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Abstract 

Recently a compilation of almost 100.000 historical data about chemical CO2 concentration meas-
urements between 1826 and 1960 has been published as post mortem memorial edition of the late 
Ernst-Georg Beck. This compilation can give important insight in understanding natural CO2 
emission processes, but it has been criticized, in particular a documented significant increase of 
the atmospheric CO2 concentration around 1940. In this contribution we do not respond to any 
criticism of more or less suitable places for sampling or the interpretation of respective data, but 
concentrate on the CO2 data around 1940 and the variations over the last century. We show that 
the observed concentration changes not only correlate with observed temperatures, but can also 
quantitatively be explained, mainly in terms of the temperature dependent soil respiration.  
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1. Introduction 
Our knowledge about paleoclimatic variations of CO2 concentration in the atmosphere is exclu-
sively based on proxy data. But such indirect measurements from ice cores, tree rings, stalactites 
or stomata suffer from higher time resolution, sensitivity and accurate calibration of the data. 
Therefore, before the implementation of infrared spectroscopy analyses in 1958 for atmospheric 
CO2 concentration measurements, with the development of chemical techniques in the early 19th 
century it was a great progress to have a direct method available for the detection of the CO2 level. 
But unfortunately, these data were not systematically prepared or compiled, and instead, paleo-
climatic research was only concentrating on the less accurate proxy data.  

Luckily, with a more than 12 years delayed publication of a monumental data set of the late Ernst-
Georg Beck (Beck 2022), new insight into variations of the CO2 concentration over the 19th cen-
tury and the first half of the 20th century can be derived. Special thanks to H. Yndestad (2022), 
and J.-E Solheim as Chief-Editor of this journal for making available this publication. Beck found 
more than 200,000 single samples of air analyzed with chemical methods, showing daily, yearly 
and seasonal variations, which were published in 979 technical papers. He selected almost 
100,000 samples associated with documented meteorological conditions between CO2, wind 
speed, precipitation, day time and year. This gave the opportunity to determine atmospheric CO2 
concentrations with an accuracy, at least an order of magnitude better than from proxy data, and 
he concluded that there are repeated fluctuations in concert with the surface temperature varia-
tions of the sea.  

In an actual article (Engelbeen 2023) the historical data were criticized that many places were 
completely unsuitable for “background” CO2 level measurements and that Beck made several 
mistakes in the interpretation of the available data. Particularly, the huge CO2 levels around 1940 
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would be physically impossible and contradict several other proxies as measured in high resolu-
tion ice cores. 

While it is out of the scope of this contribution to comment on the unsuitability of places, the 
number of measurements at higher wind speed (to have a sufficient convergence of data) or on 
any mistakes in the interpretation, we look closer to the measured CO2 levels around 1940.  

In Section 2 we briefly review the temperature sensitivity of oceanic and land emissions with their 
expected contributions to the atmospheric CO2 mixing ratio (for further details see: Salby & Harde 
2022). Simulations with a land-air temperature series (Soon et al. 2015) alone or in combination 
with sea surface data (HadSST4, Kennedy et al. 2019) can well reproduce an increased concen-
tration over the 30s to 50s and the further evolution over the last century. Particularly soil respi-
ration in the tropics and mid-latitudes can be identified as the main natural source. Different to a 
pure correlation of time series, our studies give a clear physical explanation with a quantitative 
reproduction of the observed data. 

2. Relationship of Temperature and Atmospheric CO2-Concentration 
Beck’s historical data compilation consists of 97,404 samples of atmospheric CO2 mixing ratios, 
which were derived from 901 stations and cover a period from 1826 to 2008. The data show a 
pronounced maximum between 1939 and 1943 with a concentration up to 383 ppm, this in con-
trast to the monotonically rising CO2-levels reconstructed from ice cores. Alone the data around 
this maximum from 1930 to 1950 represent about 60,000 samples and are based on the work of 
more than 25 different authors and locations.  

The time resolution and accuracy of this data series is much better compared to reconstructions 
from ice core data and even from stomata. Therefore, for serious climate studies it is of funda-
mental importance and interest to better understand possible forcings that can explain strongly 
varying CO2 levels, particularly over periods, for which more reliable meteorological and astro-
physical data are available than this is the case for paleontological times. At the same time, 
stronger anthropogenic impacts over this period can be largely excluded. So, it sounds pretty 
inconvincible, when Engelbeen (2023) comments that “the possibility of huge CO2 levels around 
1940 is physically impossible and contradicted by several other proxy’s and contradicted by CO2 
levels as measured in high resolution ice cores. 

Beck already found a high correlation of the CO2 level data to the global Sea Surface Temperature 
(SST) series of the Royal Netherlands Meteorological Institute (Kaplan, KNMI). Supported by 
different observations of CO2 enriched air at the coast (North Sea, Barents Sea, Northern Atlantic) 
he suggested that warmer ocean currents over the Northern Atlantic are the sources of the en-
hanced CO2-levels. 

Different studies confirm outgazing of warmer oceans, particularly the tropical oceans, as sources 
of CO2. But they also show that the oceanic CO2 emission EO as flux FO, weighted by its fractional 
surface area SO as   

𝐸! = 𝑆!𝐹! ≅ 𝑆!𝐵(𝑣)D𝑟																																																					(1a)				 

depends primarily upon wind speed v and the atmosphere-ocean contrast Dr = rO - rA (Wanninkhof 
2014) with rO as the CO2 mixing ratio of the ocean and rA as mixing ratio of the atmosphere. The 
temperature sensitivity to oceanic emission 

𝑄! =
1
𝐸!
𝑑𝐸!
𝑑𝑇!

≅ 3% °𝐶⁄ 																																																			(1b)					 

with TO as the mean ocean temperature is relatively small (Salby & Harde 2022, eq. (20)).  

Different to the oceans, CO2 emission EL over land with the flux FL and fractional area weighting 
SL follows from soil respiration R  
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 𝐸" = 𝑆"𝐹" ≅ 𝑆"𝑅(𝑇" ,𝑚"),  (2a) 

which depends upon soil temperature TL and moisture mL (see: Salby & Harde 2022, eqs (6.1) and 
(6.2)). Soil respiration R derives from microbial activity and upward diffusion of the produced 
CO2 (cf. Maier et al. 2020). It is noteworthy that the partial pressure of CO2 in soil and its mixing 
ratio rL with 500 - 20,000 ppmv vastly exceeds the atmospheric mixing ratio rA.  

For a uniform perturbation of surface conditions, the enormous partial pressures of CO2, found 
just a few tens of cm beneath the surface, makes emission from land determinative in re-estab-
lishing equilibrium between the atmosphere and the Earth’s surface. 

Although R is influenced by soil moisture, it is controlled chiefly by surface temperature (Wood 
et al. 2013; Zhou et al. 2013), which is determined by air temperature, i.e., 𝐹" ≅ 𝑅(𝑇"). The tem-
perature sensitivity of soil respiration, 

𝑄" =
1
𝑅
𝑑𝑅
𝑑𝑇"

=
1
𝐸"
𝑑𝐸"
𝑑𝑇"

																																																											(2b)			 

is observed in the range 10%/°C - 25%/°C at temperate and polar latitudes (Raich & Schlesinger 
1992; Lloyd and Taylor 1994). In tropical forest, however, copious precipitation and sunlight 
magnify active biomass, which supports soil respiration. There, the observed sensitivity to tem-
perature is greatest (ibid; Brechet et al. 2018), 30%/°C and higher (Wood et al. 2013; Nottingham 
et al. 2018). This is roughly about one order of magnitude larger than the oceanic sensitivity QO 
with » 3%/°C. Therefore, despite the smaller land surface area, soil respiration can well be con-
sidered as comparable or even as the dominating temperature dependent source of CO2.  

2.1 Relative Contributions of Ocean and Land  
The fractional perturbation of atmospheric CO2, drA/rA equals the fractional perturbation of total 
emission, dET/ET, independently of effective absorption (see: Salby & Harde 2022, eq. (26)): 

d𝑟#
𝑟#

=
d𝐸! + d𝐸"
𝐸! + 𝐸"

																																																												(3)				 

According to marine observations of Dr (Takahashi 1997; Feely et al. 2001) and satellite obser-
vations of CO2, particularly over tropical land (Palmer et al. 2019), emission from tropical ocean 
and land surface lie in the range 

 . (4a) 

With (3) it follows (see: Salby & Harde 2022, Appendix A) that the fractional increase of atmos-
pheric CO2 must lie in the range: 

0.39 ⋅ 𝑄" ∙ 𝛿𝑇" <
𝛿𝑟#
𝑟#

< 0.02 + 0.82 ⋅ 𝑄" ∙ 𝛿𝑇"	,																																	(4b)					 

with a medium value m » 0.6 for the thermally-induced increase of atmospheric CO2, collectively 
from ocean and land  

𝛿𝑟#
𝑟#

≈ 𝑚 ∙ 𝑄" ∙ 𝛿𝑇"	.																																																									(4c)					 

Integration of (4c) gives the atmospheric mixing ratio as a function of the land air temperature:  

𝑟#(d𝑇") ≈ 𝑟#(0) · 𝑒$∙&!∙'(! 	,																																																	(5a)				 

with rA(0) as mixing ratio at preindustrial times.  

Including also anthropogenic emissions dEA over the Industrial Era, (3) expands by this additional 
term dEA in the numerator, while the total emission ET in the denominator stays unchanged. Thus, 
(4c) expands by the additional term dEA/ET, which at equilibrium and due to the conservation law 

OLO E.EE. 574630 <<
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with rA = ET·teff and teff as the effective absorption time converts (5a) to: 

𝑟#(d𝑇") ≈ 𝑟#(0) · 𝑒$∙&!∙'(! + 𝛿𝐸# ∙ 𝜏)** .																																										(5b)				 

In Fig. 1 is plotted the rural-only land air temperature anomaly of the Northern Hemisphere 
(Green Squares) over the period 1870 to 2014 (see: Soon et al. 2015). The number of stations 
used for each year over the relevant interval 1930 to 1950 is typically 300. The data represent an 
average over 3 years. This series was chosen, as it represents most directly any variations of the 
land emissions EL with temperature. 

The calculated CO2 mixing ratio as a function of the rural land air temperature anomaly dTL and 
the anthropogenic emissions dEA is plotted as Red Diamonds for m = 0.6 and a temperature sen-
sitivity QL = 30%/°C, as expected for soil respiration in the tropics to mid-latitudes. For the fossil 
fuel emissions and land use changes we refer to the CDIAC data (2017), and for the effective 
absorption or residence time we use teff » 3.5 yrs in agreement with IPCC (AR5 2013, Fig. 6.1; 
AR6 2021, Fig. 5.12; Harde 2017; Harde & Salby 2021). Comparison with the historical CO2 data 
(Dark Dots) shows that the calculation confirms an increased emission and mixing ratio over the 
30s to 50s, only with a broader and reduced maximum than the CO2 observations. Also the ob-
served increasing concentration over the Mauna Loa Era (Light Blue Dots) can well be repro-
duced by the thermally induced emissions, while the anthropogenic emissions over this period 
will not contribute more than drA,ant = dEA,max·teff »12 ppmv (assuming equilibrium).  

 

2.2 Alternative Consideration of Oceanic and Land Emission 
A slightly different derivative for the contributions of ocean and land starts again from (3), in-
cluding the anthropogenic emissions dEA. Integration of (1b) and (2b) gives: 

d𝐸+ = 𝐸+J𝑒&"'(" − 1L,			𝑘 = 𝑂, 𝐿	.																																													(6a)			 

With a relative weighting w = EL/EO and ET = EO + EL, together with (3), including human emis-
sions, the fractional perturbation drA/rA then can be written as: 

d𝑟#
𝑟#

=
1
𝐸(
Q
𝐸(

1 + 𝑤
J𝑒&#∙'(# − 1L +

𝑤 ∙ 𝐸(
1 + 𝑤

J𝑒&!∙'(! − 1L + 𝛿𝐸#S	,																(6b)			 

Fig. 1: Comparison of Beck’s historical CO2 concentration (Dark Dots) with calculation (Red Dia-
monds) for m = 0.6 and QL = 30%/°C, based on Northern Hemisphere rural land air temperature 
data (Green Squares, Soon et al. 2015) over a period of 145 yrs. Additionally this is compared with 
the Mauna Loa observations (Light Blue Dots, CDIAC 2017). 
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and together with rA = ET·teff, the atmospheric mixing ratio as a function of the temperature anom-
alies dTL and dTO and also the anthropogenic emissions dEA then becomes: 

𝑟#(d𝑇" , d𝑇!) ≈ 𝑟#(0)
𝑒&#∙'(# +𝑤𝑒&!∙'(!

1 + 𝑤
+ 𝛿𝐸# ∙ 𝜏)** .																														(6c)				 

Fig. 2 displays the respective calculation with this modified derivation of combined emissions for 
a weighting w = 2, i.e., with land emissions EL twice the oceanic emissions EO (Red Diamonds). 
The respiration was again calculated for QL = 30%/°C and using the Northern Hemisphere rural-
only temperature anomaly (Green Squares, Soon et al. 2015). The oceanic emissions were calcu-
lated with a temperature sensitivity QO = 3%/°C and applying the sea surface temperature anom-
aly HadSST4 of the Met Office Hadley Centre (Blue Triangles, Kennedy et al. 2019). Anthropo-
genic emissions are the same as in Subsection 2.1. 

This simulation is quite similar to Fig. 1, as it is clearly dominated by the strongly temperature 
dependent respiration, while the oceanic emissions, mainly controlled by the atmosphere-ocean 
contrast and wind speed (see eq. (1)), only supply an almost constant background of one third to 
the total emissions. In comparison to the historical observations (Dark Dots) the maximum around 
1940 can well be reproduced with an assumed weighting of two, only the CO2 measurements 
indicate a faster decay over the 40s, before the mixing ratio is again increasing with temperature. 
A smaller weighting w slightly reduces the maximum around the 40s and the consecutive increase. 

 

3. Conclusion 
An extensive compilation of almost 100.000 historical data about CO2 concentration measure-
ments between 1826 and 1960 has been published as post mortem memorial edition of the late 
Ernst-Georg Beck (Beck 2022). Different to the widely used interpretation of proxy data, Beck’s 
compilation contains direct measurements of chemically analysed air samples with much higher 
accuracy and time resolution than available from ice core or tree ring data.   

At the same time this compilation covers a period, which is of fundamental importance to under-
stand climatic processes from the Little Ice Age up to the implementation of infrared spectroscopy 

Fig. 2: Comparison of Beck’s historical CO2 data (Dark Dots) with calculation (Red Diamonds) for 
QL = 30%/°C and QO = 3%/°C. The land emission EL is assumed to be twice the oceanic emission 
EO. Mauna Loa observations (Light Blue Dots, CDIAC 2017), Northern Hemisphere rural land air 
temperature (Green Squares), global Sea Surface Anomaly HadSST4 (Blue Triangles). 
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analyses in 1958. Particularly shorter variations over the 19th and 20th century and a documented 
significant increase of the atmospheric CO2 concentration around 1940 allows to study how far, 
above all, natural processes have to be made responsible for these perturbations.  

In this contribution we compare the temperature sensitivity of oceanic and land emissions and 
their expected contributions to the atmospheric CO2 mixing ratio. Our simulations with a land-air 
temperature series (Soon et al. 2015) alone, or in combination with sea surface data (HadSST4, 
Kennedy et al. 2019) can well reproduce the increased mixing ratio over the 30s to 40s, the con-
secutive decline over the 50s and the additional rise up to 2010. This stronger variation cannot be 
explained only by fossil fuel emissions, which show a monotonic increase over the Industrial Era. 

Particularly soil respiration in the tropics and mid-latitudes can be identified as the main natural 
source of CO2 emissions. Smaller deviations in the maximum and width between observation and 
calculation of the mixing ratio around 1940 may be explained by some local impacts of the his-
toric CO2 concentration data (mostly covering the coast of the North Sea, Barents Sea and North-
ern Atlantic), they may also result from a smaller mismatch between the main emission areas and 
the covered temperature data (Northern Hemisphere), and also the time constants, before quasi 
equilibrium can be established in temperature and concentration, can cause some deviations. For 
direct comparison of the data, we avoided averaging over longer periods. 

But most important, our studies not only show a high correlation of observation and calculation, 
but also give a clear physical explanation with a quantitative reproduction of the observed data, 
based on independent measurements of the temperature sensitivity of oceanic and land emission.    

Anyone who has doubts about the historical CO2-data and relies on indirect proxy data, must also 
have doubts about the temperature trends, not only over the 30s to 50s, but up to the presence. 
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