Chélala, 2024). The direct aerosol radiation effect refers to the scattering and
absorption of radiation by aerosol particles outside clouds. The indirect effect refers to the radiation
impact of aerosol particles on clouds. Concentration, initial size distribution and chemical
composition (e.g. different proportions of mineral dust or sea salt) of the aerosol particles are essential
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for the resulting spectrum of cloud droplets, influencing e.g. albedo and optical thickness of the
clouds.

The dimming phase from 1950 to 1980 and the brightening phase from 1980 to the present were
coincident with a sharp increase in air pollution in the PBL (planetary boundary layer) and
subsequent air pollution abatement strategies. Increasing air pollution and subsequent purification
certainly had an influence on global dimming and brightening; however, the course of SSD can hardly
be explained by the course of air pollution in the PBL alone:

The increasing SSD in the first half of the 20th century cannot be explained by decreasing air
pollution (see also Figure 2).

An active aerosol component in the short-wave solar spectral range is sulphate, which forms
from emitted SO2. Hoesly and Smith (2024) and Hoesly et al. (2018) have evaluated global SO:
emissions from the 18th century to the present. The formation of sulphate occurs quite slowly, during
many hours to days, so that the sulphate is spread over a wide range in the PBL and even in the whole
troposphere. According to this, SO2 emissions in Europe (as a proxy for sulphate) at the end of the
19th century were about the same as today, so the sulphate cannot explain the current brightening
compared to the years around 1900. JIAO et al. (2024) and TEN BRINK et al. (2012) found other
compounds than sulphate with similar influence on surface solar radiation and therefore SSD (s.
introduction). The development of dust and soot (from 1900 - 2010 similar to SO2) can also hardly
explain the course of SSD.

Further information is provided by the development of direct solar radiation (DSR) on the
ground for cloud-free and cloudy skies near Potsdam from 1947-2024 (Figure 4; see also Thudium
and Chélala 2024).
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Figure 4. Direct solar radiation DSR, measured at Potsdam, 5y-averages for summer half-year (April to
September), 1947-2024. Left axis: DSR for cloud-free situations (cloudiness <= 2 octas; blue line). Right axis: DSR

for cloudiness of 4-6 octas (orange line).

Global dimming from around 1950-1980 and global brightening thereafter are clearly
recognizable. Two aspects are important for this discussion:

1. Direct solar radiation (DSR) has been increasing continuously in the cloud-free situation since
1980, i.e., the opacity of the atmosphere in the short-wave spectral range in the absence of clouds has
been decreasing continuously until today; this does not correspond to the reduction path of SO2 in
the PBL (strong decrease from 1980-2000, small decrease from 2000-2020).

2. Direct solar radiation under cloudy skies shows the same relative trend as cloud-free sky until
around 1995. Thereafter, the relative increase is slight at first, and from around 2010 onwards
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significantly greater than under cloudless skies. The light transmission of clouds has therefore also
increased, which typically happens with fewer but larger droplets.

Although the relative DSR increase is greater under cloudy skies than under cloudless
conditions, the absolute DSR increase is nevertheless greatest under cloudless skies (approximately
+50 W/m? for the summer half-year on a 24-hour average from 1980-2022).

In summary, it can be stated that the reasons for the course of SSD over the last 110 years have
not been completely clarified yet.

4. Long-Term Development of CO: Air Concentration 1895-2024

The second independent variable in our regression model is the CO: air concentration. The CO2
values from Mauna Loa are only a little bit higher than the global average calculated by NOAA since
1979. "The NOAA GML Carbon Cycle Group computes global mean surface values using
measurements of weekly air samples from the Cooperative Global Air Sampling Network (Conway
et al.,, 1994; Dlugokencky et al., 1994; Novelli et al., 1992; Trolier et al., 1996). The global estimate is
based on measurements from a subset of network sites. Only sites where samples are predominantly
of well-mixed marine boundary layer (MBL) air representative of a large volume of the atmosphere
are considered. These “MBL" sites are typically at remote marine sea level locations with prevailing
onshore winds. Measurements from sites at altitude (e.g., Mauna Loa) and from sites close to
anthropogenic and natural sources and sinks are excluded from this global estimate." (Quoted from
https://gml.noaa.gov/ccgg/about/global_means.html. See there for more details.)

The data from Mauna Loa go back 20 years longer than the global means described above. For
the period 1895-1957, the CO: trend was estimated by extrapolating the polynomial ap-proximation
from 1958-2024 to 1895. Around 1895, CO:2 was at the pre-industrial level of 280 ppm. Figure 5 shows
the annual means of measurements from Mauna Loa 1958-2024, the global means from 1979-2024 and
the extrapolation for 1895-1957.
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Figure 5. Annual means of COz air concentration, 1895-2024. Measurements at Mauna Loa 1958-2024. Estimation
for 1895-1958. y: approximation (s. equation) by regression for the whole period 1895-2024, starting with 279 ppb
for 1895 (x = year-1895). Global mean (calculated by Carbon Cycle and Greenhouse Gases group), 1979-2023.
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Data (from the measurements at Mauna Loa and the global mean) provided by Carbon Cycle and Greenhouse
Gases group, 325 Broadway R/GML, Boulder, CO 80305 (https://gml.noaa.gov/ccgg/).

5. Methodological Approach

The surface air temperature is the result of many complex processes such as increasing GHG-
concentrations, changing circulations in oceans and air, changes in sunshine duration SSD and other
parameters, most of them not linear with time. All these processes are governed by the fact that the
Earth system gains or loses heat energy through radiation processes. Shortwave radiation incident
on the Earth's surface is global radiation, the change in which is measured directly or determined
using the SSD as proxy (see chapter 3). The change in long-wave radiation is largely determined by
the change in atmospheric concentrations of greenhouse gases, with COz as a proxy (see chapter 4).
Other greenhouse gases are also included in the proxy CO: insofar as their changes run proportional
to fossil CO2 changes, i.e. fossil methane and parts of N2O emissions. Not included are changes in
biogenic emissions of COz and methane, as they do not run parallel to fossil CO: (relevant for global
warming from 1920 to 2020 are only changes e.g. in wood combustion or livestock farming between
1920 and 2020).

Therefore, as methodological approach of choice we set up a multiple linear regression as
statistical model with temperature as the dependent variable and SSD and CO: as independent
variables. Each model application had to be tested of statistical significance, i.e. if the two
independent variables were enough to describe the course of the dependent variable (s. below). The
model was based on yearly and seasonal values from the period 1915-2024. The regression model
was started only in 1915 because the uncertainty of SSD increases the further the measurements lie
in the past. The homogenization of the series of measurements of relative sunshine duration at the
stations of Bern and Geneva from MeteoSwiss resulted in confidence intervals that were about twice
as wide before 1915 (Bosshard 1996). Other factors not covered by SSD and CO, as e.g. albedo or
further GHG's, may also influence temperature. These influences are included in the statistical error;
statistical tests (s. below) show whether the error is small enough for statistical statements.

Although our multi-linear regression approach with two independent variables omits non-
linear effects and other complexities of the climate system, we ensure its general applicability by a
set of five statistical standard tests. The tests for the approach in this study are described as follows
(s. Thudium and Chélala 2024 for more details):

T1: determined regression coefficients for SSD and CO: are significant (error probability p<0.05).

T2: Shapiro-Wilk Test for normal distribution of the residuals, i.e., the linear relation of
temperature with SSD as well as with COz 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. The accepted range of the Durbin-Watson
test value was between 1.5 and 2.5 (for n=110 values per regression (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, SSD
and CO: are the independent variables. SSD could be dependent on COz (structural multicollinearity)
or the effect of SSD on temperature could be dependent on CO: (sample-based multicollinearity). The
VIF is calculated regarding both types of multicollinearity. A value of 1 means no multicollinearity;
VIF values above 4 suggest possible multicollinearity; values above 10 indicate serious
multicollinearity.

The model was run for the laps of time of year, summer half-year (April to September) and
summer (June to August) mean values for the three sites Potsdam, Wien and Swiss Plateau, totally 9
regressions. A regression result was only used to determine the influence of SSD and CO: on surface
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air temperature if all five tests were fulfilled, i.e., if only one test was not fulfilled, no result could be
given.

The regression period 1915-2024 includes phases of global brightening and of global dimming.
The coefficients expressing the impact of SSD respective CO2 on temperature are valid for the whole
period.

6. Results

All nine regression models were successful, i.e. each fulfilled all five statistical tests. In summary,
the test results were as follows:

T1: Significance of regression coefficients for SSD and CO: (error probability p<0.05): It was
always p< 10?, in the average p=7*107 for SSD and p=4*10- for COs.

T2: Shapiro-Wilk Test for normal distribution of the residuals, test value must be >0.05: test value
was between 0.2 and 0.9 with an average of 0.5.

T3: Durbin-Watson test for autocorrelation (correlation inside the dependent variable). The test
value should be between 1.5 and 2.5, it was from 1.62 to 1.82 with an average of 1.70.

T4: Statistical power (likelihood that a model detects an existing effect), must be >0.80, the
maximum value is 1. In all regressions the statistical power was 1.

T5: Variance Inflation Factor (VIF) to measure multicollinearity of the independent variables. Factor
should be near to 1, in any case <4. It was 1.01 to 1.31 with an average of 1.09. The result of this test has a
special meaning for this regression model: It means that the amount of SSD over the entire epoch has not
been influenced by COz, and that the temperature effect of SSD is independent of the development of CO..
SSD and CO: are therefore independent drivers of global warming in Central Europe.

Thus, all regressions fulfilled the tests and led to significant results. Figure 6 shows the results
of the regression model: the measured and estimated mean temperatures for the entire year, the
summer half-year and the summer for the three sites. The measured temperature curves are well
represented by the estimate at all locations, in particular the global dimming and brightening phases
are mapped quite precisely: The temperature course from 1915-2024 can be expressed by CO2 and
SSD, whereby all influences not represented by CO:z or SSD account for a temperature effect of +0.3
°C based on 5-year averages (standard error, see Table 2). The temporary warming in the 1940s with
accumulation 1945-1950 is not fully shown in the estimate, possibly because of major weather
patterns or ocean circulations.
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Figure 6. Measured and model estimated temperature for summer (June-August), summer half-year (April to
September) and entire year at Swiss Plateau, Potsdam and Wien, 1915-2022, 5-year averages.

The behavior of measured and estimated temperatures is very similar at all three sites. Therefore,
climate warming in Central Europe, with all its complex processes and feedback, can essentially be
represented by the two variables CO:2 concentration and SSD.

Table 2 shows the regression coefficients for SSD and COz as well as the standard error of the
estimated temperatures (of the yearly values and of the 5-year averages) for the entire year, the

summer half-year and the summer, averaging over the three sites Potsdam, Vienna and Swiss
Plateau.

Table 2. Coefficients for SSD and COz from the regression model. Standard error of the estimated temperatures

for yearly values and for 5-year averages. Summer half-year: April to September; summer: June-August.

Coeff(SSD) Coeff(CO2) Std Error Std Error

[°C/(h/month)] [°C/ppm] [°C] Sy-av. [°C]
Year 0.023 0.015 0.60 0.27
Summer half-year 0.026 0.014 0.52 0.27
Summer 0.027 0.019 0.59 0.31

The regression model allows the influence of SSD and CO: on climate warming in Central
Europe over the last 100 years to be apportioned. The difference between the mean values of SSD and
CO2 between ‘1920 (1915-1924) and “2020" (2015-2024) multiplied by the regression coefficients for
SSD and CO: gives the respective contribution of the change in SSD and CO2 to the warming between

“1920" and “2020’. Table 3 shows the results for the entire year, the summer half-year and the summer,
as mean values over all three locations.
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Table 3. Temperature increase D TT from 1915-2024 due to SSD and CO2 according to the regression model;
relative shares of the total increase D TT(total). Summer half-year: April to September; summer: June-August.

D TT(SSD) D TT(CO2) D TT(total) D TT(SSD) D TT(CO2)
[°C] [°C] [°C] rel. rel.
Year 0.53 1.90 243 22% 78%
Summer half-year 0.76 1.76 2.52 30% 70%
Summer 0.85 2.30 3.14 28% 72%

The increase in SSD in the entire year accounts for around 20% of the warming over the last 100
years, in the summer half-year and summer it is around 30%. In the brightening period 1980-2024,
SSD counts for about half of the climate warming. SSD, actually global radiation, for which SSD is a
proxy, is therefore a driver of warming that should not be ignored.

The increase in CO:z concentration accounts for the remainder portion of warming of 70-80%,
mainly caused by fossil CO2 emissions, and to a lesser extent by changes in land use.

In summary, the results of the regression model have shown that there is a linear relationship
between atmospheric CO: concentration (above 280 ppm, the value at the beginning
industrialization) and global warming induced by it, being 70-80% of total warming. In Central
Europe this was about 0.015 °C/ppm CO: over the whole period 1915-2024. This linearity is no longer
disturbed by global dimming and brightening effects, as the latter are represented in a separate term.

Given the postulated logarithmic relationship between CO: concentration and radiative forcing,
some model runs with the logarithmic values of CO:2 concentrations were also performed. The results
(model test coefficients, r?, standard errors of the residuals, coefficient of SSD and portion of warming
to be attributed to SSD and CO, respectively) were nearly identical to the results with absolute CO:
values.

As mentioned in Chapter 3, global radiation has increased under both cloudless and cloudy
skies. Since around 1995, it has increased more in percentage terms under cloudy skies (Thudium
and Chélala 2024). This must have to do with indirect aerosol radiation effects.

7. Discussion of the Concept of Cumulative CO: Emissions

The increase in CO: concentration since the beginning of industrialization was caused by the
emission of fossil carbon. In the years 2009-2013, an almost linear relationship was established
between cumulative CO2 emissions and the resulting global warming, which was reflected in the
IPCC's AR5. The amount of global warming per unit of cumulative carbon dioxide emissions (°C/Gt
COz) is referred to as the transient climate response to cumulative COz emissions (TCRE). This TCRE
relationship has been used to estimate the amount of COz emissions that would be consistent with
limiting global warming to a certain threshold, the so-called 'remaining carbon budget'. Various
studies agree that the approximate constancy of the TCRE (i.e. its independence from cumulative CO:
emissions) would result from the trade-off between the decreasing equilibrium sensitivity of
radiative forcing to CO: at higher atmospheric concentrations and the decreasing ability of the ocean
to absorb heat and carbon at higher cumulative emissions (s. Canadell et al., 2021: Chapter 5 of IPCC
ARO). Here, a new look at this relationship is taken.

7.1. Lifetime Concept for CO2 Air Concentration

In a first step, we like to develop a lifetime concept for the resulting CO: air concentration. The
yearly fossil CO2-emissions worldwide since 1960 have been evaluated in the Global Carbon Project
GCP (Andrew and Peters, 2023; Friedlingstein et al.,, 2023; Peters et al., 2011). The CO: air
concentration is represented by the Mauna Loa measurements since 1958, extrapolated backwards
until 1895 (s. chapter 4). Based on this extrapolation, we also estimated the yearly fossil COz2-emissions
backwards until 1895.
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The CO: in the atmosphere interacts with oceans and land. Fossil CO: is obviously stored by
both reservoirs, so that only a portion of the emissions remain in the atmosphere. In 2023, the total
fossil CO:z emitted from 1960-2023 amounted to 1514 Gt (1514*102 kg) or 412.9 Gt C according to the
GCP. From 1895-2023, with the backwards extrapolation mentioned above, the total fossil CO:
emissions amounted to 1962 Gt or 535.1 Gt C, and the global atmospheric CO2 concentration increased
by an average of 141.1 ppm (Mauna Loa database). The carbon content of the atmosphere increases
by 2.12 Gt C per ppm of additional CO: concentration (e.g. Heimann, 2022; Archer et al., 2009), so
299.1 Gt C were ‘needed' to reach the amount of 141.1 ppm CO: over the preindustrial level. This is
56% of the total fossil C emitted into the atmosphere from 1895-2023, i.e. all fossil C emitted since the
beginning of industrialization. The remaining 44% were taken up by oceans and land until 2023.

When a transfer of a substance from one place to another is driven by a difference in
concentration or intensity, a concept of lifetime is often suitable for description. In this case, lifetime
does not mean the average time of existence of a (radioactive) atom or molecule, but the lifetime of
the additional concentration in the atmosphere due to fossil emissions.

Of course, the lifetime concept for CO:2 cannot apply over thousands of years, because then other
processes become more important for the uptake of CO: by oceans and land. However, if the concept
yields good results for the last 130 years (see below), it can be postulated as an empirical model for
another about 100 years.

If t is the lifetime (time in which the concentration drops to 1/e), then the CO:z emission remaining
in the atmosphere in year t is:

E(t) = [E(t-1) + e(t)] * e

with E(t) or E(t-1): Emission remaining in the atmosphere in year t or in the previous year.

e(t): Emission in year t.

It is a lifetime of 58 y that leads to the mentioned 56% remaining emissions in 2023 and indicates
the actual remaining emissions in each year. Figure 7 shows the development of CO: airborne
concentration and the emissions remaining in the atmosphere for a lifetime of 58 years for the period
1960-2023. The emissions remaining in the atmosphere with a lifetime of 58 years describe the course
of CO2 concentration extraordinarily well (r2 = 0.9996). Apparently, the uptake conditions of oceans
and land remained very stable throughout the entire period.
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Figure 7. Development of CO2 concentration, the accumulated fossil COz emissions and the emissions remaining
in the atmosphere for a lifetime of 58 years for the period 1960-2023. Yearly fossil COz emissions worldwide since
1960 were evaluated by the Global Carbon Project GCP; CO:2 air concentration represented by the Mauna Loa

measurements since 1958, extrapolated backwards until 1895.
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The lifetime of 58 y means that 37% of the emissions of a given year are still present after 58 years
and 18% after 100 years. This was the reality of the last 130 years.

7.2. Discussion of Accumulated CO: Emissions

The accumulated CO: emissions (Eac) correlate also very well with the course of CO:
concentration (s. Figure 7). The fact that the CO:2 concentration increase (Dc) is proportional to the
remaining emissions (Er), is clear, and that the latter correspond to a lifetime of 58 years can be
understood. But why the CO: concentration increase is also proportional to the accumulated
emissions, a virtual quantity not existing in the atmosphere?

There are two proportionalities:

Eacc ~ Dc and Eace ~ DT (climate warming).

These proportionalities mandatorily imply the following third proportionality:

Dc ~ DT according to the findings of our statistical model.

Because Dc ~ Eg, it is also Eacc ~ E, i.e. Eacc = a*Er (a=constant) for each year. Er is the result of
many lifetime processes (for each year), so Eacc can only be proportional to Er if

Eace(t) = b*E(t) for each year. This is the case: Over the entire period, there is a linear relationship
between the annual CO2 emissions and the accumulated emissions up to that time point (with r?=0.97;
see Figure 8). There are purely mathematical reasons why the accumulated emissions - if the y-axis
is scaled accordingly - also reflect the CO2 trend well in Figure 7. When the annual CO:z emissions are
no more proportional to the accumulated emissions (in case of stabilization and even reduction of the
annual emissions), the CO:z concentration (and thus climate warming) will no longer be in a linear
relationship to the accumulated emissions but will still be described by the lifetime concept.
Consequently, the concept of lifetime appears to be more suitable to describe the future development
of CO:in the atmosphere than the concept of accumulated CO:2 emissions with a "remaining emission
budget".

10 -

Yearly E_CO, [Gt/y]

0 500 1000 1500 2000
Accumulated E_CO, [Gt]

Figure 8. Yearly fossil COz emissions worldwide in dependence on accumulated fossil CO2 emissions, 1960-2023.
Yearly fossil CO2 emissions worldwide were evaluated by the Global Carbon Project GCP.

If global yearly emissions are reduced in the relatively near future so that they come in the range
of the 'loss' of the CO: content of the atmosphere as a result of transfers to land and oceans (about
half of an actual yearly emission), the CO: concentration will be stabilized, in line with the
development of the last 130 years. Further reductions will lead to lower CO: concentrations.
However, the climate would be significantly warmer than at the corresponding CO2 concentration in
the past due to the warmer oceans, lower albedo and increased solar radiation on the ground. The
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temperature response depends essentially on the balance of carbon sinks and ocean heat uptake
(MacDougall et al., 2020). Furthermore, the acidification of the oceans would continue. So there is no
way around the need for a rapid reduction in worldwide fossil carbon emissions to the half in a first
step. In the further future the lifetime may be extended, especially if the storage capacities of the
oceans would be reduced, e.g. as a result of warming or strengthening of stratification (Roch et al.,
2023).

Some persistent residues above pre-industrial concentration will remain in any case, which will
only be reduced very slowly. Mixing CO: with deep layers of the oceans will take several hundred
years, while sedimentation and rock weathering will take thousands of years (e.g. Brovkin and
Gayler, 2022).

7.3. Comparison of CO2 Concentration Decays in Models Presented in IPCC AR5 und AR6 with the Lifetime
Concept

The decay of the CO: concentration in the atmosphere due to interactions in the Earth system
(land, ocean) has already been investigated in many models (e.g. Archer et al., 2009; Ciais et al., 2013
(Chapter 6 in IPCC AR5); Brovkin and Gayler, 2022). A pulse was given in model year 0 and modeled
how the CO: concentration changes over time. According to these models, the CO:z concentration also
falls markedly in the first decades (as modulated exponential functions), but less sharply than with a
lifetime of 58 y (Joos et al. 2013). The real emissions can also be imagined as a sequence of 130 pulses
that overlap. In the illustration by Ciais et al., 2013 (Box 6.1, Figure 1 in Chapter 6 of IPCC ARS5), 60
years after the release of the CO: pulse, depending on the model, 32-60% of CO: are still present in
the atmosphere (36% in reality over the last 130 years), 28-54% after 100 years (18% in real terms).
These exponential decay rates can be compared with corresponding lifetimes: 32-60% after 60 years
correspond to lifetimes of 53-117 y; 28-54% after 100 years correspond to lifetimes of 79-162 y. In the
first half of the century after the pulse the models showed a range of same decay as present in reality
until half of it, in the second half, further reductions in CO: uptake by the ocean and land mass were
assumed.

The decay of atmospheric CO:z concentration due to ocean and land mass uptake is very crucial
for climate evolution after a cessation of CO2 emissions (Zero Emissions Commitment ZEC). In the
IPCC ARG, the results of 20 models were shown that simulated the evolution of CO2 and the response
of the Earth's surface temperature after cessation of CO2 emissions for an experiment in which 1000
Gt C are emitted during a continuous increase in atmospheric CO:z concentration of 1 % / year (Jones
et al., 2019; MacDougall et al., 2020). All simulations showed a strong decrease in atmospheric CO:
concentration after COz emissions cease, in line with previous studies and the basic theory that
natural carbon sinks persist (Fig. 4.39 in Chapter 4 of IPCC AR6). Therefore, according to ARG, there
is high confidence that atmospheric CO2 concentrations will decrease for decades when CO:
emissions cease (s. Lee et al., 2021: Chapter 4 of IPCC AR6).

The project described in the section above was replicated on the basis of a lifetime of 58 years.
After 73 years, the 1000 Gt C had been emitted with a maximum CO2 concentration of 579 ppm. This
was comparable with other models (e.g. MacDougall and Knutti, 2016: c max=540 ppm after 65 years).
However, the subsequent decrease in CO2 was considerably faster than postulated by the models:
After 60 years from the start of zero emissions, 62-78% of the initial concentration of CO: were still
present in the models, corresponding to a lifetime of 120-240 years. After 100 years, 53-74% were still
present, corresponding to a lifetime of 160-330 years. Of course, the approach only on the basis of a
lifetime of 58 years for the first century after the start of zero emissions is simple, but it corresponds
to the real course of atmospheric CO: over the last 130 years. In the models, immediately after the
end of CO: emissions, the lifetime increases several times over. The discrepancies within the 20
models and also in comparison to the model results of the theoretical 'pulse experiments' (see above)
are large.
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8. Conclusions

According to the model results, 20-30% of the warming since the beginning of industrialization
can be assigned to the increase in SSD. This is a considerable proportion, which has a particularly
strong effect in already radiation-rich situations in summer. Increased drying out of the soil
(evapotranspiration) due to increased radiation absorption, increased heat stress in the case of a lack
of radiation protection, increased intensity of urban heat islands, more frequent and more intensive
short-term extreme precipitation (where a lot of energy has to accumulate in a short time) are
consequences to be considered. In such situations, the additional energy (compared to the 1980s) due
to the increased short-wave irradiation is much higher than that due to the increased long-wave back
radiation as a result of the increased GHG concentrations. Generally, the contribution of SSD (as
proxy for surface solar radiation) has implications for climate mitigation and adaptation strategies
and might affect regional climate projections.

Studies and models neglecting the influence of the increase in solar radiation are overestimating
the influence of GHG on warming. The situation in Europe may be different on other continents and
over oceans, because of different occurrences of dimming and brightening effects. But brightening
effects have been detected at many locations outside Europe (e.g. Ohmura, 2009; Mortier et al., 2020).

Increased solar radiation is absorbed even more by the ocean than by the land, as its albedo is
significantly lower. The contribution of increased solar radiation to ocean warming can therefore be
considerable.

The development of CO: concentrations from industrialization until today (as a driver of global
warming) can be mapped very well with a lifetime of 58 years. This means that reducing annual CO2
emissions by around half would stabilize COz concentrations and thus also global warming in the
medium term (of course, further reductions would be necessary). In contrast, the concept of
accumulated CO2 emissions requires ‘zero emissions' for stabilization, and consequently there is a
static budget for emissions that are still possible to comply with a certain temperature limit.

This latter concept is correct as long as annual CO:z emissions grow linearly with accumulated
emissions, but what about stabilized and reduced (worldwide) annual CO: emissions, i.e., the phase
that humanity will hopefully enter soon? A concept based on lifetime therefore seems to be better
suitable for representing the medium-term future.

In models for the course of CO2 concentrations after 'zero emissions' presented in IPCC AR5 and
ARG, the factual lifetimes were nevertheless significantly longer than in reality to date, although the
accumulated model emissions were smaller than in reality. Against this background, it seems sensible
to include the real CO: development when estimating the future evolution, in the sense that the
models for the future should also be able to depict the past.
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The following abbreviations are used in this manuscript:

AOD Aerosol optical depth;

GHG Greenhouse gases;

GR Global radiation;

Direct SR Direct solar radiation;
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