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Increase in Atmospheric CO2 since 1959 
 
 
 
 
 
 
   
 
 
 
 

 
 
 
 

 
Observed increase of atmospheric CO2 (Green), compared against the calculated 
increase (Purple) since 1959. Note: Calculated CO2 lies mostly beneath observed CO2 
but emerges near the end of the record. Plotted separately is the contribution from 
thermally-induced emission (Blue) and the contribution from anthropogenic emission 
(Magenta). The anthropogenic component represents 4.1%. 
 
From an article by Murry Salby and Hermann Harde: Theory of Increasing Greenhouse 
Gases. 

      Figure 11, page 229 
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Editorial 
 
With this edition Science of Climate Change finishes its second volume. We managed only three 
issues in this volume, because of a long halt in the editorial work. However, we are proud of 
finishing in the month prescribed on the title, and we express the hope that we can in the future 
can keep the schedule and publish quarterly issues.  
 
This issue is first of all a follow up with various papers about the relation between natural and 
fossil emission of CO2. Murry Salby and Hermann Harde finish the triology on CO2-origin with 
a theory for the increasing greenhouse gases. Hans Schrøder calculates the fossil fraction by a 
balanced network solving simultaneous linear equations, and Harald Yndestad analyze the 
variations in global CO2 from Mauna Kea and as estimated by Ernst-Georg Beck back to 1870, 
and finds the temporal spectrum coinciding with the global sea surface temperature and lunar 
nodal tide variability. This is another manifestation of natural origin of atmospheric CO2.   
 
We expect the conclusions about nature providing most of the CO2 will be challenged, and we 
have already received commentaries which will be published in the next volume. 
 
Finally we have two articles about climate change during Holocene and the uplift in Norway as a 
result of glacier unloading since the Little Ice Age, The third and not the last Holocene paper is 
under consideration for the next issue, which we hope will be published on schedule. 
 
 
       Good reading 
  
 
       Jan-Erik Solheim  
               Editor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Editorial Board consists of Stein Storlie Bergsmark, Ole Henrik Ellestad,  Rögnvaldur 
Hannesson, Martin Hovland, Ole Humlum, Gunnar Juliusson, Olav Martin Kvalheim and Jan-
Erik Solheim.  
 
A digital version of this volume can be found here: https://doi.org/10.53234/scc202308/16 
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 Theory of Increasing Greenhouse Gases  

 Murry Salby✞1, Hermann Harde2  

1Ex Macquarie University, Sydney, Australia 
2Helmut-Schmidt-University, Hamburg, Germany 

 

Abstract 

Unlike elsewhere on the globe, temperature in the tropics has increased systematically. From 
observed tropical temperature, numerical simulations have reproduced the observed evolution of 
atmospheric CO2, including its annual cycle. Much the same has followed empirically from the 
observed covariance between tropical temperature and net emission of CO2 - the component of 
emission that actually changes CO2. Intensified over tropical land, the robust coherence between 
those observed features establishes that the changes of tropical temperature do not follow from 
changes of CO2, but rather produce them. 

Here, we investigate the physical mechanisms through which observed warming in the tropics 
can produce the observed evolution of CO2. The conservation law governing atmospheric CO2, 
supported by the observed temperature dependence of surface fluxes and observed temperature 
in the tropics, is used to calculate the time-varying response of CO2 net emission.  

Thermally-induced emission is found to account for the preponderance of CO2 net emission and, 
thereby, for the vast majority of anomalous CO2. Magnified over tropical land, it represents 
interannual intensifications of net emission, notably during episodes of El Niño. Represented 
equally well is the long-term intensification of net emission during the last half century. That 
intensification alone accounts for about half of the observed increase of atmospheric CO2. 
Anomalous CO2 introduced by the calculated net emission closely tracks the observed evolution 
of atmospheric CO2. 

Having similar dependence on temperature is methane. Like net emission of CO2, net emission 
of methane is intensified by tropical warming. The simultaneous intensification of CO2 and CH4 
emission provides a unified understanding of their joint increase, one that follows naturally 
from thermally-induced emission. 

Keywords: Carbon cycle; greenhouse gases; thermally induced CO2; anthropogenic CO2; ab-
sorption time; mixing ratio; CH4 emission; tropical temperature change.  

Submitted 2022-10-24, Accepted 2022-11-29. https://doi.org/10.53234/scc202212/17 

1. Introduction 
Preceding studies performed an in-depth analysis on nuclear-perturbed carbon 14, a tracer of 
carbon dioxide, through which it determined the effective absorption rate of atmospheric CO2 
(Harde and Salby 2021; Salby and Harde 2021a, hereafter SH1). In concert with the conserva-

 
✝1 Murry Salby unexpectedly passed away, when the manuscript to this contribution was almost ready for 
submission. As the third and culminating paper of a trifecta, which comprehensively treats the increase of 
greenhouse gases in the atmosphere, it was a deep commitment to complete this publication, in memo-
riam of Murry Salby. 
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tion law governing atmospheric CO2, the effective absorption rate, in turn, determines the in-
stantaneous equilibrium level of “anthropogenic CO2” - the perturbation of CO2 introduced by 
anthropogenic emission. Representing an upper bound on anthropogenic CO2, its equilibrium 
level is much too small for anthropogenic emission to be responsible for the observed increase 
of atmospheric CO2. 

A companion study then found that much of the observed evolution of net CO2 emission, the 
component of emission that changes CO2, is represented by thermally-induced emission: the 
perturbation of natural emission that accompanies changes of temperature - notably in the trop-
ics, where temperature has increased systematically (Salby and Harde 2021b, hereafter SH2). 
Represented by thermally-induced emission are sporadic intensifications of net emission, like 
those observed during episodes of El Niño. Represented equally well is the long-term intensifi-
cation of net emission, which accelerated CO2 growth during the last half century. Jointly, these 
components of net emission yield a thermally-induced perturbation of CO2 that tracks the ob-
served evolution of CO2. 

Both studies were inspired by numerical simulations which, on the basis of observed tempera-
ture, were able to reproduce the observed evolution of atmospheric CO2, including its annual 
variation and stepwise increase (see: Harde 2017; Harde 2019; Harde and Salby 2021). Here, we 
explore the underlying physical mechanisms through which observed changes of temperature 
can produce the observed evolution of CO2. Following an overview of the global equilibrium 
that controls atmospheric CO2, Section 3 develops how the thermally-induced response to 
warming results through the conservation law that governs atmospheric CO2. Section 4 applies 
the conservation law to calculate the thermally-induced response of net emission to observed 
warming, along with the resulting change of CO2. The calculated evolution of CO2 is then com-
pared against its observed evolution. Finally, Section 5 briefly discusses the CH4 increase with 
temperature analogous to CO2.  

2. Global Equilibrium of CO2 
Carbon dioxide in the atmosphere is controlled by a competition between its introduction 
through global-mean emission, E, and its removal through global-mean absorption, A. This 
physical constraint is expressed by the conservation law governing atmospheric CO2: 

 , (1) 

where rA is the global-mean mixing ratio of atmospheric CO2 and Enet is its global net emission 
into the atmosphere - the resultant of all contributions. As developed elsewhere (SH2), Enet is a 
small residual of the two competing influences, of order only a few % of E and A. Consequent-
ly, CO2 remains in a state of quasi-equilibrium globally, wherein its emission and absorption 
approximately cancel one another. The conservation law then reduces to 

 , (2.1) 

where aeff is the effective rate of CO2 absorption. In (2.1), absorption of CO2 is proportional to 
the instantaneous abundance of CO2. Ubiquitous among physical systems, this form of damping 
is an observed feature of CO2. It is manifest in the exponential decline of its nuclear-perturbed 
isotope 14CO2 , a tracer of overall CO2 (Harde and Salby 2021; SH1). 

Although global emission and absorption remain nearly in balance, their equilibrium can none-
theless drift through changes of emission. By changing atmospheric CO2, changes of emission 
induce parallel changes of absorption (2.1), which maintain global CO2 in quasi equilibrium. 
According to (1), however, the induced changes of rA follow, not from E directly, but from its 
small residual, Enet, which determines anomalous CO2. 

The quasi-equilibrium that controls CO2 globally does not apply locally. Local net emission 

net
A EAE
dt
dr

=-=

Aeff rAE ×=@ a
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(e−a) is equal to CO2 flux that is observed locally. Plotted in Fig. 1 as a function of latitude, 
local net emission is positive in the tropics, over ocean as well as over land (Wanninkhof 1992; 
Palmer et al. 2019). To maintain global equilibrium, net emission has opposite sign in the extra-
tropics, becoming negative poleward of F = 20°: 

 . (2.2) 

 
Therefore, net emission integrated over the tropics, ET = ò (e - a) dSx, comprises global emission 
of CO2 in (1): 

 . (2.3) 

Likewise, net emission integrated over the extratropics, Ax = -ò (e - a) dSx, comprises global 
absorption of CO2: 

 . (2.4) 

Global quasi-equilibrium is thus expressed by 

 . (3) 

Further, because CO2 is well mixed over the atmosphere, on time scales longer than a couple of 
months, it is largely invariant with latitude. 

If subjected to a positive perturbation of emission, d ET > 0, the Earth-Atmosphere System 
(EASy) will adjust to re-establish equilibrium. It does so by increasing rA until the ensuing per-
turbation of absorption, aeff ·d rA, just balances the perturbation of emission, d ET. 

Relationship to Surface Properties 

In the tropics, total emission of CO2 has contributions from Ocean and Land. Those contribu-
tions follow from the respective fluxes, EO and EL, integrated over surface area: 

 , (4) 

where FO and FL denote areal-mean surface fluxes over ocean and land, SO and SL the fractional 
contributions of the tropics occupied by ocean and land, and S the total tropical area. 

Over ocean, CO2 flux is determined by the Atmosphere-Ocean contrast of CO2: 

°><-°<>- 20for020for0 ff ae;ae

TEE =

XAA =

AeffXT rAE ×=@ a
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+=
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Figure 1: Local CO2 flux evaluated from CO2 partial pressure of ocean surface and atmosphere, 
averaged from estimates of Wanninkhof and McGillis (1999) and Nightingale et al. (2000). 
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 , (5.1) 

where , (5.2) 

rO is the mixing ratio of ocean CO2 (viz of air at equilibrium with ocean surface), G is an empir-
ical function of gas transfer velocity k, solubility s, Schmidt number Sc, and wind speed v. Now, 
rO in ppmv is equivalent to the partial pressure of CO2 in μatm at the surface. Therefore, 

 , (5.3) 

Dr(ppmv) representing the atmosphere-ocean contrast of CO2 partial pressure. In (5.1), the tem-
perature dependence of solubility and Schmidt number offset one another (Wanninkhof 2014; 
Etcheto and Merlivat 1988). Consequently, ocean CO2 flux (5.1) depends primarily upon wind 
speed and the atmosphere-ocean contrast of CO2: 

 . (6.1) 

Over land, CO2 flux follows from soil respiration 

 , (6.2) 

which depends upon soil temperature T and moisture m. Soil respiration 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 vastly exceeds its partial pressure in the atmosphere. At 500 - 
20,000 ppmv,  

 .  

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: 

 . (7) 

The temperature sensitivity of soil respiration, 

 , (8) 

is observed in the range 10%/K - 25%/K at temperate and polar latitudes (Reich and 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%/K and higher (Wood et al. 2013; Notting-
ham et al. 2018). 

3. Perturbation of Tropical Temperature 
Consider now a positive perturbation of tropical surface temperature: 

 ,  

which is imposed and then maintained. Through the temperature sensitivity of surface fluxes, 
dTT > 0 introduces a perturbation in emission, dET. It increases ET, which is then no longer bal-
anced by AX = aeff ×rA in (2.1). EASy is thus driven out of global equilibrium, with positive net 
global emission (1). Initially, the atmosphere is unperturbed: drA= 0, so Enet = dET > 0. Net 
emission, however, increases atmospheric CO2. Accompanying the increase of rA is an increase 
of CO2 absorption, aeff ·drA. Atmospheric CO2 continues to increase until the perturbation of 
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absorption again balances the perturbation of emission, re-establishing global equilibrium (2.1). 

According to (3), (5), and (6), the initial and final equilibria satisfy the balances: 

  (9.1) 

 . (9.2) 

Subtraction yields the balance governing the perturbation: 

 , (9.3) 

where the LHS represents the perturbation of emission with dDr as the perturbation of the at-
mosphere-ocean contrast Dr and dR as perturbation of the respiration. Dividing (9.3) by (9.1) 
obtains 

 . (10) 

The fractional perturbation of atmospheric CO2 equals the fractional perturbation of emission, 
independently of effective absorption.  

3.1 Aqua Tropics: SL = 0 
In the absence of land, (10) reduces to 

 , (11) 

or with (5.2) . (12) 

Upon rearrangement, (12) yields  

 . (13) 

The fractional increase of atmospheric CO2 is identical to the fractional increase of ocean CO2. 
The latter, in turn, is imposed though the increase of surface temperature, dTT = dTO . 

Ocean surface temperature is represented in the Sea Surface Temperature Anomaly (SSTA). 
Plotted in Fig. 2, the record of tropical SSTA extends back through the onset of CO2 measure-
ments at Mauna Loa, albeit with reduced coverage before the satellite era. At the beginning of 
the Mauna Loa record, ocean surface in the tropics (|f | < 20°) had a temperature anomaly of  

 , (14.1) 

corresponding to an actual surface temperature of about 300 K (26.9°C). During the subsequent 
era of CO2 measurements, tropical ocean temperature increased systematically, attaining a net 
increase in closing years of 

 . (14.2) 

To investigate its impact, dTO is imposed impulsively in 1959, the start of the Mauna Loa rec-
ord, and thereafter maintained.2 

 
2 The equilibrium properties in (9) are state variables. Therefore, the transition between the two states is 

path independent and, hence, independent of whether dTO is introduced gradually or impulsively.  
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Chemical equilibrium of seawater is governed by carbonate chemistry. Involving dissolved ions, 
it is determined chiefly by the following reactions (eg., Zeebe 2012): 

  (15.1) 

  (15.2) 

 , (15.3) 

wherein the concentrations [ ] of species define the conserved families: Dissolved Inorganic 
Carbon (DIC), equivalent to total carbon, and Total Alkalinity (TA) as:  

  (15.4) 

  (15.5) 

with B(OH)4
- as tetrahydroxyborate. The reactions (15) are temperature dependent. So too then 

is the chemical equilibrium they describe. In addition to temperature (14.1), chemical equilibri-
um of the ocean surface is determined by the values of total alkalinity (e.g., Jiang et al. 2014)  

  (16.1) 

and dissolved inorganic carbon (e.g., Wu 2019) 

 , (16.2) 

properties to which the ocean partial pressure of CO2 is sensitive.3 

Through (15), TO, TA, and DIC determine ocean CO2. At the start of the Mauna Loa record, 
chemical equilibrium defined by the above values had ocean CO2 of 

 . (16.3) 

In the atmosphere, CO2 then was 

 . (16.4) 
 

3 In open ocean, TA varies by +/- 40 μmol/kg. At ocean boundaries it varies even more, by as much as 
100 μmol/kg. Such changes have a huge impact on the ocean partial pressure of CO2: At TA=2300 
μmol/kg, a decrease of 40 μmol/kg increases rO by 175 ppmv (e.g., Robbins et al. 2010). A decrease of 
100 μmol/kg increases rO by 580 ppmv. 

(aq)CO(g)CO 22 Û
-+Û+ +
322 HCOHOH(aq)CO

-+- +Û 2
33 COHHCO

[ ] [ ] [ ]-- ++= 2
332 COHCO(aq)CODIC

[ ] [ ] [ ] [ ] [ ]+-+++= ---- HOHB(OH)CO2HCOTA 4
2
33

mol/kg2350TA µ=

mol/kg2000DIC µ=

ppmv354)1959( @= OO rr

ppmv315)1959( @= AA rr

Figure 2: Anomalous sea surface temperature in the tropic (20°S – 20°N). Source HadSST4.0 
(Kennedy et al. 2019). 
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The initial atmosphere-ocean contrast of CO2 was therefore 

 . (16.5) 

From its initial temperature (14.1), tropical ocean surface warmed during the Mauna Loa era, 
resulting in the temperature perturbation (14.2) in 2020. This increase of temperature perturbed 
the ocean surface, driving it to a new chemical equilibrium. The perturbed equilibrium at the 
new temperature, TO + dTO, has the perturbed CO2 

 . (17) 

According to (16.3) and (17), the temperature perturbation increased ocean CO2 by 

 . (18.1) 

The increase of atmospheric CO2 that eventually results from this increase of ocean CO2 follows 
from (13): 

 . (18.2) 

Initially, the atmosphere was unperturbed: drA (1959) = 0, as illustrated in Fig. 3. The initial 
perturbation to atmosphere-ocean contrast of CO2 was therefore 

 . (19.1) 

In response to the surface perturbation, however, the resulting disequilibrium with the atmos-
phere generates positive net emission. Thereby, atmospheric CO2 develops a perturbation, drA 
(Blue), which steadily increases. It, in turn, increases the back pressure exerted on the ocean 
surface, which opposes the ocean flux (6) by reducing the atmosphere-ocean contrast of CO2 
(Red). When equilibrium is re-established, the negative feedback of drA has increased sufficient-
ly to reduce the perturbation in CO2 contrast to: 

 , (19.2) 

now with a slightly smaller contrast of Dr = 38 ppmv and a final atmospheric mixing ratio 
caused only by the oceans of rA = 327 ppmv. 
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Figure 3: Evolution of anomalous CO2 in ocean (Green) and in atmosphere (Blue), along with at-
mosphere-ocean contrast of CO2 (Red). 
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The final perturbation of Dr in the new equilibrium (19.2) is less than 8% of its initial perturba-
tion (19.1). Hence, the atmosphere-ocean contrast of CO2 changes little, a feature of the ob-
served record (Fig. 4).4 By eliminating most of the perturbation in Dr, the increased back pres-
sure exerted by the atmosphere drA(t ®¥) simultaneously eliminates most of the perturbation in 
ocean emission, dEO ; (4) - (5). 

 
The foregoing transition between equilibrium states establishes the sensitivity to temperature of 
ocean emission: 

 , (20) 

About 3%/K, the sensitivity to temperature of ocean emission is much smaller than the sensitivi-
ty implied by the initial CO2 contrast (13 ppmv): QO (13/39)/0.9 37%/K. 

3.2 Terrestrial Tropics: SO = 0 
The sharp reduction of perturbation emission by ocean (19) follows from its dependence on the 
resulting perturbation of atmospheric CO2. Increased back pressure exerted by the atmosphere 
(drA) reduces the perturbation of the atmosphere-ocean contrast, dDr, eventually limiting the 
perturbation in ocean emission to a small fraction of its initial perturbation. 

Unlike ocean emission, soil respiration (7) has no such limitation - because R is not determined 
by the contrast of CO2 between the atmosphere and surface. Rather, R = FL is determined by the 
vertical gradient of CO2 flux beneath the surface, which is imposed from below by upward dif-
fusion of CO2-rich air through porous media (Maier et al. 2020). And, because CO2 partial pres-
sure in soil (rL) vastly exceeds its partial pressure in the atmosphere, increased rA has little im-
pact on the CO2 flux gradient and, hence, on respiration R that determines emission from land. 

In the absence of ocean, (10) reduces to 

 . (21) 

The thermally-induced perturbation of respiration follows from the temperature sensitivity of R 
(8): 

 
4 Different to the central tropics the ocean-atmosphere flux at Hawaii is already slightly negative (see 

also Fig.1). 
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Figure 4: CO2 mixing ratio observed at Hawaii in the atmosphere (Red) and ocean (Blue).  
Source: USGCRP (2017), Fig. 13.4. 
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 . (22) 

In contrast to ocean emission, the accompanying perturbation of land emission (7) is undimin-
ished by increasing atmospheric CO2; relative to thousands of ppmv in soil, increases of a few 
tens of ppmv in the atmosphere are immaterial. The limiting perturbation of atmospheric CO2, 
drA (t ® ¥), is therefore controlled autonomously by the initial perturbation of emission from 
land, which is invariant during the adjustment to the new (i.e., perturbed) equilibrium. 

The fractional increase of atmospheric CO2 follows from (21) and (22) as 

 . (23.1) 

For finite temperature perturbation, (22) becomes dR/dT = QL×R. If QL const, soil respiration 
increases with dTL exponentially: 

 . (23.2) 

At extra-tropical latitudes, such dependence is, in fact, observed (Lloyd and Taylor 1994; Sav-
age and Davidson 2001). However, at tropical latitudes, the range of temperature is so narrow 
that deviations from linearity 

  (23.3) 

are not observed (see Fig. 5). In tropical forest, observations of soil respiration reveal tempera-
ture sensitivity in the range 25-35%/K (Wood et al. 2013; Nottingham et al. 2018; Brechet et al. 
2017). Representative is the temperature dependence in Fig. 5, which reflects the temperature 
sensitivity of land emission: 

  (23.4) 

 
Measurements of R in Fig. 5 were conducted in Puerto Rico, which lies at the fringe of the trop-
ics. However, biomass, through which soil respiration operates, is concentrated in the deep trop-
ics: the Congo, Amazon basin, and the maritime continent in the western Pacific (Fig. 6). Alt-
hough measurements are unavailable, temperature sensitivity there may be substantially greater. 

The observed perturbation of tropical temperature during the Mauna Loa era (14.2) is represent-
ed in the record of SSTA at latitudes |f| < 20° (see Fig. 2). It describes the temperature of ocean 
surface in the tropics. Satellite measurements by the Microwave Sounding Unit (MSU) suite of 
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Figure 5: Temperature dependence of soil respiration observed in tropical forest. After Wood et 
al. (2013). 
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instruments sample temperature over both ocean and land. The MSU record of tropical ocean is 
strongly coherent with the surface record of anomalous SST, but slightly reduced because the 
MSU record represents atmospheric temperature a couple of km above the surface. Much the 
same holds for the systematic increase of MSU temperature over tropical landmass (a trend of 
+0.16 K/decade) vs. over tropical ocean (a trend of +0.12 K/decade). Scaling the perturbation of 
ocean temperature in (14.2) accordingly provides perturbation temperature that is representative 
of tropical land: 

  (24) 

 
This temperature perturbation increases land emission (7), which in turn increases atmospheric 
CO2. The fractional increase of rA follows from (23): 

 . (25.1) 

From initial CO2 of rA = 315 ppmv (16.4), atmospheric CO2 thus experiences a thermally in-
duced increase of 

 . (25.2) 

This corresponds to ending CO2 in 2020 of 

 . (25.3) 

3.3 Aqua and Terrestrial Tropics 
The presence of both ocean and land couples emission from ocean to emission from land. The 
perturbation of ocean emission depends upon the perturbation of atmospheric CO2, which in 
turn depends upon the perturbation of land emission. 

From (10), the fractional increase of atmospheric CO2 may be expressed 

 . (26) 

Although differing in surface area, tropical ocean and land have comparable total emission. 
According to marine observations of Dr (Takahashi 1997; Feely et al. 2001) and satellite obser-
vations of CO2 over tropical land (Palmer et al. 2019), emission from tropical ocean and land 
surface lie in the range 
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Figure 6: Global distribution of above-ground biomass (Mg/ha), derived from satellite observa-
tions. Highlighted is Puerto Rico (Red), the measurement site of soil respiration in the tropics (Fig. 
5). Source: European Space Agency. 
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 . (27) 

With (26), it follows (Appendix A) that the fractional increase of atmospheric CO2 must lie in 
the range: 

 . (28) 

The thermally-induced increase of atmospheric CO2, collectively from tropical ocean and land, 
must therefore lie in the range 

 . (29.1) 

This range of fractional increase corresponds to ending CO2 during 2020 in the range 

 . (29.2) 

Observed CO2 during 2020 was ~ 414 ppmv. 

4. Response to Observed Warming 
Over much of the Earth, evidence of a systematic and sustained change of temperature is scarce 
(SH2). What warming has occurred during the Mauna Loa era occurred sporadically, incoherent 
in time. At mid-latitudes, the MSU record reveals no systematic change. At polar latitudes, 
where a trend is evident, MSU retrievals are vulnerable to ice, snow, and high terrain, features 
that are prevalent at polar latitudes (see, e.g., Maslanic 2007; Wang et al. 2017; Cui et al. 2020; 
Swanson 2003). 

In contrast, temperature in the tropics has increased systematically (Fig. 2). Evident in the rec-
ords of both MSU and SSTA, this systematic warming is free of the uncertainty that surrounds 
microwave retrievals at polar latitudes. According to the development in Sec. 3, the systematic 
warming of tropical ocean and land surface must be attended by intensified net emission of CO2. 
In fact, it is (SH2). Intensified net emission, in turn, must induce a drift in global equilibrium, 
with an attendant increase of CO2. 

Investigating the thermally-induced perturbation of CO2 requires a record of tropical tempera-
ture that extends back to 1959, when Mauna Loa measurements began. Over ocean, this re-
quirement is met by the record of SSTA (Fig. 2), albeit with limited accuracy before the advent 
of global coverage by satellites. Over tropical land, no such record is available. There, we must 
also rely on SSTA. 

Ocean temperature is less coherent with the observed record of net CO2 emission than is land 
temperature (ibid). Nevertheless, it is strongly coherent with land temperature, which is largely 
imposed by surrounding ocean. The strong interdependence of land and ocean temperature is 
evidenced during the satellite era, when there is complete coverage of the tropics. The two then 
vary co-dependently, achieving a correlation of 0.94. Despite the limitation of coverage, SSTA 
is the only means by which tropical temperature can be extended back to the onset of Mauna 
Loa measurements. Mindful of the limitations, we employ the record of SSTA to explore the 
thermally-induced perturbation of CO2, which can then be compared against the observed evo-
lution of CO2. From (10), the fractional perturbation of emission equals the fractional perturba-
tion of atmospheric CO2. Hence, 

 , (30.1) 

where the perturbation of emission has contributions from ocean and land: 

 , (30.2) 
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Then 

 , (31.1) 

where  (31.2) 

represents the relative emission from tropical land and ocean (27). The fractional perturbation of 
emission then becomes 

 . (32) 

Owing to the strong interdependence of temperature over tropical land and ocean, temperature 
over land can be expressed in terms of temperature over ocean. Proceeding as in Sec. 3.2, (24) 
obtains 

  . (33) 

The fractional perturbation of emission (32) then reduces to 

 , (34.1) 

where  (34.2) 

represents the effective temperature sensitivity of tropical surface, collectively from ocean and 
land, and T is understood hereafter to refer to TO . 

For finite temperature perturbation and integration of (34.1) obtains the perturbation of overall 
emission from the tropics in terms of anomalous temperature of tropical ocean: 

 , (35) 

where E(0) is CO2 emission in the unperturbed equilibrium state and dT is the departure of tem-
perature from that state. 

Anomalous emission in (35) describes the temperature-dependent part. Total emission is then 

 , (36) 

with E0 representing emission that is not temperature dependent and Ê(dT) given by (35). Time-
varying net emission, Ê(dT(t)), can be evaluated over the Mauna Loa era from the contempora-
neous record of SSTA: dT(t). 

4.1 Constant Effective Absorption 
We are interested in determining Enet , the component of emission that controls anomalous CO2. 
The conservation law (1) defines net emission, 

 , (37.1) 

which determines anomalous CO2 through  

 . (37.2) 
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For constant aeff , differentiating (37.1) obtains the balance governing net emission of CO2: 

 . (38) 

Equation (38) can be solved analytically. Incorporating an integrating factor yields its solution: 

 , (39.1) 

wherein initial conditions are embodied in the term in brackets, a represents aeff , and 

 . (39.2) 

Although restricted to a = const, an analytical solution of Enet affords insight that is not availa-
ble from a numerical solution. For times long compared to the effective absorption time (t >> 
a−1 ), net emission reduces to the limiting form 

 . (40) 

Therein, net emission of CO2 follows from a competition between temperature-induced emis-
sion, embodied in the first term on the right-hand side, and absorption of the resulting CO2, 
embodied in the second term. In the latter, absorption discriminates according to the time scale 
of emission, through the exponential kernel of the integral in (40). Fluctuations of Ê on time 
scales shorter than a−1 experience strong cancellation in the integral. Thereby, those compo-
nents are suppressed in the absorption term, leaving them largely undamped. If, however, a also 
discriminates according to time scale, as will emerge in Sec. 4.2, then short time scales can nev-
ertheless experience strong absorption. 

Notice: If the perturbation of temperature is invariant, dT= const, 

 , (41) 

Irrespective of how large the temperature perturbation is, net emission eventually vanishes - 
because anomalous CO2 eventually increases enough to restore the system to equilibrium. The 
same holds for any constant perturbation of emission (e.g., anthropogenic emission, were it to 
remain constant). It follows that, under these conditions, CO2 cannot accumulate in the atmos-
phere indefinitely. Net emission can remain nonzero and, hence, continue to change CO2, only if 
emission continues to change. 

Because the global system remains in a state of quasi-equilibrium, wherein emission is largely 
balanced by absorption (2.1), induced changes of CO2 must track changes of emission that pro-
duce them. These circumstances apply to thermally-induced CO2, including the component 
forced by the systematic increase of tropical temperature (Fig. 2). 

4.2 Arbitrary Absorption 
For a = aeff variable, as emerges from the record of nuclear-perturbed carbon 14 (Harde and 
Salby 2021; SH1), differentiating (37) leads to the more general balance that governs net emis-
sion: 

 . (42) 
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 . (43) 

Governing net emission under conditions of arbitrary absorption, the balance (43) is an integro-
differential equation of the Volterra class (Goltser and Litsyn 2005). 

Anomalous surface temperature (Fig. 2) and, hence, thermally-induced emission (35) involve 
two spectral components of disparate time scales: (i) interannual fluctuations, with periods of a 
couple of years, and (ii) the systematic increase of temperature, with periods much longer than a 
decade. Because their time scales are widely separated, those spectral components correspond to 
high- and low-pass filtered forms of dT. Through (35), they introduce similar components into 
thermally-induced emission: 

 . (44) 

Anomalous CO2 produced by these spectral components of emission experiences different ef-
fective absorption, which depends upon time scale. 

As developed in SH1, effective absorption of CO2 is modulated by its re-emission from the 
Earth’s surface. By offsetting direct absorption, re-emission slows effective absorption of CO2. 
For short time scales (e.g., induced by interannual fluctuations of dT), re-emission has little time 
to intensify before dT reverses. Direct absorption of CO2 then experiences little offset, leaving 
aeff fast. However, for long time scales (e.g., induced by the systematic increase of dT), re-
emission has ample time to intensify. Direct absorption of CO2 then experiences a large offset, 
which renders aeff slow. 

The dependence on time scale is manifest in the response of CO2 to ÊLP and ÊHP . An oscillatory 
perturbation of temperature 

  (45.1) 

and thus of emission 

  (45.2) 

is introduced in the 3-volume system of SH1, a system that reproduces the observed evolution 
of nuclear-perturbed carbon 14 in the same way as seasonal oscillations. Through Fourier trans-
form, spectral components of the form (45) comprise the LP and HP components of dT and, 
thereby, the respective components of thermally-induced emission, ÊLP and ÊHP. For specified 
w, the perturbation d E introduces an oscillatory perturbation in atmospheric CO2. The amplitude 
of anomalous CO2 measures effective absorption of that spectral component. 

Anomalous tropospheric CO2 in the 3-volume system (viz. rA) is coupled to anomalous CO2 in 
the surface layer and in the stratosphere through exchanges of carbon. Nevertheless, rA still 
obeys the conservation law (1), which may be expressed abstractly 

 , (46) 

where the forcing operator F includes perturbation emission of CO2, as well as exchanges of 
CO2 between the troposphere, surface layer and stratosphere. Letting 

  (47.1) 

transforms (46) into 
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Anomalous CO2 induced by the perturbation of emission (45.2) thus oscillates with the complex 
amplitude 

 . (48) 

The perturbation of tropospheric CO2 has the limiting form 

 . (49) 

Short time scales (w ® ¥) are introduced by ÊHP (44). Anomalous CO2 then becomes small and 
oscillates in quadrature with thermally-induced emission. In this limit, the troposphere and sur-
face layer are out of equilibrium: CO2 in one never equals that in the other. Re-emission from 
the Earth’s surface is therefore weak. Consequently, it provides little offset to direct absorption, 
leaving aeff fast. 

Long time scales (w ® 0) are introduced by ÊLP. Anomalous CO2 then oscillates in phase with 
thermally-induced emission. In this limit, the troposphere and surface layer have time to attain 
quasi-equilibrium, with CO2 in one nearly equal to that in the other. Re-emission has then inten-
sified. It offsets much of direct absorption, rendering aeff slow. 

Rearrangement of (48) obtains the effective absorption rate in terms of the amplitude of the 
spectral component with frequency w: 

 . (50) 

Note: Since R scales directly with F, aeff is independent of the forcing amplitude. Without loss of 
generality, F  may therefore be set equal to 1 ppmv/yr. 

Plotted in Fig. 7 is anomalous CO2 that is induced by the spectral component of F with a period 
2p/w = 2000 yrs (Blue), which is inherent to the long-term increase in Fig. 2. Anomalous rA that 
it produces is seen to vary in phase with its forcing, FRe = Re{F e-iw×t } ~ cos(w×t). Related to |F | 
it has an amplitude of 9.6 ppmv. According to (50), the LP component of anomalous CO2 there-
fore experiences effective absorption 

 , (51.1) 

or an effective absorption time teff = 9.6 yr in full agreement with Harde and Salby 2021 and 
SH1. 

Also plotted in Fig. 7 is anomalous CO2 that is induced by the spectral component of F with a 
period 2.8 yrs (Red), equal to the mean period of interannual fluctuations in Fig. 2. It is inherent 
to the HP component of thermally-induced emission. Despite being forced by the same ampli-
tude in the same system, anomalous CO2 introduced by the HP component of emission achieves 
an amplitude of only 0.37 ppmv. According to (50), it experiences effective absorption 

 , (51.2) 

corresponding to an effective absorption time of less than a year. 
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It is noteworthy that absorption of the HP component of anomalous CO2 can also be deduced 
empirically. Interannual fluctuations of CO2 are observed to operate coherently with but lag 
interannual fluctuations of temperature (Humlum et al. 2013; Salby 2013; Harde 2019). Inde-
pendent of the above analysis, the observed lag reveals effective absorption of .5 

The governing balance (43) is now solved numerically for thermally-induced net emission, 
Enet(dT), through 4th order Runge-Kutta treatment. With Ê(t) prescribed through SSTA (39.2), 
anomalous temperature (Fig. 2) is filtered to periods longer and shorter than two decades, there-
by discriminating between the LP and HP components of dT. Anomalous CO2 introduced by the 
respective components of thermally-induced emission (39.2) is subjected to effective absorption 
in (51), which is varied weakly according to observed aeff (SH1). Representative of the effective 
temperature sensitivity of tropical surface (34) is  (Fig. 5).6 The corresponding 
value of g in (31.2) is 2.7. It falls squarely within the observed range of emission inferred from 
observations (27). 

Plotted in Fig. 8 is thermally-induced net emission (Blue). Despite having several hundred ob-
servations, of order a hundred independent degrees of freedom, Enet(T) tracks the observed rec-
ord of Enet (Red). The correspondence holds for interannual fluctuations of net emission, notably 
during the El Niños of 1973, 1997, and 2016, as well as for its long-term intensification, where-
in Enet and Enet(dT) intensify from ~ 0.7 ppmv/yr to almost 2.5 ppmv/yr. Notice that, before the 
El Niño of 1973, observed net emission remains approximately level: Enet undergoes no system-
atic change until after that El Niño. Thermally-induced net emission, Enet(dT), undergoes the 
same transformation; cf. Fig. 2. With a correlation of 0.78, the two records in Fig. 8 are strongly 
interdependent. Their correlation is, in fact, quite close to the correlation between observed Enet 
and thermally-induced emission that is deduced empirically (SH2). 

 
5 Consistent with both analyses is the observed annual cycle of emission from tropical land in the North-

ern Hemisphere, where its annual cycle is strongest (Palmer 2019). It varies nearly in phase with the 
annual cycle of CO2. According to (49), this HP component of CO2 must therefore experience effective 
absorption shorter than a year. 

6 In light of the paucity of measurements in the deep tropics, where biomass is concentrated, this value 
may well underestimate the actual temperature sensitivity. 

1351 -@ yr.HP
effa

1300 -= K.Q

Figure 7: Response of tropospheric CO2 to harmonic surface emission with a period of 2000 yrs 
(Blue) and a period of 2.8 yrs (Red), equal to the mean period of interannual fluctuations of net 
emission in the observed record; see text.  
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Subject to the same physical processes is anthropogenic emission, EAnt, which is plotted in Fig. 
9. It, too, must obey the governing balance (43), with EAnt in place of Ê. There is, however, an 
important distinction. Unlike thermally-induced emission from the surface, anthropogenic emis-
sion operates directly in the atmosphere. For re-emission of CO2 to amplify and slow effective 
absorption of CO2, anthropogenic emission must enrich CO2 in the surface layer relative to that 
in the atmosphere. As detailed in SH1, the continuous re-supply of anomalous CO2 in the at-
mosphere maintains the troposphere and surface layer out of equilibrium. Thereby, it limits re-
emission and its offset of direct absorption, leaving aeff fast. 

 
The 3-volume system of Fig. 7 is now perturbed by atmospheric emission with a period of 2000 
yrs, characteristic of the long-term increase of anthropogenic emission (Fig. 9). Anomalous CO2 
(not shown) evolves similarly to the LP spectral component in Fig. 7, which results from surface 
emission. However, forced by emission in the atmosphere, rA now achieves an amplitude of 
only 1.105 ppmv. From (50), anomalous CO2 therefore experiences effective absorption of 

 , (51.3) 1910 -@ yr.Ant
effa

Figure 8: Net CO2 emission observed (Red), low-pass filtered to periods longer than a year, along 
with its thermally-induced component (Blue), calculated from the observed record of tropical tem-
perature. 

Figure 9: Global anthropogenic emission of CO2. Sourced from CDIAC (2017) and Le Quéré et al. 
(2021). 



 M. Salby, H. Harde: Theory of Increasing Greenhouse Gases 

 

Science of Climate Change  https://doi.org/10.53234/scc202212/17 

 229 

corresponding to an effective absorption time of about a year. Much the same effective absorp-
tion is found for monotonically-increasing anthropogenic emission (SH1). 

Plotted in Fig. 10 is net emission (43) that follows from anthropogenic emission, (Magenta, 
Lower Graph). Owing to rapid absorption, anthropogenic CO2 is removed almost as fast as it is 
introduced. Consequently, is only a few tenths of a ppmv/yr, an order of magnitude weaker 
than net emission from the Earth’s surface that is thermally-induced, Enet(dT); cf Fig. 8. 

 
Superimposed in Fig. 10 is total net emission: Enet = Enet(dT) + (Purple). It tracks the ob-
served record of net emission (Red). Total net emission follows almost entirely from the ther-
mally-induced component (Fig. 8). Relative to mean net emission observed during the Mauna 
Loa era, the thermally-induced component represents 95.9%. The anthropogenic component 
represents 4.1%. Almost the same is expected from the natural to anthropogenic emission ratio. 

 

Ant
netE

Ant
netE

Ant
netE

Figure 10: Net CO2 emission observed (Red), along with the total calculated net emission, com-
prised of thermally-induced and anthropogenic components (Purple). Plotted separately is the an-
thropogenic component alone (Magenta, Lower Graph). 

Figure 11: Observed increase of CO2 (Green), compared against the calculated increase (Purple). 
Note: Calculated CO2 lies mostly beneath observed CO2, but emerges near the end of the record. Plot-
ted separately is the contribution from thermally-induced emission (Blue) and the contribution from 
anthropogenic emission (Magenta). 
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In Fig. 11 is displayed the observed increase of rA (Green). Superimposed is anomalous CO2 
(37.2) that is forced by the total emission in Fig. 10 (Purple - almost completely covered by the 
Green graph). It closely tracks the observed evolution of anomalous CO2. Tracking observed 
CO2 almost as closely is the thermally-induced component of anomalous CO2 (Blue). Also su-
perimposed in Fig. 11 is the anthropogenic component of anomalous CO2 (Magenta). Compara-
tively small, it tracks the instantaneous equilibrium level of anthropogenic CO2 (Sec. 1) (see 
also Harde 2019, Figs 8 and 10; and SH1, Fig 14). 

In this context we note that from estimates of the anthropogenic emission rate EAnt and the ob-
served increase DrA/Dt of the atmospheric mixing ratio within one year, it is widely inferred that 
about 44% of these emissions (or an equivalent mass) as so-called Airborne Fraction AF re-
mains in the atmosphere, while the rest is absorbed by extraneous reservoirs (Sixth Assessment 
Report (AR6), 2021, Chap. 5, Fig 5.7). Therefore, nature is assumed to be a net sink, and not 
natural but almost exclusively anthropogenic sources are made responsible for the increasing 
atmospheric CO2.  

However, this interpretation neglects that changes in the mixing ratio, which are initiated in a 
linearly responding system, cannot be greater than the perturbation, and these changes are re-
sponding with some delay to the emissions, determined by the effective absorption time teff.  So, 
comparing the growth rate DrA/Dt of the mixing ratio with an additional emission DE, native or 
anthropogenic, it is obvious that DrA/Dt  < DE, until new equilibrium or quasi-equilibrium can 
establish with . But by far this does not mean that nature would be a net sink 
and could not contribute on its own to an increasing mixing ratio (see Appendix B).  

For a more detailed discussion of the different paradigms of native or anthropogenic contribu-
tions to the CO2 mixing ratio in the atmosphere, see also Connolly et al. 2020. 

5. Methane Emission 
Like carbon dioxide emission, CH4 emission increases with temperature (Fig. 12). Methane has 
likewise been systematically increasing, albeit in an observed record that is much shorter than 
the Mauna Loa record of CO2. It too is emitted by biomass (Fig. 6), chiefly through anaerobic 
processes that operate in well-irrigated regions like wetlands. Owing to its production in aque-
ous environments, however, methane emission is also dependent upon precipitation, which is 
plotted in Fig. 13a. It mirrors the observed distribution of methane, presented in Fig. 13b. Ac-
cordingly, those influences magnify CH4 emission from tropical land, where biomass and pre-
cipitation are abundant (Pangala et al. 2017; Lunt et al. 2019; Gauci et al. 2021). 

 

eff
eq
A Er t×D=D

Figure 12: Observed temperature dependence of methane emission in wetland (Green), aquatic 
(Blue), and rice paddy (Red) environments. F is the production rate of CH4, analogous to respiration, 
in Arrhenius exponential form of temperature dependence. After Durocher et al. (2014). 

CH4 
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The popularized view of the simultaneous increase of carbon dioxide and methane, namely, that 
it is the result of humans, is paradoxical. Promulgated by the UN’s IPCC, this view holds that 
their joint increase follows, purportedly, from anthropogenic sources, even though anthropogen-
ic sources of CO2 and CH4 are physically independent.  

In contrast, the simultaneous intensification of CO2 emission and CH4 emission is precisely 
what must accompany observed warming in the tropics. Evidenced here in observed behavior, 
this single physical mechanism provides a unified understanding of the joint increase of these 
greenhouse gases, one that follows naturally from thermally-induced emission. 

In this context we have to point to an often found misinterpretation concerning the global 
warming potential of methane. So, the radiative efficiency of CH4 with 3.7x10-4 W/m2/ppbv 
is classified to be 25x larger than that of CO2 with 1.4x10-5 W/m2/ppbv. Such values are 
derived from the changing absorptivity or emissivity of the gases, when their concentration 
is changing by 1 ppbv. But these radiative efficiencies compare the two gases under com-
pletely different conditions: CH4 at a concentration of 1.8 ppmv and CO2 at a 200x larger 
concentration, when it is already strongly saturated. Also, the interference with other green-
house gases, particularly with water vapor, is for both gases completely different.  

 
Only these diverse conditions pretend a much higher radiative efficiency of methane, re-
spectively a considerably lower value for CO2. So, at a comparable concentration of 400 

Figure 13: a) Mean global distribution of precipitation in July. Source: GPCC (2020). 
      b) Mean global distribution of methane, observed by satellite. Source: ESA (2017). 

a) 

b) 
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ppmv for CH4 in the atmosphere the radiative efficiency drops to about 65% of CO2, and at 
a concentration of only 1.8 ppmv of CO2 the efficiency is about 1.5 times larger than that of 
CH4 (see also Wijngaarden and Happer 2019). Only due to the different saturation strengths 
on quite different scales is CH4 assumed to have a 25x larger global warming potential, 
while a more realistic consideration supposing a doubling each of the actual CH4 and CO2 

concentrations shows that CH4 does not contribute more than about 2% to global warming 
relative to CO2 (Harde 2021). 

6. Conclusion 
Thermally-induced emission in the tropics closely tracks observed net emission of CO2. It thus 
accounts for the preponderance of CO2 net emission, which in turn determines anomalous CO2. 
For this reason, the thermally-induced response to observed warming in the tropics represents 
nearly all of the observed increase of atmospheric CO2. 

The geographical site of net emission is noteworthy. Through the conservation law, the strong 
correspondence to observed net emission follows theoretically from behavior in the tropics - not 
in the extratropics, where anthropogenic emission is concentrated. Independently, the same cor-
respondence to observed Enet follows empirically from anomalous temperature in the tropics 
(SH2), as well as from a time-lag analysis of anomalous CO2 (Humlum et al. 2013). Especially 
noteworthy is that, in the time-lag analysis, strong coupling of anomalous CO2 appears initially 
in the tropics, but then advances poleward into each hemisphere. 

In both theoretical and empirical evaluations, thermally-induced emission of CO2 represents 
interannual intensifications of net emission, notably during episodes of El Niño. Represented 
equally well is the long-term intensification of net emission during the last half century. The 
strong correspondence to observed changes indicates that, although operating on disparate time 
scales, both unsteady components of CO2 net emission share the same physical mechanism. 

Long-term intensification of Enet is manifest in both the observed and calculated records. It ac-
counts for about half of the observed increase of atmospheric CO2 (SH2). Owing to the funda-
mental sensitivity to temperature of surface flux (Fig. 5), such intensification is an inevitable 
consequence of systematic warming in the tropics. 

In relation to CO2, what is responsible for that warming is immaterial. Its influence on CO2 
should not be confused through circular reasoning. The observed warming, which forces in-
creased CO2 through intensified net emission, cannot itself be the result of increased CO2. Were 
it, anomalous CO2 and net emission that forces it would have increased twice as much as was 
observed: (i) the increase required to produce the observed warming plus (ii) the thermally-
induced response to that warming, which, irrespective of what caused the warming, induces an 
intensification of net emission that is nearly identical to what is observed. For a detailed consid-
eration of the "hen-or-egg causality" see also Koutsoyiannis & Kundzewicz 

That net emission of CO2 is not the cause of but the response to changes of temperature is also 
clear from their robust coherence, which is observed on all time scales (SH2). Likewise, for 
their in-phase relationship. Simultaneous changes of tropical temperature and net emission of 
CO2 are inherent to their long-term increase as well as to interannual fluctuations, which arise 
unambiguously from natural changes of surface temperature. Anthropogenic emission, on the 
other hand, could introduce only long-term changes but not the observed interannual changes - 
incongruous with the strong coherence that is observed irrespective of time scale. 

More fundamentally, causation by anthropogenic emission of CO2 is eliminated by the observed 
in-phase relationship between Enet and tropical temperature. Simultaneous changes in those 
properties contradict the in-quadrature relationship they would have were the changes of tem-
perature forced by changes of CO2 (ibid). The observed in-phase relationship thus establishes 
unambiguously that net emission of CO2 is forced by changes of tropical temperature - not vice 
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versa. 

Like carbon dioxide emission, also CH4 emission increases with temperature (Fig. 12). It too is 
emitted by biomass (Fig. 6), chiefly through anaerobic processes that operate in well-irrigated 
regions like wetlands, and those influences magnify CH4 emission particularly from tropical 
land, where biomass and precipitation are abundant. 

The simultaneous intensification of CO2 emission and CH4 emission is precisely what is ex-
pected from observed warming in the tropics. Therefore, this single physical mechanism pro-
vides a unified understanding of the joint increase of these greenhouse gases, one that follows 
naturally from thermally-induced emission. 
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Appendix A 

Observed Range of Tropical Emission  
From (26) and (27), the fractional increase of atmospheric CO2 must lie in the range: 

 ,  (A1.1) 

which reduces to  

 .  (A1.2) 

In terms of surface properties, this relationship becomes 
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or . (A2.2) 

According to (27), EL = SLFL is comparable to or greater than EO = SOFO . On the other hand, 
coverage of the tropics by ocean exceeds that by land (SL < SO). It follows from (27) that the 
areal-mean flux from land must be comparable to or exceed the flux from ocean: FL ³ FO. Re-
placing the contribution SOFO under exclusively ocean conditions by a greater contribution SLFL 
when land is present, can only increase atmospheric back pressure (drA) on the ocean surface. It 
in turn reduces the CO2 contrast between the atmosphere and ocean, dDr = drO − drA , below its 
value under exclusively ocean conditions: dDr|SL=0.  

Consequently, . (A3.1) 

From (11), . (A3.2) 

Hence, the right-hand side of the inequality (A4.1) is already quite small. Since dDr/Dr must 
remain positive, the fractional increase of CO2 contrast between the atmosphere and ocean must 
be confined to the narrow range 

   

or . (A4.1) 

Similarly, the fractional increase in respiration follows from (22) - (24) as 

 . (A4.2) 

With (A4), (A2) reduces to 

 ,  

or finally . (A5) 

Appendix B 

Environment as a Net Sink or Net Emitter? 
According to the conservation law (1) changes of the CO2 mixing ratio rA are controlled by a 
competition between the total emission rate E and its removal through an absorption rate A:  

 , (B1) 

where the absorption is proportional to the instantaneous abundance of CO2 and teff is the effec-
tive absorption time. 

With a constant emission E0 and a perturbation DE, Eq. (B1) can also be expressed in the form: 
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 . (B2) 

For DE as the anthropogenic emission rate, as derived from the CDIAC-data, and with the ob-
served increase of the mixing ratio DrA/Dt over one year at Mauna Loa it is obvious that the net 
flux, E0 - A can quite well be assessed without needing to know the absolute magnitudes of E0 
or A, quantities which on their parts are often highly uncertain. It is also evident that in a linear-
ly responding system without some virtual amplification the changes DrA/Dt cannot be greater 
than the perturbation itself, and that these changes are responding with some delay to the emis-
sions, controlled by the effective absorption time teff. So, with the left side of (B2) negative, also 
the right side is negative, and the environmental uptake A = rA/teff must be larger than the natural 
emissions E0. From this statement, however, often wrong conclusions are derived that the envi-
ronment must have acted as a net sink throughout the Industrial Era, and thus, nature could not 
have been the reason for any observed CO2 increase. 

For simplicity considering for a moment a constant perturbation DE, native or anthropogenic 
origin or both, the general solution of (B2) is: 

 , (B3) 

and with rA(0) = E0×teff as the equilibrium concentration for the constant emission E0, the excess 
concentration DrA(t) = rA(t) - rA(0) becomes 

 . (B4) 

Assuming an increase of the mixing ratio over one year, as derived from an airborne fraction of 
AF = 44%, but this growth related to the maximum expected increase at a new equilibrium 

, gives a conditional equation with an upper limit for teff : 

 , (B5.1) 

or . (B5.2) 

Relating the 44% increase directly to the emission rate DE, also over one year (Dt = 1 yr), in 
agreement with the definition of the airborne fraction, this gives: 

  (B5.3) 

and can be seen as a condition for a lower limit, yielding an effective absorption time of only teff 
= 0.51 yrs, close to the calculations for thermally induced emissions of interannual fluctuations 
with teff = 0.67 yrs (Eq.(51.2)). These rough estimates confirm quite well the independently 
derived result for anthropogenic absorption (51.3) with teff = 1.1 yrs, and they explain, why the 
airborne fraction is largely independent of the size of a perturbation DE.  

The preceding considerations make also clear that from a negative left hand side of (B2) or a 
lower concentration DrA(Dt) £ DE×Dt (see Eqs.(B5)) we cannot simply infer that nature is a net 
sink and therefore could not be responsible for any increasing CO2 level.  

Related to a constant native emission E0 and the initial equilibrium mixing ratio rA(0) = E0×teff , 
nature surely acts as a further increasing sink, driven by the additional native or human emis-
sions DE. Thus, the environment indeed looks like a net absorber. But this absorption tracks the 
anomalous emission DE with some delay and cannot be larger than this emission, which in reali-
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ty is even further increasing over time. Because native emission and absorption processes are 
largely independent phenomena, also with an increasing absorption can nature still be a net 
emitter to the atmosphere and even by far the strongest donator, as this and our previous studies 
(SH2; Harde 2019, Figs 8-10, Subsec. 5.3) clearly demonstrate. 
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is Due to the Burning of Fossil Fuels
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Abstract:

The question is: What fraction of the observed increase in atmospheric CO2 since 1750 is due 
to the burning of fossil fuels? Is it close to 1.0 as the IPCC and the climate policy makers would 
have us believe by saying that all, or nearly all, of the increase is due to the burning of fossil 
fuels i.e., the climate changes we are seeing are caused by humans. This paper is all about this 
fraction. I use networks of boxes and arrows that visualize the carbon accounting. I incorporate 
the photosynthesis and the temperature dependent non-fossil emission. The networks are balanced 
by solving simultaneous, linear equations, one for each box. Based on the law of the conservation 
of mass, in addition to elementary linear algebra, I present and apply a simple, universal, method 
for global carbon accounting. Assuming that the atmosphere behaves like a physical system with 
constant residence time 4.1 years, I apply the method and calculate the fraction to be 0.25. In 
addition, I find that the fraction is linked to the greening of the Earth, quantified as the increase in 
the photosynthesis on land and in the ocean. Finally, I render it probable that the increase in the non-
fossil emission is caused by the temperature increase, the warming of the globe.

Keywords: Carbon balance, atmospheric CO2, residence time, photosynthesis, greening 
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1. Introduction

At the onset of the industrial revolution, about 1750, the atmosphere’s CO2 concentration was about 
280 ppm and had been so for several hundreds of years, IPCC (2013). In the 2010s, it was about 
405 ppm and rising. The increase, ΔC=125 ppm, is the sum of two parts. One is due to the burning 
of fossil fuels, ΔCf, where subscript f stands for fossil. The other is ΔCn, the non-fossil part, where 
subscript n stands for non-fossil. We have ΔC = ΔCf +ΔCn. This paper is all about determining 
the fraction ΔCf / ΔC in order to answer the question: What fraction of the observed increase in 
atmospheric CO2 is due to the burning of fossil fuels? This question is important, perhaps the most 
important question in the climate debate. If the fraction is smaller than 0.5, then the climate policy 
is way off the track. If it is close to 0, there is no climate crisis at all. The climate change is then 
not at all caused by humans. It is natural.

2. Assumptions and general notes

Some of the carbon fixed by photosynthesis is ‘burned off’ in the internal plant metabolism. The 
plant respiration, also called the autotrophic respiration, returns carbon to the atmosphere. According 
to Kirschbaum et al. (2001), it typically amounts to about half the carbon fixed by photosynthesis. 
This is adopted as the main assumption that underlies the present analysis: Plant respiration is half 
of the photosynthesis.

In Section 4.2, I apply yet another assumption: The atmosphere behaves like a physical system with 
constant carbon residence time of 4.1 years.

The concentration of atmospheric CO2 is in units of ppmv (parts per million by volume in dry air). 
I omit the “v”. To convert this CO2 concentration into the total mass of atmospheric carbon in GtC 
(Gigatons of carbon), multiply the ppm by 2.12. 
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Data for this paper, up to and including Appendix A, come from The Global Carbon Project’s (GCP) 
Global Carbon Budget for the 2010s found in Friedlingstein et al. (2020).

3. Method

3.1 General

It is a matter of conservation of carbon and linear algebra. The global carbon balance is depicted as 
a network of five boxes (control volumes) connected by arrows symbolizing flows. The conservation 
equation states that the stock change, in all boxes, over a specified period of time, equals input 
minus output during the same period of time. This translates into five simultaneous, linear equations 
with five unknowns making the double-entry bookkeeping method, and the input-output method, a 
matter of elementary linear algebra. 

The method owes a lot to the classical input-out analysis, Leontief (1986). The differences are that 
I use networks of boxes instead of input-output tables, and my “currencies” are not goods, services 
and money, but any conserved quantity, carbon in this case.

An ambition of this paper is to keep things as simple as possible, especially the network. The 
simplest possible network for the global carbon balance, I can think of, is shown in Figure 1. 

Figure 1. Flows and stock changes in the global carbon balance. Box numbers stand in upper left-hand 
corners. Xi,j is the flow of carbon from Box i into Box j. The stock change is placed in the lower 
 right-hand corner. Green = knowns; Red = unknowns.

This is a simplified balance. It works on the assumption that there are two separate carbon cycles: 
A cycle linking land and the atmosphere, and another cycle linking the ocean and the atmosphere. 
In Figures 1, 3, 4 and 5, these cycles are added. In other words, I add the land-atmosphere cycle 
(annually fueled by 120 GtC fixed by land photosynthesis), and the ocean-atmosphere cycle (annually 
fueled by 90 GtC fixed by ocean photosynthesis), in order to keep the network as simple as possible. 
At the expense of simplicity, in Appendix C, I show the two cycles separately.      
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The flows are,

p is photosynthesis = X1,3 

n is the non-fossil, temperature dependent, emission = X4,2  

f is the emission from fossil fuels burning and cement production = X5,1 

r is respiration = X2,1

The changes are,

D1 is the change of the stock of atmospheric carbon

D2 is nil by definition

D3 is land use change (mainly deforestation)

D4 is the change of the earth’s stock of organic matter (recently) accumulated on land and in 
sediments of the ocean and the freshwaters

D5 is the change of the earth’s stock of fossil fuels and limestone. 

The sum of these stock changes must equal zero, because the system is closed. 

Box 2 has no stock change since it is not a physical system; it merely serves to receive two flows, 
X4,2 and X3,2 and pass them on to the atmosphere. To mix physical and nonphysical systems is not 
normally done. Here I make an exception.  

The balanced networks in Figures 1, 3, 4 and 5 incorporate the photosynthesis, p, and the non-fossil, 
temperature dependent flow, n, in the balance and links them to other variables, such as f, by linear 
algebra. Thereby, the carbon balance differs from IPCC’s and GCP’s carbon cycles or budgets.

Suppose we aggregate Box 2, 3 and 4 into a single box, in other words, that we add their balance 
equations. That would leave us with a diagram showing a one-way flow of carbon from the stock of 
fossil fuels into the atmosphere, and from there into land and ocean reservoirs. The photosynthesis, 
and the non-fossil emission cancel. This makes the burning of fossil fuels the only source of carbon 
to the atmosphere. This wrong perception becomes apparent, when the IPCC claims that carbon 
from the stock of fossil fuels is “distributed” to three reservoirs: The atmosphere, land, and the 
ocean. 

It certainly looks so, since the negative change of the stock of fossil fuels carbon, added to the 
positive stock changes in the atmosphere, on land, and in the ocean is zero by virtue of the law of 
the conservation of mass. But we need to understand how this distribution to the three reservoirs 
comes about by applying linear algebra.
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3.2 The equations

The conservation equation for atmospheric carbon is,

					     (1)

Referring to Figure 1, we have,

		  (2)

The main assumption translates into, 

		  (3)

Insert this in Equation (2), and arrange terms to get,

		  (4)

By definition we have, 

		  (5)

So, in recognizable mathematical notation, the equation for the conservation of atmospheric carbon 
is this first order differential equation,

		  (6)

On the left-hand side of the equation, A is the atmosphere’s stock of carbon, and t is time. The 
photosynthesis p (A) is a function of A, and therefore also of t. 

On the right-hand side of the equation is the “forcing functions”, called so because they are 
independent of the stock. The non-fossil emission n(T(t)) is a function of temperature T, which is a 
function of time; f (t) is a function of time only. 

The atmosphere can be thought of as a bathtub with two forcing functions represented by two faucet 
flows, n and f. We have an output of 0.5p ‘down the drain’, see Figure 2. Half of the total output, i.e., 
the photosynthesis, is returned to the atmosphere by plant respiration. This circular flow makes no 
difference to the balance since it is an input and an output.

Figure 2. The atmosphere compared to a bathtub with two faucets.

D dt
dA1 =

D r f p1 = + -

.r n p0 5= +

D input output1 = -

.D p n f1 0 5+ = +
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The conservation equation is valid at any time. I consider two points in time: 1750 (t = 0), and the 
2010s (t =265 years). Suppose the flows n and f increased in equal amounts, Δn = Δf , then they 
would each contribute half of the observed increase. In general, the fraction due to the burning of 
fossil fuels is,
		  (7)

where Δf is the increase in the emission of CO2-C due to the burning of fossil fuels, and Δn is the 
increase in the non-fossil, temperature dependent, emission. 

The fraction, αf, is also the increase in atmospheric CO2 concentration, due to the burning of fossil 
fuels, in proportion to the observed increase. 

This is an approximation. Strictly speaking, it is valid only under steady-state conditions, i.e., 
when the stock changes are zero. It applies as an approximation to conditions in which the stock 
changes are so small, compared to other terms in the equation, that they can be omitted in a first 
order approximation. In the present case, the stock change term amounts to about five percent. 
Considering the other uncertainties involved, the approximation is considered acceptable.

4. Results

4.1 Determining Δn, the increase in the non-fossil, temperature dependent emission

First, consider the balance equation for atmospheric carbon,

		  (8)

Second, set t = 0 to get the balance in 1750,

		  (9)

At that time, the system, supposedly, was in a steady state. In other words, the change of the 
atmosphere’s stock of carbon, D1(0) was close to zero, and, of course, f(0) = 0. Hence,

		  (10)

Subtract Equation (10) from Equation (8) to get,

		  (11)

in which Δp is the increase in the photosynthesis on land and in the ocean. Δn is the increase in the 
non-fossil emission, from land and from the ocean, and finally, Δf is the increase in the emission of 
carbon due to the burning of fossil fuels.

Rearrange to get,

		  (12)

Note that f(t) = Δf since f(0) = 0.

f n
f

C
C

f
f

a
D D
D

D
D

= + =

( ) .D t p n f1 0 5D D D+ = +

. ( ) ( )n p D t f t0 5 1D D= + -

( ) . ( ) ( ) ( )D t p t n t f t1 0 5+ = +

0.5 p(0) = n(0)
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At t = 265 years, we have D1(t) = 5.1 GtC per year, and f(t) = 9.4 GtC per year, Friedlingstein et al. 
(2020), so that, 	

		                	 Δn = 0.5Δp - 4.3 (GtC per year)  				        (13)

which lets us calculate Δn, and subsequently αf, as a function of Δp, the increase in the global 
photosynthesis, the “greening of the Earth”. 

Solve for Δp and get,

	    Δp = 2Δn + 8.6 (GtC per year)	 (14)

The IPCC and the climate policy makers seem to believe that there is only one source of carbon 
dioxide to the atmosphere: the burning of fossil fuels. This is true only if one assumes that the flow, 
n, has stayed constant since 1750 in spite of the warming. In other words, Δn = 0. Insert this in 
Equation to get Δp = 8.6 GtC per year, which is the corresponding increase in the photosynthesis. 

Up to this point, I have only considered the increase in the photosynthesis without mentioning 
its actual magnitude. The Global Carbon Budget 2020, shown in Appendix A, indicates that the 
photosynthesis in the 2010s is 120 GtC per year on land, and 90 GtC per year in the ocean, a total 
of 210 GtC per year. For Δn = 0, the photosynthesis would therefore have increased by a factor 
of 210/(210–8.6) =1.04 or four percent, which is much lower than normally estimated in climate 
research.

IPCC (2013) estimates that Δn = 34.1 GtC per year, see Table B1. The factor then is 210/(210 –34.1) 
= 1.19 or 19 percent, which is likely, but it contradicts IPCC’s own claim that burning of fossil fuels 
is the only source of carbon to the atmosphere.  

4.2 Calculation of αf assuming the atmosphere behaves like a physical system with constant 
residence time 4.1 years

A commonly applied hypothesis in the modelling of physical systems, is that outflow is proportional 
to level, Berry (2021). In other words, output is proportional to stock. The photosynthesis, p, is the 
dominant output from the atmosphere. The residence time Tr, also called the turnover time, or the 
“e- time”, is defined as the stock, A(t), divided by the output, p(t), 

		  (15)

The hypothesis output is proportional to stock, is equivalent to saying that Tr is constant, and that p 
is proportional to A, and hence to C. For  t=256 years (the 2010s), C(t) = 405 ppm, so that, 

							          years				         (16)

The hypothesis works well for physical systems, e.g., electrical circuits, but it has to be a first order 
approximation when applied to the global carbon balance. Nevertheless, tentatively assume that the 
residence time is constant, the same at all times, including t = 0. Then,

		

and therefore,
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from which,

		

and,								              

which inserted in Equation (13) gives Δn = 0.5×65–4.3 = 28.2 GtC per year, which inserted in 
Equation (7), along with Δf = 9.4 GtC per year, gives αf = 9.4 / (9.4 +28.2) = 0.25.

So, assuming a constant residence time of 4.1 years (in addition to the main assumption of this 
paper), 25 percent of the observed increase in the CO2 concentration is due to the burning of fossil 
fuels.

4.3 Others’ results

Berry (2021) applies a residence time, or “e-time” as he calls it, of 3.5 years. As opposed to the 
present analysis, he used IPCC data only and numerically solved four simultaneous differential 
equations using recursive, annual time steps from 1750 to 2020. He found ΔCf = 33 ppm and ΔC = 
133 ppm (in 2020) from which αf = 33 / 133 = 0.25.

Applying a constant residence time of 3.5 years, instead of 4.1 years, gives, αf = 0.22. Likewise, the 
number of years since 1750 plays a role. The present analysis deviates (slightly) from Berry’s on 
both accounts. Yet, the result comes out to be the same to the second decimal place.

Skrable et al. (2022) established annual mean values in 1750 through 2018 of the atmosphere’s 
specific activity of 14C, which gets diluted when fossil CO2-C (devoid of 14C) enters the atmosphere. 
From this, they were able to calculate ΔCf = 47 ppm (in 2018) out of the observed increase of 129 
ppm, which makes αf =47 / 129 = 0.36.

Harde (2019) found ΔCf  = 17 ppm. He sets the concentration increase since 1750 at 113 ppm, 
making αf = 17 / 113 = 0.15.

4.4. The fraction αf is linked to the greening

There is a unique relationship between the greening, the increase in the photosynthesis, on the one 
hand, and the fraction αf  on the other. An estimate of Δp, translates into an estimate of αf .

Table 1. Results in the framework of the present analysis.

αf Photosynthesis  
increase percent

Δn   
GtC/yr

Δf   
GtC/yr

Δp   
GtC/yr

   n(t) / n(0)

IPCC 1.00 4 0 9.4 8.6 1.00

For reference 0.50 15 9.4 9.4 27.4 1.10

Skrable et al. 0.36 25 16.7 9.4 42.0 1.20

Present + Berry 0.25 45 28.2 9.4 65.0 1.39

Harde  0.15 121 53.3 9.4 115.0 2.12

The impact of human CO2 on atmospheric CO2 - SCC (klimarealistene.com)

( )
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C t
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(21)

The increase in the photosynthesis is four percent in the very unlikely event that the rate of 
decomposition of organic matter stayed constant (Δn = 0) since 1750 – in spite of the warming. At 
15 percent increase, αf = 0.50, and so on down to the bottom row, where αf  = 0.15, i.e., 15 percent of 
the increase in atmospheric CO2 is due to the burning of fossil fuels. 

This result, however, does not fit the present analysis, since it is not likely that the photosynthesis 
more than doubled. An increase in the range 25 to 45 percent is more likely, corresponding to αf in 
the range 0.36 to 0.25, say about a third.

5. Balanced networks visualize the carbon accounting

One can also determine Δn, and therefore also αf, by means of networks of boxes, with stock changes, 
and arrows as flows, balanced by solving the simultaneous conservation equations. 

In money accounting, one has to record all flows and stock changes to make sure money neither 
disappears nor appears. In carbon accounting, we know for sure that carbon is a conserved quantity. 
Each box in the network therefore holds its balance equation. This allows us to calculate, in the 
present case, five variables (flows and stock changes). This approach makes things easy; it is nothing 
but linear algebra. In addition, the visualization of the accounting makes the balance easier to 
comprehend. 

 

n(t) 
p(t) 

f(t) 

Figure 3. The global carbon balance averaged over the 2010s, GtC per year. Compare with the Global 
Carbon Budget 2020, Friedlingstein et al. (2020) shown in Appendix A. 

The Global Carbon Budget 2020, and the present global carbon balance for the 2010s, are compared 
in Appendix A. Notice that 

D3 + D4= –1.6 + 5.9 = 4.3 = p – r = f – D1

and that the sum of the stock changes equals zero. 

There are five boxes, and therefore five linear conservation equations with five unknowns, dependent 
variables, data output shown in red. 

In contrast, the green variables are independent variables, data input. So, if we enter the variables 
valid for the time around 1750, and solve the new set of simultaneous equations, we get the global 
carbon balance at that time. 

In the pre-industrial era, f(0) = 0. The system supposedly was in quasi-steady state with stock 
changes close to zero – with one exception, namely the land use change, D3, which was minus  
0.7 GtC per year at that time. 
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The photosynthesis in 1750 (t = 0) remains to be estimated in order to proceed. Take for example 

p(0) = 145 GtC/year

to make the fraction 0.25. Now, the five simultaneous equations can be solved to yield the balanced 
network for 1750 shown in Figure 4. 
 

 

f(0) 
p(0) 

n(0) 

Figure 4. The global carbon balance 1750, GtC per year. 

 

Δn Δf 
Δp 

Figure 5. The balance in Figure 3 (2010s) minus the balance in Figure 4 (1750) in GtC per year. 

In Figure 5,
Δn = 28.2  GtC per year

and 
Δf = 9.4  GtC per year

Applying Equation (7), we get 

		

The input-output approach is easy to comprehend because of the visualization. It is a matter of using 
an easily programmed piece of software, which, based on the network, automatically sets up the 
simultaneous equations and solves them on command.  

(22)

(23)

(24)

(25). .
. .9 4 28 2
9 4 0 25fa = + =
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6. The role of the ocean

It is often asserted that the ocean plays a decisive role. During the glacial-interglacial cycles, the 
ocean has no doubt played an important role, but apparently not during the last 265 years. 

My explanation is this: In the 2010s, the land sink was 3.4 GtC per year, and the ocean sink 2.5 GtC 
per year, see Appendix A. The total sink (stock change) is 5.9 GtC per year, which stands in the 
lower right-hand corner of Box 4 in Figure 3.

The land sink is caused by the photosynthesis, it is biological only, while the ocean sink has a physical 
component (governed by Henry’s Law) in addition to a biological component, the biological pump. 

The physical component has to be smaller than 2.5 GtC per year in order to leave room for the 
biological pump. I estimate it to be in the order of 0.5 GtC per year, which, considering the 
uncertainties involved, is too small to justify a (much) more detailed network to account for it. 

7. Discussion

7.1 The hypothesis residence time is constant

The outflow is proportional to level (stock) hypothesis is equivalent to saying that the photosynthesis 
is proportional to the CO2 concentration. Think of it as a giant plant nutrition experiment. The 
fertilizer, CO2, is added to the atmosphere in increasing amounts. 

In response, the yield, the photosynthesis, increases, but why exactly in direct proportion to the 
concentration? This would make the yield curve a straight line passing through the origin of the 
coordinate system. The yield curve, however, is expected to bend downwards, and it doesn’t pass 
through the origin of the coordinate system since the photosynthesis ceases to work when the CO2 
concentration gets below 150 ppm.

Still, the result that about 25 percent of the increase in atmospheric CO2 is due to the burning of 
fossil fuels, stands out. First, because the result has been obtained independently by two researchers. 
Second, because the result can be calculated using elementary mathematics.  

7.2 Sensitivity to the main assumption

The main assumption is that the plant respiration is half of the photosynthesis: 0.5p. Had the 
coefficient instead been 0.4, it would change the fraction αf from 0.25 to 0.30. Had it been 0.6, it 
would change it to 0.21. So, the result depends on the estimate of the coefficient, but not to an extent 
where it invalidates the conclusion.

7.3 The temperature increase explains the non-fossil emission increase

The temperature increase has a direct effect on the emission, n(t), since it speeds up the rate of 
decomposition of organic matter. The temperature coefficient, Q10, is defined as the factor by which 
the rate increases when the temperature is increased 10°C. For most biological systems, Q10 is 
between 2 and 3, say 2.5. The non-fossil emission today divided by the emission in 1750 is

		

in which ΔT = 1.1 °C is the increase in the average global temperature since 1750, so that the factor 
becomes 2.50.11 = 1.1. In other words, the non-fossil emission, n, would increase by about 10 percent, 
if the direct effect of temperature on the rate of decomposition were the only governing variable. 
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It isn’t. A warmer climate is generally also a wetter climate because of increased evaporation. So, 
on land, there is an indirect, additional effect of the warming since the extra soil moisture enhances 
the rate of decomposition. Hence, the actual effect of the temperature increase is to make the above-
mentioned factor greater than 1.1, and therefore αf  smaller than 0.5, see Table 1.     

Harde (2019) concludes: “Thus, not really anthropogenic emissions but mainly natural processes, in 
particular the temperature, have to be considered as the dominating impacts for the observed CO2 
increase over the last 270 years.” 

Temperature is the only ‘process’ by which carbon can move from land and ocean reservoirs into 
the atmosphere. In conclusion, the increase in the non-fossil emission is caused by the temperature 
increase, the warming of the globe. 

Berry (2021), Harde (2019) and others speak of n, the non-fossil, temperature dependent emission, as 
the “natural” emission. I prefer to call it the “non-fossil” emission, because not all of the temperature 
increase is natural.  

Conclusion

Less than half of the observed increase in atmospheric CO2 since 1750, probably about a third, is 
due to the burning of fossil fuels. The rest of the increase is caused by the warming.  
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Appendix A

The Global Carbon Project’s (GCP) global carbon budget for the 2010s and its transformation 
into a balanced network

 

Figure A1. The Global Carbon Budget 2020, GtC per year for the 2010s, from Friedlingstein et al. (2020).  

As mentioned in the main text, five data inputs are required in order to solve the balance equation 
and thus create a balanced network. Four of them are found in Figure A1:

p(t) = Photosynthesis, land + ocean =120 + 90 = 210 GtC per year (X1,3)

f(t) = Fossil fuels burning = 9.4 GtC per year (X5,1)

Stock change in the atmosphere = 5.1 GtC per year (D1)

Land use change = -1.6 GtC per year (D3)

The fifth follows from the main assumption,
0.5p(t) = Plant respiration = 105.0 GtC per year (X3,2)

The balanced network is shown in Figure A2, which is identical to Figure 3 in the main text.

The balance equations are,

D1 = X2,1+X5,1–X1,3

0 = X4,2+X3,2–X2,1

D3 = X1,3–X3,2–X3,4

D4 = X3,4–X4,2

D5 = –X5,1

Green are independent variables, data input: X1,3; X5,1; X3,2; D1; D2(=0); D3. Red are dependent 
variables, data output: X4,2; X2,1; X3,4; D4; D5
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n(t) 
p(t) 

f(t) 

Figure A2. Figure 3 in main text. The Global Carbon Budget in Figure A1 transformed into a balanced 
network. The stock changes, and hence the grand balances, are the same. The difference is that the 
balanced network incorporates the photosynthesis, and the important non-fossil, temperature dependent 
flow of carbon, into a firm and simple mathematical structure, a set of (in the present case) five 
simultaneous linear equations.  

Manually to set up the matrix of coefficients, and the right-hand side of the equations, is a tedious 
and time-consuming task. Fortunately, it is easily programmed. We draw a network of boxes 
connected by flows. The program automatically establishes the associated set of balance equations, 
and solves them as soon as one enters the green variables.
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 Appendix B
IPCC’s carbon cycle and its transformation into a balanced network

 

Figure B1 = Figure 6.1 in IPCC (2013) showing IPCC’s data for natural (black) and human (red) carbon 
cycles. 
IPCC’s carbon cycle does not specifically mention the ocean photosynthesis, it only implies its 
presence by the arrows labelled “Ocean-atmosphere gas exchange”. This gas exchange is generated by 
the ocean photosynthesis and respiration. 

Likewise, IPCC does not distinguish between plant respiration (autotrophic) on the one hand, and 
respiration from bacterial decay (heterotrophic) on the other, but considers the total only, meaning 
autotrophic plus heterotrophic, not total in the sense global. 

Table B1. IPCC data extracted from Figure B1.

Note that the natural stock changes are not zero, as they should be. Another problem with IPCC’s 
data is that the net land use change is not a flow, but a stock change. In addition, the fresh water 
outgassing seems to be greatly underestimated, Pollard (2022), see Appendix C. 

Natural Human Total Natural Human Total Natural Human Total
Land 107.2 11.6 118.8 108.9 14.1 123.0 -1.7 -2.5 -4.2
Surface ocean 60.7 17.7 78.4 60.0 20.0 80.0 0.7 -2.3 -1.6
Fossil fuels and cement prod. 0.0 7.8 7.8 0.0 0.0 0.0 0.0 7.8 7.8
Outgassing 1.0 0,0 1.0 0.0 0.0 0.0 1.0 0.0 1.0
Net land use change 0.0 1.1 1.1 0.0 0.0 0.0 0.0 1.1 1.1
Total 168.9 38.2 207.1 168.9 34.1 203.0 0.0 4.1 4.1

Input to atmosphere Input - output = stock changeOutput from atmosphereGtC per year
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Disregarding these shortcomings, Table B1 yields, 

X1,3 =  p(t) = Photosynthesis, land + ocean =123 + 80 = 203 GtC per year

X5,1 =  f(t) = Fossil fuels burning = 7.8 GtC per year

D1    =  Stock change in the atmosphere = 4.1 GtC per year

D3    =  Land use change = –1.1 GtC per year

The last data input follows from the main assumption,

X3,2 = 0.5p(t) = Plant respiration = 0.5·203 = 101.5 GtC per year. 

By entering these numbers, the five simultaneous linear equations can be solved. The result is the 
balanced network shown in Figure B2.

Figure B2. The global carbon balance for the 2000s derived from IPCCs carbon cycle data. GtC per year. 
The 4.8 GtC per year in the lower right-hand corner of Box 4 is the sum of the land sink of 2.5 GtC per 
year and the ocean sink of 2.3 GtC per year. 

Compare with Figure A2. The difference between the balances in Figure A2 and B2 is explained by 
the fact that they are 10 years apart. The flow that drives the balance has increased 3.4 percent over 
10 years, which looks reasonable. Oher variables, such as D1 and D5 are measured.

Note that the sum of the stock changes is zero. Also note that D3 + D4 = –1.1 + 4.8 = 3.7 = 203.0 
–199.3 = 7.8 – 4.1. The ocean sink is 2.5 and the land sink is 2.3 making a total sink of 4.8, which 
stand in the lower right-hand corner of  Box 4.
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Table B2. Flows and stock changes in the balanced network a) according to the IPCC for the 
2000s (2005)  in Figure B2, and b) according to the GCP for the 2010s (2015) shown in Figure 3 
(and Figure A2).

IPCC GCP
2005 2015

Flows Fig. B2 Fig. 3
p(t) X1,3 Photosynthesis 203.0 210.0
f(t) X5,1 Fossil fuels and cement prod. 7.8 9.4

0.5p(t) X3,2 Plant respiration 101.5 105.0
n(t) X4,2 Non-fossil emission 97.8 100.7
r(t) X2,1 Total respiration 199.3 205.7

X3,4 Net primary production 102.6 106.6

D1 Atmosphere 4.1 5.1
D2 Zero per definition 0.0 0.0
D3 Land use change -1.1 - 1.6
D4 Non-fossil (organic matter) 4.8 5.9
D5 Fossil fuels -7.8 -9.4

GtC per year

Stock changes
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Appendix C

Detailing the network by separating the land and the ocean system and by including inland 
fresh waters

Figure C1. The network in Figure 3 detailed by separating the land and the ocean system, and by including 
inland fresh waters. GtC per year.

In the previous networks, I have added the land (120 GtC per year) and the ocean photosynthesis 
(90 GtC per year) to keep the network as simple as possible. At the expense of simplicity, I now 
separate the land balance from the ocean balance as shown in Figure C1. First, ignore Box 9 and 
notice the land sink = 3.4 GtC per year (Box 4), and the ocean sink = 2.5 GtC per year (Box 8), the 
total of which (5.9 GtC per year) stand in the lower right-hand corner of Box 4 in Figure 3. So, the 
land network on the left-hand side of Figure C1 added to the ocean network on the right-hand side 
yields the network in Figure 3.

To include the carbon emission from fresh waters, I add Box 9: Fresh waters. First consider Box 3, 
the Biosphere on land including inland (fresh) waters. The photosynthesis on land is about 120 GtC 
per year. According the main assumption of this paper, half of it is plant respiration, the other half 
is biomass. Hence, roughly half of the carbon fixed by photosynthesis, about 60 GtC per year, end 
up as biomass, dead or alive, on land and in fresh waters.
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The magnitude of the fresh water outgassing 

Then consider Box 4, labelled “Non-fossil” meaning it contains biomass accumulated on land and 
in fresh waters subject to bacterial decay. There is only one input to Box 4: X3,4. It is approximately 
half of the photosynthesis, hence about 60 GtC per year. There are two outputs from Box 4, one 
(X4,2) comes from solid land (excluding fresh waters), the other from fresh waters only (X9,1). In 
the numerical example, I have, for the sake of argument, taken X4,2 to be about equal to X9,1 so that 
about half of the carbon is emitted from land, and the rest from fresh waters.

Pollard (2022) finds that the emission of carbon from fresh waters on a global scale amounts to 58.5 
GtC per year. For that to be true, there would be no emission from land. All of the decay of organic 
matter would take place in inland waters. It would take a violation of the law of the conservation of 
mass to fit the 58.5 GtC per year into the balance.

In the other extreme, the IPCC takes the fresh water outgassing to be in the order of 1 GtC per 
year. For this to be true, nearly all of the decay would take place from solid land, and comparatively 
nothing from fresh waters. In conclusion, the fresh water outgassing is somewhere in the interval 
between 1.0 and 58.5 GtC per year. 

Guest editor: Stein Storlie Bergsmark. 2 anonymous referees.
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Abstract 
 
The source of atmospheric CO2 variations is poorly understood. At Mauna Loa Hawaii, 
atmospheric CO2 has been recorded from 1959. This is a short period for a reliable variability 
signature identification. From the 19th century, atmospheric CO2 has been recorded in several 
short periods over the Atlantic Ocean and Europe. A number of these data series are compiled 
into a single atmospheric Atlantic CO2 data series from 1820 to 1960. Altogether, this time 
series covers atmospheric CO2 records over a total period of 200 years. In this investigation, a 
wavelet spectrum analysis identifies the signature of Mauna Loa atmospheric CO2 growth from 
1960 to 2020 and Atlantic atmospheric CO2 for the period 1870 to 1960. The result reveals that 
the Atlantic CO2 variability from 1870-1960 coincides with Mauna Loa CO2 growth variability, 
global sea surface temperature variability and lunar nodal tide variability. The Atlantic CO2 
signature and global sea surface temperature signature and the have a phase difference of p/2 
(rad), which reveals a sea temperature driven atmospheric CO2 variation. The CO2 variability 
signature coincides with the global sea temperature signature and the lunar nodal signature 
spectrum. The identified lunar nodal tide spectrum reveals a chain of events from lunar nodal 
tide variations to global sea surface temperature variations and atmospheric CO2 variations. A 
lunar nodal tide spectrum in atmospheric CO2 growth reveals that CO2 is not controllable. 
 
Keywords: Mauna Loa atmospheric CO2 variability; Atlantic atmospheric CO2 variability; 
Global Sea surface temperature variability; Lunar nodal tide variability. 
 
Submitted 2022-10-08, Accepted 2022-12-18, https://doi.org/10.53234/scc202212/13. 
 
 

1. Introduction 

1.1 CO2 at Mauna Loa, Hawaii 
There had been a prevailing view of a direct connection between CO2 and acidity in rivers and 
groundwater. In 1956, the young polymer chemistry scientist Charles David Keeling, began 
measuring the concentration of CO2 in the atmosphere. The results showed that there was no 
such direct connection. At the same time, he discovered that CO2 in the atmosphere had its own 
cycle. The concentration of CO2 in the atmosphere was lower during the day, when nature 
absorbed CO2 in photosynthesis. At sunset, photosynthesis stopped and released CO2 back into 
the atmosphere. Keeling had discovered that the local forest breathed in diurnal variations. 
 
Keeling used a new method to record CO2, based on infrared spectroscopy, to create 
comparable samples over larger areas. With faster measurements, he was able to detect 
variations in CO2 in landscapes and urban areas. CO2 had large diurnal variations related to 
local conditions. In hope of finding a stable CO2 background level, Keeling started monitoring 
CO2 at Mount Mauna Loa, Hawaii. It soon turned out that the atmosphere breathed in annual 
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rhythm and CO2 also did not have a stable background level. The CO2 background level 
increased slightly each year. David Keeling had discovered that concentration of CO2 in the 
atmosphere background was growing. This atmospheric CO2 growth must have a source. The 
suspicion was accumulation of CO2 from combustion of fossil fuels, which confirmed the 
Greenhouse paradigm (Kunzig and Wallace 2008; Keeling et al. 1976; Thoning et al. 1989; 
Thomas et al. 2016). 
 

1.2 The Greenhouse paradigm 
At the beginning of the 19th century, there was a belief in science that large stones in open 
landscapes were remnants of the flood, known from the Bible. Around 1830, it was discovered 
that these stones were remnants from an ice age. The discovery of ice ages created speculations 
about possible causes for these. In 1850, the Irish physicist John Tyndall conducted a laboratory 
experiment that showed that atmospheric infrared absorption is largely due to carbon dioxide 
and water vapor. The evidence was that water vapor has a strong effect on the absorption of 
infrared radiation emitted from the earth's surface. He stressed that the climate would be much 
colder at night in the absence of the greenhouse effect. This experiment created the idea, that 
CO2 enters the atmosphere, and acts as a global climate regulator. He concluded that water 
vapor is the gas that most strongly absorbs heat radiation in the atmosphere and controls the air 
temperature (Kunzig and Wallace 2008; Thomas et al. 2016). 
 
The Swedish geologist Arvid Högblom believed that CO2 from volcanoes created large climate 
variations and controlled the risk of new ice ages. When volcanoes created a high concentration 
of CO2 in the atmosphere, we had a warm climate period, where photosynthesis created more 
growth in the global ecosystem. The growth of the ecosystem drew CO2 out of the atmosphere, 
and into the earth as plant remains. Less CO2 in the atmosphere led to a gradually colder climate, 
and eventually a new ice age. Sooner or later, CO2 emissions came into the atmosphere from 
volcanoes, which started a new warm climate period. There was a direct connection between 
CO2, ecosystems, and ice ages. In the 1890s, the Swedish chemist Svante Arrhenius made 
calculations which showed that halving CO2 in the atmosphere led to a global temperature 
reduction of 4-5 degrees. A doubling of CO2 will lead to an estimated increase of 5-6 degrees. 
Arrhenius believed that human CO2 supply to the atmosphere, had saved us from a new ice age 
(Kunzig and Wallace 2008; Thomas et al. 2016). 
 
The English railway engineer Gay Stewart Callendar (1898-1964) began studying the 
relationship between global temperature and CO2. Based on data from 147 global measuring 
stations, he was able to show that the global temperature had risen 0.3 degrees C from 1880 to 
1930. This corresponds to approximately 0.6 degrees in 100 years. From 1880 to 1930, selected 
CO2 measurements had risen by 6 %. In 1938 he wrote an article in which he pointed out that 
humans have already contributed to half of the CO2 growth in the atmosphere. Humans had 
increased the global temperature by 0.3 degrees per century. This had led to a more pleasant 
climate in the northern hemisphere, following the cold climate of the 19th century, and saved 
the planet. Callendar developed a model that showed a linear relationship between man-made 
CO2 and global temperature. This linear relation between CO2 and global temperature, 
introduced the idea of climate as a closed system on Earth, which ignores natural variations 
(Kunzig and Wallace 2008; Thomas et al. 2016; Anderson et al. 2016). 
 

1.3 Ocean surface carbon system 
The young Japanese student Taro Takahashi studied to become a mining engineer, like his 
father and grandfather. After his studies, he was tempted to participate in the study of the 
Atlantic Ocean to record CO2 in the atmosphere. This was the start of a 60-year research project. 
Atmospheric CO2 growth had raised questions about the impact on the ocean's carbon system. 
In the 1970s, Taro Takahashi began measuring CO2 over oceans. He discovered that oceans 
breathed CO2 over diurnal variations, between cold and warm ocean variations and between 
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climate variations. Warm sea regions released CO2 from the sea area and increased the 
concentration of the CO2 atmosphere. In the cold sea areas between Iceland and Greenland, 
CO2 was absorbed from the atmosphere by the sea. Takahashi had discovered that a higher sea 
temperature released more CO2 into the atmosphere. CO2 in the atmosphere was climate-driven, 
with air currents carrying CO2 between different regional ocean areas. However, climate-driven 
CO2 is not the same as a CO2-driven climate. He discovered that CO2 over the oceans acts as a 
dynamic system associated with marine ecosystems, cold and warm ocean currents, with 
circulation times from years to thousands of years. At the same time CO2 in the atmosphere is 
a distribution system between sea areas, land, and ecosystems, in short and long circulation 
periods (Kunzig and Wallace 2008; Tansinez et al. 1990; Krajick 2019; Gruber et al. 2009). 
 

1.4 Atlantic CO2 variations 1826-1960 
Ernst-Georg Beck was a German teacher of biology, of the old school, at the Merian Technical 
Grammar School in Freiburg and co-founder of the European Institute for Climate and Energy 
(EIKE). Beck began asking critical questions about the recorded CO2 time-series at the 
Hawaiian volcano Mauna Loa. He considered warming of the Earth's atmosphere, due to an 
increase in CO2 in the atmosphere, as impossible. At the same time, he believed that the CO2 
records at Mauna Loa could not be extrapolated linearly back to the 19th century, as has been 
done at Mauna Loa Observatory (Keeling et al. 1976). 
 

 
Figure 1: 901 sampling stations of direct measured CO2 near ground 1800-1960 (Beck 2007).  
 
Estimates of atmospheric CO2 did not start with David Keeling and Takahashi. Chemical 
estimates of atmospheric CO2 have been recorded since beginning of the 19th century. 
Callendar used previous CO2 records from 1880 to 1930 to estimate a relation between global 
CO2 and global warming. Seventy years later, Ernst Beck began estimating a new CO2 time 
series based on previously published CO2 time-series, most likely, including some of the same 
data, as used by Callendar (Anderson et al. 2016). In this extensive and highly impressive work, 
Beck conducted a review of approximately 100.000 CO2 records from 901 recording stations 
(Fig. 1).  
 
The result was published in 2007 (Beck 2007). In the Abstract Beck writes:” More than 90,000 
accurate chemical analyses of CO2 in air since 1812 are summarized. The historic chemical 
data reveal that changes in CO2 track changes in temperature, and therefore climate in contrast 
to the simple, monotonically increasing CO2 trend depicted in the post-1990 literature on 
climate-change. Since 1812, the CO2 concentration in northern hemispheric air has fluctuated 
exhibiting three high level maxima around 1825, 1857 and 1942 the latter showing more than 
400 ppm.” This result questioned the Greenhouse paradigm in several ways. CO2 was not 
accumulated in the atmosphere. There were large CO2 fluctuations between 1826 and 1960. 
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Ralph F. Keeling, (son of David Keeling) responded. “If Beck’s contentions were true, they 
would overthrow 50 years of scientific advance and discovery. Unfortunately for Beck—as well 
as for humanity—the claims don’t stand up. A historic perspective is useful. The modern era of 
CO2 measurements effectively began with work by C. D. Keeling while he was a postdoc at the 
California Institute of Technology in the mid 1950’s. It should be added that Beck’s analysis 
also runs afoul of a basic accounting problem. Beck’s 11-year averages show large swings, 
including an increase from 310 to 420 ppm between 1920 and 1945 (Beck’s Fig. 11). To drive 
an increase of this magnitude globally requires the release of 233 billion metric tons of carbon 
to the atmosphere. The amount is equivalent to more than a third of all the carbon contained 
in land plants globally. Other CO2 swings noted by Beck require similarly large releases or 
uptakes. To make a credible case, Beck needed to offer evidence for losses or gains of carbon 
of this magnitude from somewhere. He offered none. » (Keeling 2007).  
 
The time series from Beck showed that CO2 had an unexpectedly strong growth between 1920 
and 1945. Beck had not explained this CO2 growth. A temporary CO2 growth, which did not 
agree with the idea of accumulated CO2 in the atmosphere, from combustion of fossil fuels. 
This led to questions about the credibility of the Atlantic CO2 time series from Beck. 
 

 
 

Figure 2: Atlantic CO2 (1812-1961), Antarctic temperature (1812-1990), Mauna Loa 
atmospheric CO2 (1960-2005) (Beck  2008b). 

 
Beck responded to the criticism from Ralph Keeling (2007) with a discussion article in 2008 
(Beck E. G. 2008b). Here he presents a figure that shows a reasonably good agreement between 
CO2 and temperature changes in Antarctica from ice core samples (Fig. 2). The Mauna Loa 
CO2 showed a slow growth, without large fluctuations. This close relation between Atlantic 
CO2 and Antarctic temperature estimates was published in December 2008.  
 
In 2008 a wavelet spectrum analysis of the North Atlantic water (NAW) inflow from 1900 to 
2007 (Yndestad et al. 2008) was published. This paper revealed a close relation between 
(NAW) and CO2 growth between 1930 and 1950. In this paper Beck found the explanation for 
the unexpected CO2 growth in the atmosphere during this period. Temperature variations in 
Atlantic water released large amounts of CO2 into the atmosphere. The unknown source of CO2 
growth coincided with temperature variations in the North Atlantic Ocean. In 2009 Beck started 
to work on an updated manuscript. In this manuscript, he adds a review of estimate variations, 
and selected the most reliable data and explained the CO2 growth from 1920 to 1945.  
 
The manuscript was submitted for publication in August 2010 (Beck February 2010). In the 
discussion Beck writes: “Using a Savitzky-Golay smoothed curve with a higher moving window 
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width of 7 to correct problems around 1880 and 1930. Observed a periodic cycling with 
maxima at: 1836: 343,9 ppm; 1857: 334,2 ppm; =1878: 309,7 ppm; 1896: 312 ppm; 1915: 
320,7 ppm; 1941: 371,4 ppm. The average period is 21 years (21, 21, 18, 19, 26 years).  
 
The sharp drop in 1922 and the changing period length at those times points to phase change 
in the time series supports the findings of Yndestad in the NAW (Northern Atlantic water 
temperature) [Yndestad et al. 2008], evidence for the lunar nodal cycle and its harmonics as 
the controlling forces behind the northern and Arctic climate”…“Since 1870 two periods of 
about 60-70 years (1870-1940) and 1949 -2009 can be observed with such a slowly rise of the 
CO2 levels to a maximum level of about + 70 ppm in about 1943 and today. The overall rising 
CO2 levels since 1870 to today has been also supported by the reconstructed ice core data 
despite of its much worse resolution compared to the presented data (see fig. 25). The maxima 
around 1860, 1940 contrast with the published literature. They can be described by an about 
70-80-year cycle”. Beck died of cancer in September 2010. The manuscript was rejected for 
publication on November 15, 2010. The last reviewer comment was “I must categorically 
advise rejection of this paper without possibility of resubmission or revision” (Beck 2007; 
Harro A.J. Meiyer. 2007; Keeling R.F. 2007; Beck E. G. 2008a; Beck E. G. 2008b; Massen, 
Francis and Beck E. G. 2011; Keeling R.F. 2007; Beck E. G. February 2010; Ernst-Georg 
Beck's scientific contributions. ResearchGate). 
 
Taro Takahashi and Ernst Beck argued that CO2 variations in the atmosphere were controlled 
by sea surface temperature. This can be verified by computing the variability signature 
atmospheric CO2 and global sea surface temperature. In 2008, a wavelet spectrum analysis of 
North Atlantic Water from the year 1900 was published (Yndestad et al. 2008). The analysis 
confirmed a coincidence between Atlantic CO2 and sea surface temperature variations in the 
period 1930-1960. This analysis confirmed the last part of the data series for Beck, and it 
explained the 1930-1950 CO2 bubble. In 2022 there was published a wavelet spectrum analysis 
global sea surface temperature variability from 1850 to 2020. The wavelet spectrum revealed a 
coincidence to the lunar nodal tide spectrum signature (Yndestad 2022). The implication of a 
lunar nodal spectrum in global sea temperature variations is that the sea temperature variations 
are controlled by the lunar nodal tide, which is not controllable. This study investigates the 
Mauna Loa CO2 variability signature from 1959 and Atlantic CO2 variability signature from 
1850 to 1960.  
 

2. Materials and methods 
 
2.1 Materials 
The Mauna Loa CO2 time series, shown on Fig. 3 covers the period 1958 to 2021, representing 
the longest continuous recording of direct atmospheric CO2 measurements. Data are recorded 
at an altitude of 3400 m in the northern subtropics, which is not identical to the global average 
CO2 concentration at the surface. The time series is monitored by the NOAA Global Monitoring 
Laboratory (https://gml.noaa.gov/ccgg/trends/data.html). The red graph shows annual seasonal 
variations around an average annual CO2 growth that apparently has an exponential growth 
(Fig. 3). The source of annual seasonal variations is believed to be seasonal variations from 
photosynthesis in nature. The overall increase in CO2 from 1958 has been associated with 
accumulation of CO2 from fossil fuels. The Atlantic CO2 time series is based on Beck (2022; 
https://doi.org/10.53234/scc202206/20).This time series covers records from the Atlantic 
Ocean and Northern Europe. The time series covers the period 1826 to 1960, estimated from 
selected 97 404 selected samples from 901 stations compiled in 87 data files (Beck 
2022). The sea surface temperature (SST) time series (HadSST3) consists of anomalies on a 
5°-by-5° global grid and is published by the Climatic Research Unit. The SST signature is 
computed in (Yndestad 2022). (For SST, see https://www.metoffice.gov.uk/hadobs/hadsst3/). 



Harald Yndestad: Lunar forced Mauna Loa and Atlantic CO2 variability 
 

 

Science of Climate Change       263 

 
2.2 Methods 
A wavelet analysis provides temporal, cycle period and cycle phase information in time series. 
The wavelet spectrum transform is based on a correlation between a time series and a bell-
shaped wavelet pulse s(t) that moves along the time axis of the time series t = [first…last]. You 
then get a large numeric value where you have a match between the wavelet pulse and periodic 
changes in the time series. By changing the pulse width, one can identify all the periodic 
changes in the time series. Cycle periods and cycle phase relations are identified in the wavelet 
spectra by the continuous wavelet transform: 
 
 𝑊!,#(𝑡) =

$
√!	
∫ 𝑥(𝑡)& Ψ)'(#

!
* 𝑑𝑡      (1) 

 
where x(t) is the analyzed temperature time series after being scaled to zero mean value and 
scaled by variance. In the present case, Y() is a coif3 wavelet impulse function. 𝑊!,#(𝑡) is a set 
of wavelet cycles, b is the translation in time, and a is the time-scaling parameter in the wavelet 
transformation (Daubechies 1992; MATLAB, 2020), which is in this case performed as a 
discrete wavelet transform. In this analysis, the time translation b = 0, and the computed wavelet 
transform, Wa(t), represents a moving correlation between x(t) and the impulse function Y() 
over the entire time-series x(t). The moving correlated wavelets, s(t), are collected into a 
wavelet spectrum, W(s, t), for t = [first…last] (yr.) and s = [1…(last-first)/2] (yr.), to comply 
with the sampling theorem. Stationary cycles are identified by computing the autocorrelation 
of the wavelet spectrum W(s, t), as follows:  
 

WA(R(s), m) = E[W(s, t)W(s, t + m)],       (2) 
 
where WA(R, T) represents a set of maximum correlation values R = [max 1…max n] with 
the dominant cycles T = [T1…Tn] (yr.). 
 
2.3 Scientific approach 
A CO2 time series has a spectrum signature: Sco2(Tco2, Fco2), where Tco2 represents a set of 
stationary CO2 cycle periods and Fco2 represents CO2 cycle phase relations (min/max). Global 
Sea Surface Temperature (SST) has a spectrum signature Ssst(Tsst, Fsst), where Tsst represents a 
set stationary SST cycle periods and Fsst represents a set of cycle phase relations. The CO2 
spectrum signature and the SST spectrum signature have a relation: 
 
 Sco2(Tco2, Fco2) = Ssst(Tsst, Fsst) + Serr(Terr, Ferr),     (3) 
 
where Serr(Terr, Ferr) represents a spectrum from an unknown source. A CO2 signature       
Sco2(Tco2, Fco2) coincides with the Sea Surface Temperature (SST) signature, Ssst(Tsst, Fsst), if:           
Sco2(Tco2, Fco2) = Ssst(Tsst, Fsst). The CO2 signature, Sco2(Tco2, Fco2), has a p/2 (rad) phase lag if: 
Sco2(Tco2, Fco2) = Ssst(Tsst, Fsst + Tsst/4). 
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3. Results 

3.1. Mauna Loa CO2 variability 1959-2021 

 
Figure 3: Mauna Loa, Hawaii, recorded atmospheric CO2 (ppm) for the years t = 
1959…2021.  

 
Records of CO2 from 1959 to 2021 at Mauna Loa, Hawaii is shown on Fig. 3. The CO2 level 
appears to have an exponential growth. This exponential growth must have a source. Possible 
sources are emission from fossil fuels and net outgassing of CO2 from the oceans. The CO2 
time series covers a period of 62 years. In this short time-period, CO2 has grown by 100 ppm 
and global temperature has grown by 0.6 degrees C. The CO2 growth at Mauna Loa is time-
variant. The growth has a minimum in the cold climate period during the 1960´s and a 
maximum growth in the warm climate period close to 2020. The time-variant growth rate 
signature may reveal the source of the Mauna Loa CO2 variations. 
 

 
Figure 4: Annual Mauna Loa CO2 growth rate, dCO2/dt, for the years t = [1959...2020]. 

 
The Mauna Loa CO2 time series has an annual growth rate dCO2(t)/dt = (CO2(t) - CO2(t-1))/dt, 
for the period t = [1959, 1960...2020] (Fig. 4). It appears from Fig. 4 that the CO2 growth rate, 
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dCO2(t)/dt, began to increase from about 1965 and reached a maximum close to 2016 The 
growth rate, dCO2(t)/dt, has a minimum close to the cold period in the 1960s and stabilized to 
a maximum when global sea temperature has a maximum from about the year 2010 (Yndestad 
2022). At the same time, the growth rate (Fig. 4) has some large fluctuations.  

 
Figure 5: Wavelet spectrum, Wco2-m(s, t), from Mauna Loa in CO2 growth (dCO2/dt) for t = 
[1959…2021] and s = [1…30]. The wavelet spectrum reveals cycle periods in annual Mauna 
Loa CO2 growth rate (Fig. 4). 

 
The fluctuation source is revealed by computing the signature in the wavelet spectrum [Eq.1]. 
The Mauna Loa time series has 62 samples, which may represent periods up to 31 years. Fig. 
5 shows the computed wavelet spectrum Wco2-m(s, t) of Mauna Loa CO2 growth rate dCO2(t)/dt 
when t = [1959…2021] and s = [1…30]. The computed wavelet spectrum has min/max 
variations for: Wco2-m(s = min/max, t) = [(-1.64, 1965), (-0.0, 1973), (1.8, 1980), (+0.0, 1988), 
(-1.2. 1995), (-0, 2004), (2.5, 2013)] at intervals of [8, 7, 8, 7, 9, 9] (yr.), which has a mean 
cycle period of Tco2-m = 32 years.  
 

 
Figure 6: Autocorrelations, WAco2-m(R(s), m), of Mauna Loa CO2 wavelet spectrum,  
Wco2-m(s, t), for s = [1...60] and m = [1…60]. 
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Stationary periods in the wavelet spectrum, Wco2-m(s, t), (Fig. 6) are estimated by computing 
the autocorrelation of all wavelets in the wavelength spectrum Wco2-m(s, t) [Eq. 2]. The 
computed wavelet autocorrelation spectrum, Waco2-m(R(s), m), for the wavelet spectrum: Wco2-

m(s, t), have maximum correlations at: WAco2-m(R(max), Tco2-m) = [(0.5, 3), (0.5, 9), (0.4, 18), 
(0.42, 33)] (Fig. 6), where the maximum correlation R(max) = [0.5, 0.5, 0.4] to the stationary 
periods: Tco2-m = [3, 9, 18, 33] (yr.). 
 
CO2 and SST signature coincidence 
Global Sea Surface temperature (SST) has a coincidence to the lunar nodal spectrum: Tsst = 
[1/3, 1, 2, 3]18.61/2 = [3.1, 9.3, 18.6, 27.9] (yr.) (Yndestad 2022). The coincidence difference 
between identified stationary CO2 growth rate periods, Tco2-m, and lunar forced SST periods, 
Tsst, is: [Tco2-m – Tsst] = [0, 0, 0, 5] (yr.), which reveals a direct coincidence between identified 
CO2 growth rate periods and deterministic lunar nodal periods. The global sea surface 
temperature wavelet spectrum, Wsst(s, t), has computed phase shifts at the years: Wsst(s = 
min/max/0, t) = [(+0, 1960), (-3.9, 1977), (-0, 1993), (5.1, 2008)] (Yndestad 2022).  
 
The phase difference: [Wsst(s = min/max/0, t) - Wco2-m( s = min/max/0, t)] = [(+0, 1960), (-3.9, 
1977),  (-0, 1993), (5.1, 2008)] - [(-1.65, 1964), (-0 1973), (-1.2, 1995), (-0, 2004)] = [4, 4, 2, 
4] years, reveals that CO2 growth rate, dCO2(t)/dt, has a p/2 (rad) phase lag from global sea 
temperature variations. Warmer sea surface temperature causes more rapidly accumulation of 
CO2 in the atmosphere. 
 

3.2. Atlantic CO2 variability 1826-1960 
 

 
Figure 7: Beck CO2 time series 1826-1960, (Beck  February 2010, Beck 2022, Supplemental data No. 
2. https://doi.org/10.53234/scc202206/20)   
 
Estimated CO2 for the period 1826 to 1960 is shown on Fig. 7. About 75 % of the samples were 
collected between latitudes of 40 and 80 N, about 50 % over sea surface or from the sea at 
coasts (Beck  February 2010; Beck 2022). The data series is estimated from more than 200 000 
single samples in about 400 historical papers from 1800 to 1960 (Beck February 2010). The 
Mauna Loa time series (Fig. 3) has an exponential growth from 1960. The Atlantic CO2 time 
series starting in 1826 is different. The CO2 levels are dropping from 1826 to a minimum around 
1870, continued to grow from 1930 to a temporary maximum around 1940 and a new temporary 
minimum in 1950. The CO2 growth in this period was questioned by Ralph Keeling (Keeling 
2007). The CO2 estimates are not accurate from 1826 to 1870. From 1870 the accuracy is 
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estimated to 3%. The total time series covers a total period of 134 years, which may represent 
a period up to 67 years. 
 
3.3 Atlantic CO2 wavelet spectrum from 1826 to 1960 

 
Figure 8: Wavelet spectrum, Wco2-a(s, t), of Atlantic surface CO2 (Beck E.G. February 2010) for 
s = [1...70] in the years t = [1826...1960]. 

 
The computed wavelet spectrum of Atlantic surface CO2 (Beck E.G. February 2010) (Fig. 8) 
for s = [1...70] in the years t = [1826...1960]. The long envelope period in the wavelet spectrum 
(Fig. 8) has minima, maxima, and phase shifts at the years: Wco2-a(s = min/max/0, t) = [(6.0, 
1845), (+0.0, 1868), (-7.0, 1895), (-0.0, 1921), (5.8, 1940)] in a total period of 95 years. The 
next part of the wavelet spectrum (Fig. 8) has phase shifts at: Wco2-a(s = min/max/0, t) = [(1.6, 
1831), (+0, 1839), (-2.0, 1846), (-0.0, 1852), (2.4, 1860), (+0.0, 1868), (-3.3, 1879), (-0.0, 
1889), (2.6, 1898), (+0.0, 1907), (-3.5, 1919), (-0.0, 1929), (2.5, 1940)], in a mean period of 36 
years. The estimated 36-year wavelet cycle, Wco2-a(s = 36, t), coincides with lunar nodal periods 
of 2*18.6 = 37.2 years. The 95-year wavelet, Wco2-a(s = 95, t), coincides with a lunar nodal 
period of: 5*18.6 = 93.0 years. The CO2 growth between 1930 and 1950 coincides with a 
constructive interference between the stationary lunar nodal cycles of 37.2 and 93.0 years. In 
this period the lunar nodal cycle has a direct relation to global sea temperature variations.  
 
Computed upcoming minima and maxima 
A stationary lunar forced 2*18.6 = 37.2-year period is expected to have upcoming minima, 
maxima and phase shifts at the years: Wco2-a(s = 37.2, min/max/0, t) = [(min, 1811), (max, 
1829), (min, 1848), (max, 1866), (min, 1884), (max,1903), (min, 1922), (max, 1940), (min, 
1959), (-0, 1968), (max, 1977), (+0, 1986), (min, 1996)…(-0, 2005), (max, 2014), (+0, 2023), 
(min, 2033)]. The stationary 93.0-year lunar forced period is expected to have phase shifts at 
the years: Wco2-a(s = 93.0, min/max/0, t) = [(6.0, 1845), (+0.0, 1868), (-7.0, 1895), (-0.0, 1921), 
(5.8, 1940), (+0, 1963), (min, 1986), (-0, 2009), (max, 2033), (+0, 2056)]. The stationary 
dominant periods have destructive interference from 1826-1930, constructive positive 
interference from 1930-1950, destructive interference from 1950-1987 and growth from 1987-
2022. The computed CO2 growth from 1987-2022, coincides with global sea surface 
temperature growth (Yndestad 2022) and CO2 growth at Mauna Loa (Fig. 4). 
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Figure 9. Autocorrelations, WAco2-a(R(s), m), of wavelet spectrum, Wco2-a(s, t), for annual 
background growth in CO2 (Beck 2010) for s = [1...70] and m = [1…67]. 
 

Stationary CO2 periods in the wavelet spectrum, Wco2-a(s, t), (Fig. 8) are estimated by 
computing the autocorrelation of all wavelets in the wavelet spectrum. The computed 
autocorrelations, WAco2-a(R, m) (Fig. 9), for the wavelet spectrum, Wco2-a(s, t), have maximum 
correlations in the following periods: WAco2-a(R(max), Tco2-a) = [(0.3, 9), (0.47, 18), (0.26, 29), 
(0.5, 39), (0.3, 47), (0.4, 64)], which represents the correlations: R = [0.3, 0.47, 0.26, 0.50, 0.3, 
0.4] to the periods: Tco2-a = [9, 18, 29, 39, 47, 64] (yr.). Lunar nodal forced SST cycles have a 
spectrum: Tsst = [1, 2, 3, 4, 5, 7]18.6/2 = [9, 18.6, 27.9, 37.2, 46.5, 65.1] (yr.) (Yndestad 2022). 
The coincidence difference between estimated Tco2-a cycle periods and lunar nodal forced SST 
cycles are: [Tco2-a - Tsst] = [0, 0, 2, 0, 0, 1] (yr.), or a mean difference of 0.5 years.  
 
3.4 Atlantic CO2 and SST signature coincidences 
Global sea surface temperature variability has a stationary period spectrum: Tsst = [18, 29, 39, 
64, 74] (yr.), in coincides with the lunar nodal spectrum Tln. The coincidence difference 
between stationary global sea surface periods, Tsst, and Atlantic CO2 periods is: [Tsst - Tco2-a] = 
[0, 0, 0, 0, 19] (yr.). The 19-year difference indicates that the average error from 1826 to 1870 
has introduced a period shift from a 74-year period to a 93-year period in estimated Atlantic 
CO2 variability. The SST has phase shifts at the years: Wsst(s = min/max/0, t) = [(+0, 1897), 
(+0, 1960), (-0, 1993), (5.1, 2008)] (Yndestad 2022; Yndestad et al. 2008). The stationary 36-
year Atlantic CO2 periods has a minimum and maximum at: Wco2-a(s = 36, t) = [(2.6, 1898), (-
3.6, 1960)], which reveals a p/2 (rad) phase lag from global sea surface variations to Atlantic 
CO2 variations. The extended stationary CO2 period Wco2-a(s = 37.2, t) has phase shifts at the 
years; Wco2-a(s = 37.2, min/max/0, t) = [(max, 1940), (+0, 1949), (min, 1959), (-0, 1968), (max, 
1977), (+0, 1987), (min, 1996), (-0, 2005), (max, 2015)]. The phase difference between the 
lunar driven SST period and the lunar driven CO2 period is: [Wsst(s = min/max/0, t) – Wco2-a(s 
= min/max/0 - p/2 (rad), t)] = [1, 1, 3, 3] (yr.), which has a mean difference of only 2 years. 
Stationary Atlantic CO2 periods has a p/2 (rad) phase lag from stationary Global Sea Surface 
periods from 1870 to 2020. Atlantic CO2 growth rate has a maximum when SST has a maximum 
amplitude.  
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3.5 Mauna Loa CO2 coincidences 
The Mauna Loa CO2 growth rate, dCO2/dt, has period phase shifts at: Wco2-m(s = min/max/0, t) 
= [(-1.64, 1965), (-0.0, 1973), (1.8, 1980), (+0.0, 1988), (-1.2, 1995), (-0, 2004), (2.5, 2013)]. 
The Atlantic 37.2-year CO2 period has phase shifts at the years: WCo2-a(s = 37.2, min/max/0, t) 
= [(max, 1940), (+0, 1949), (min, 1959), (-0, 1968), (max, 1977), (+0, 1987), (min, 1996), (-0, 
2005), (max, 2015)]. The phase difference between Mauna Loa CO2 growth rate and extended 
Atlantic CO2 periods is: [WC02-m(s = min/max/0, t) – Wco2-a(s = 37.2, min/max/0, t)] = [3, 4, 1, 
1, 2] (yr.), which has a mean difference of only 2.2 years. 
 

4. Discussion 
4.1 Chemical-based CO2 recordings 
Monitoring atmospheric CO2 started early in the 1800’s by a chemical-based method. This was 
probably an expensive and time-consuming method that required special knowledge. Beck 
(February 2010) claimed that the chemical-based method was accurate, where error deviation 
was less than 3%. It looks like it took a few years before chemical monitoring of atmospheric 
CO2 was established according to a unified best practice.  
 
Callendar created a CO2 time series from 1880 to 1932 based on published CO2 measurements 
from different parts of the globe. The selected records were limited to publications he trusted 
(Thomas et al. 2016). When Beck developed his Atlantic CO2 time series, he selected previous 
publications from 1826 to 1960. In the manuscript Beck (February 2010), it appears that Beck 
rejected some CO2 publications he did not trust. In retrospect, it has been questioned why some 
early publications were rejected. Beck calculated uncertainty for each individual year (Fig. 7). 
This uncertainty is related to variations around a mean estimate. It appears from the figure that 
the time series has large variations from 1826 to 1870. In the period 1870 to 1960, the variation 
is about 3%. These variations indicates that the time series is reliable from 1870 to 1960. 
 
4.2 Mauna Loa CO2 recordings 
The Mauna Loa CO2 records from 1959 were based on infrared spectrometry. This method is 
obviously a faster, cheaper, and more stable method than records from chemical-registrations. 
Whether this was a more accurate measurement method is however unclear. Mauna Loa CO2 
records from 1959 became the new standard for recording atmospheric CO2. In 2009, Ernst 
Beck came up with an unknown CO2 atmospheric time series. A time series based on 100,000 
CO2 atmosphere records from 1826 until 1960. Beck points out that Keeling did not have CO2 
data before 1959. He also questions the Greenhouse effect and claims that more heat must be 
added to release more CO2 into the atmosphere. Humlum et al. (2013) published an estimated 
11–12-month phase lag from global sea surface temperature variations to atmospheric CO2 
variations (Humlum et al. 2013). This estimate supports a temperature-driven CO2 variation. 
 
The Mauna Loa CO2 time series from Keeling and the Atlantic CO2 time series from Beck are 
the only known long continuous CO2 atmosphere records. This study therefore is of utmost 
importance for identifying the relation between CO2 variability and climate variability. The 
challenge is that the time series are recorded by different methods, at different geographical 
positions on Earth. The results from this study have revealed that the time series are not really 
that different. Variations in CO2 at Mauna Loa CO2 and variations in Atlantic CO2 have the 
same signature which reveals a variability that has the same source.  
 
Taro Takahashi's records showed that CO2 had large variations over sea areas on the globe. 
Atmospheric CO2 is growing from the sea close to the warm equator and absorbed into the sea 
in cold Arctic areas. Atlantic CO2 and Mauna Loa CO2 looks different because the sea 
temperature increased in the period 1975 to 2000. Atlantic CO2 captures regional variations 
more strongly than recorded CO2 at an altitude of 3000 meters. Now the NOAA Global 
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Monitoring Laboratory also confirms that records of CO2 on Mauna Loa are not the same as 
global CO2. 
 
4.3 The Mauna Lua CO2 signature 1960-2020 
This study investigates the coincidence between Mauna Loa CO2 growth and Atlantic CO2 
density. The wavelet spectrum of CO2 growth at Mauna Loa coincides with the signature of 
global ocean surface temperature and the lunar nodal tide signature (Table 1). This coincidence 
reveals a direct relationship between Mauna Loa CO2 variability, global surface temperature 
variability and the lunar nodal tide. CO2 growth variations at Mauna Loa, have a p/2 (rad) phase 
lag from global temperature variations. The phase lag reveals that higher global surface 
temperatures in the ocean, leads to higher speed in outflow of CO2 from oceans and into the 
atmosphere. Variations in the global sea temperature, thus causes CO2 variations in the 
atmosphere. The exponential CO2 growth at Mauna Loa, is caused by global warming from 
1975 to 2020. The signature of CO2 growth also coincides with the signature of the lunar nodal 
tide. This signature has the periods of Tln = [1/3, 1, 2, 3]18.61/2 years. The lunar nodal time has 
a spectrum of deterministic periods up to 446 years (Yndestad 2022). When the CO2 signature 
coincides with the global sea surface temperature signature and the lunar nodal tide signature, 
it reveals that CO2 growth at Mauna Loa is not controllable. 
 
4.4 The Atlantic CO2 signatures 1870-1960 
The wavelet spectrum of Atlantic CO2 from 1870 to 1960 confirms a direct connection between 
Atlantic CO2, global sea surface temperature variations and the lunar nodal tide. The signature 
of Atlantic CO2 has dominant lunar node periods of: Tco2-a = [1, 2, 4]18.6 years. Atlantic CO2 
variability is controlled by the global ocean surface temperature variability and lunar nodal tide 
spectrum. The global sea surface temperature signature and the Atlantic CO2 signature have a 
phase difference of p/2 (rad). This phase difference confirms that a maximum sea temperature, 
leads to a maximum speed in CO2 outflow from the sea and into the Earth´s atmosphere. 
Variations in Atlantic CO2 from 1870 to 1960 coincide with variations in Mauna Loa CO2 from 
1960. This coincidence confirms that both CO2 time series are controlled by the same source.  
 
Ralph Keeling questioned the CO2 growth from 1930 to 1950. The wavelet spectrum analysis 
reveals that this growth coincides with global ocean surface temperature variations controlled 
by constructive interference between the 2*18.6 = 37.2 years lunar forced SST period and the 
4*18.6 = 74.4 years lunar forced SST period. A continuation of the temperature period of 37.2 
years, from 1940 to 2020, reveals that changes in Atlantic CO2 and Mauna Loa CO2 have the 
same period and phase relations. The phase difference is only 2 years. This close relation 
confirms that Atlantic CO2 variations and Mauna Loa CO2 variations have the same source. 
 
The lunar nodal signature in sea surface temperature variations, is controlled by vertical mixing 
in oceans. Cold bottom water is mixed with surface water heated by the sun. The lunar nodal 
tide is a standing wave that has maximum amplitude at equator and the pole. The lunar tide thus 
introduces its signature in sea surface temperature variability. This vertical mixing in the 
oceans, may be a possible source of releasing more CO2 from deep water into the atmosphere. 
Global sea surface temperature has an identified lunar nodal powered spectrum up to 446 years. 
Sola-forced periods influences the long sea temperature growth from 1896 to 2020 (Yndestad 
2022). In this study the two CO2 data series are too short to identify the long solar-forced period. 
 
A study of glaciological characteristics of the Antarctic Ice Core (Ahn et al. 2012), identified a 
higher CO2 density level in the warm climate period 1000-1200 and a lower CO2 level in the 
cold period 1450 to 1800. This confirms that CO2 in the atmosphere follows long-term global 
temperature variations. Global sea temperature is expected to continue to grow steadily until 
about 2025-2030. Thereafter, a new cooling period is expected in the future, to a deep minimum 
of approximately the year 2070 (Yndestad 2022). This means that we may expect that an 
accelerating CO2 growth will continue towards the year 2030. When global ocean temperatures 
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are reduced to a minimum in 2070, the CO2 emission growth from the oceans into the 
atmosphere is expected to be reduced. 
 

5. Conclusion 
This study investigates atmospheric CO2 variability signatures. The study is based on a wavelet 
spectrum analysis of Atlantic CO2 record for the period 1826 to 1960 and the Mauna Loa CO2 
records from 1959 to 2020. Together, the CO2 records cover a total period of 200 years. The 
study has revealed that: 

1. Atlantic CO2 signature from 1826-1960 coincides with the Mauna Loa atmospheric 
CO2 growth variability signature, the global sea surface temperature variability 
signature, and the lunar nodal tide variability signature. This is strong evidence of a 
lunar forced atmospheric CO2 variations. 

2. Atmospheric CO2 variations have a maximum growth rate when global sea surface 
temperature variations have a maximum state. The p/2 (rad) phase lag between global 
sea temperature variations and atmospheric CO2 variations, reveals that atmospheric 
CO2 variations are controlled by global sea temperature variations. 

3. The CO2 variability signature coincides with the lunar nodal tide signature. The lunar 
nodal tide spectrum reveals a chain of events from a lunar nodal tide variation to global 
sea surface temperature variations and atmospheric CO2 variations.  

4. A lunar nodal tide spectrum in atmospheric CO2 growth reveals that CO2 is not 
controllable. 

 
Global sea temperature variability has lunar forced periods up to 446 years and solar forced 
periods up to 4450 years (Yndestad 2022). The same solar forced periods and lunar forced 
periods are expected to be revealed in longer CO2 time series. 
 
 

Table 1. Identified signature of atmospheric Mauna Loa CO2 growth, atmospheric Atlantic CO2,  
Global Sea surface temperature and lunar nodal tide periods. 

 Global Sea Surface temperature signature (SST) 
Stationary SST periods (yr.) Tsst = [9, 18, 28, 29, 37, 46, 57, 64, 74] (yr.) 
Lunar nodal periods Tln/2 = [9.3, 18.6, 27.9, 37.2, 46.5, 55.8, 65.1, 74.4] (yr.) 
Wsst(s, min/max/0, t) [(-2.2, 1860), (-0, 1872), (2.2, 1883), (+0, 1897) (-3.1, 1912), (-0, 1927), (3.0, 1943),  

(+0, 1960), (-3.9, 1977), (-0, 1993), (5.1, 2008)] 
 Mauna Loa CO2 growth signature (dCO2m/dt) 1959-2020 
Stationary periods Tco2-m = [3, 9, 332] (yr.) 
Lunar nodal periods Tln = [1/3, 1, 2, 3]18.61/2 = [3.1, 9.3, 18.6, 27.9] (yr.). 
Wco2-m(s, min/max/0, t) [(-1.64, 1965), (-0.0, 1973), (1.8, 1980), (+0.0, 1988), (-1.2, 1995), (-0, 2004), (2.5, 2013)] 
 Atlantic CO2 signature 1826-2020 
Stationary periods: Tco2-a	=	[9, 18, 29, 39, 47, 64] (yr.) 
Lunar nodal periods Tln = [1,	2,	3,	4,	5,	7]18.6/2	=	[9,	18.6,	27.9,	37.2,	46.5,	65.1]	(yr.) 
Wco2-a(s, min/max/0, t)  [(1.6, 1831), (+0, 1839), (-2.0, 1846), (-0.0, 1852), (2.4, 1860), (+0.0, 1868), (-3.3. 1879),  

(-0.0, 1889), (2.6, 1898), (+0.0, 1907), (-3.5, 1919), (-0.0, 1929), (2.5, 1940)] 
Wco2-a(s=37.2, min/max/0,	t) [(min,	1811),	(max,	1829),	(min,	1848),	(max,	1866),	(min,	1884),	(max,1903),		

(min,	1922),	(max,	1940),	(min,	1959),	(-0,	1968),	(max,	1977),	(+0,	1986),	(min,	1996)…	
(-0,	2005),	(max,	2014),	(+0,	2023),	(min,	2033)]. 

Wco2-a(s= 93.0, min/max/0,	t)  [(6.0,	1845),	(+0.0,	1868),	(-7.0,	1895),	(-0.0,	1921),	(5.8,	1940),	(+0,	1963),	(min,	1986),	
(-0,	2009),	(max,	2033),	(+0,	2056)]. 

Wco2-a(s = 74.4, min/max,	t) [(max, 1866), (min, 1902), (max, 1940), (min, 1977), (max, 2014)] 
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Nomenclature  
Atlantic CO2 wavelet spectrum: Wco2-a(s, t) 
Atlantic CO2 wavelet autocorrelation spectrum: WAco2-a(R, Tco2-a) 
Atlantic CO2 stationary periods: Tco2-a 
Cycle period spectrum: T = [T1, T2, T3…Tn] 
Coincidence cycle periods: A*T1 = B*T2 
Global Sea Surface temperature: SST 
Global Sea Surface temperature period spectrum: Tsst 
Global Sea Surface temperature wavelet spectrum: Wsst(s, t) 
Global Sea Surface temperature wavelet spectrum: Wsst(s, t) 
Lunar nodal cycle periods: Tln 
Mauna Loa CO2 stationary periods: Tco2-m 
Mauna Loa CO2 growth rate: dCO2(t)/dt 
Mauna Loa CO2 wavelet autocorrelation spectrum: WAaco2-m(R, Tco2-m) 
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Abstract 

Part 2 reviews some of the pertinent knowledge about ancient climate variations, from ~ 70 Ma 
BP until the LGM (Last Glacial Maximum), 20 ky ago. There have been four distinct states over 
the last 50 Ma: Hothouse, Warmhouse, Coolhouse, and the current Icehouse climate state. Hu-
manoids (mainly Neanderthals) lived in Europe from around 120 ky BP in caves. Anatomically 
modern humans (AMHs) came around 50 ky BP, during the midst of the Weichselian glaciation. 
The Neanderthals became extinct from around 40 ky BP and can have succumbed due to the last 
magnetic polarity shift, occurring between 42 and 40 ky BP. The icehouose climate state, with 
glaciations, started ~2.5 Ma ago. The sea-level has been at least 120 m lower than at Present. Last 
time around 25-20 kY BP during the LGM. During the deglaciation period (20 – 15 ky BP) the 
mean sea-level rise was about 20 mm per annum. 
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1. Introduction 

The county of Sola (58° 55’ N, 5° 40’ E; see Part 1, Fig. 1) located in coastal Norway has a long 
and rich history of archaeological finds that date back to when Norway was first populated, im-
mediately after the Weichselian glaciation. This glaciation culminated during the Last Glacial 
Maximum (LGM), about 20,000 years BP. The warming started then, and continued until about 
12,800 years BP, at which time a new glaciation pulse arrived, during the Younger Dryas (YD). 
This 1,100 year long, brutally cold period, caused the fast-retreating glaciers to suddenly stop, 
and re-advance, leaving tell-tale morainic ridges throughout Scandinavia and Siberia (Mangerud, 
2021). The nearest YD-morainic ridge to Sola, occurs in the Lysefjord, about 30 km inland. 
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2. The last 70 million years – Earth’s climate and tectonic development 

However, before we go back to Sola, let us take a brief look over our shoulder, and check out the 
chronology of Earth and climate history that led us into the current state of repeated glaciations. 
Modern geological and paleoclimatic science has managed to piece together an interesting narra-
tive of the tectonic, climatic, and life history over the last 70,000,000 years (70 million years, 
Ma).  

One of the world’s most successful multinational scientific co-operations is, perhaps: the ‘Inter-
national Ocean Discovery Program’ (IODP, previously known as the ‘Deep-Sea Drilling Project’, 
DSDP, and later, the ‘Ocean Drilling Program’, ODP). By using several suitable vessels, includ-
ing the renowned workhorse ‘Sedco 471 Resolution’, and the newer Japanese vessel ‘Chikyu’, the 
program, consisting of some 22 nations, has acquired hundreds of deep-water sediment cores from 
most oceans of the world, up to water depths of 6 km (for more information, see: www.iodp.org). 

In 2001, this endeavor resulted in one of the most read paleoclimatic articles ever published, - by 
Jim Zachos and his team. The five authors of this review work is titled: «Trends, rhythms, and 
aberrations in global climate 65 Ma to Present». Here, they state that: «The climatic evolution 
includes gradual trends of warming and cooling driven by tectonic processes on time scales of 
105 to 107 years, rhythmic or periodic cycles driven by orbital processes with 104 to 106 years 
cyclicity, and rare rapid aberrant shifts and extreme climate transients with durations of 103 to 
105 years». Thus, the most anomalous such aberrant shift was found to be the mysterious temper-
ature jump of the Late Paleocene, ~55 Ma BP. This temperature spike lasted about 200 ky 
(200,000 years) and has been named the Late Paleocene Thermal Maximum, LPTM (Fig. 1).  

The LPTM-event is characterized by a 5° to 6°C rise in deep-sea temperature in less than 10 ky. 
In addition, sea surface temperatures (SSTs) as constrained by planktonic isotope records also 
increased, by as much as 8°C at high latitudes and lesser amounts toward the equator. An associ-
ated notable change in climate was globally higher humidity and precipitation, as evidenced by 
changes in the character and patterns of continental weathering. The event is also characterized 
by a ~3.0‰ negative carbon isotope excursion of the marine, atmospheric, and terrestrial carbon 
reservoirs, widespread dissolution of seafloor carbonate; mass extinction of benthic foraminifera; 
widespread proliferation of exotic planktic foraminifera taxa; and the dispersal and subsequent 
radiation of Northern Hemisphere land plants and mammals (Zachos et al., 2001; Bell & Seroussi, 
2020). 

The graph in Fig. 1 shows the Global deep-sea oxygen and carbon isotope records (green curve) 
based on deep-sea (>1000 m depth) sediment data compiled from more than 40 DSDP and ODP 
sites. Most of the data are derived from analyses of two common benthic foraminifers: Cibi-
cidoides and Nuttallides. 
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Figure 1. Global deep-sea oxygen isotope record (green curve), based on data compiled from more than 
40 DSDP and ODP sites. The sedimentary sections from which these data were generated are classified as 
pelagic (e.g., from water depths >1000 m) with lithologies that are predominantly fine-grained, car-
bonate-rich (~50%) oozes or chalks. Most of the data are derived from analyses of two common and long-
lived benthic taxa, Cibicidoides and Nuttallides. The δ18O proxy temperature scale (shown in red on the 
left) was computed for an ice-free ocean, and thus only applies to the time preceding the onset of large-
scale glaciation in Antarctica (~35 Ma). From the early Oligocene period to Present. In the figure, LPTM 
denotes the Late Paleocene Thermal Maximum, which was followed by the Eocene Climate Optimum 
period (Eco). The two blue horizontal bars provide a rough qualitative representation of ice volume in 
each hemisphere relative to the LGM, with the dashed bar representing periods of minimal ice coverage 
(<50%), and the full bar representing close to maximum ice coverage (>50% of present). Some key tec-
tonic and biotic events are indicated in green letters and black bars at the bottom. These are explained in 
the text. (Modified from Zachos et al., 2001).  

The figure also shows the temperature proxy scale of this curve. Because the direct coupling 
between the δO18 isotopic value and temperature is only valid for an open ice-free ocean, the 
proxy-temperature values are only valid from 70 Ma BP until the Antarctic ice sheets formed ~35 
Ma ago, and the Arctic Sea ice, ~8 Ma ago (illustrated with blue horizontal bars in Fig. 1). 

 

2.1 Some major events that occurred over the last 70 Ma 

Figure 1 also indicates the periods of some major climatic, tectonic, and biological events occur-
ring over the last 70 Ma. They are illustrated with green letters and black bars (Fig. 1). There is, 
of course, a myriad of major events that occurred on Earth over this long time-period, but only a 
very few select ones are shown here (from Zachos et al., 2001).  

Thus, Event A (Fig. 1) refers to the meteor impact that occurred ~65 Ma ago at the so-called K-T 
boundary (the boundary between the two geological time-periods Cretaceous, K, and Tertiary, T). 
It had such a devastating impact that it is reckoned to have caused a mass extinction which also 
included almost all dinosaur animals. 

Event B (Fig. 1) is also at a geological time-boundary, the Paleocene-Eocene transition, e.g., at 
the LPTM, at ~55 Ma BP. This was the time of active rifting and volcanism in the northern At-
lantic Ocean. India collides with Asia. Mammals disperse around the world. The LPTM includes 
benthic extinction. 
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Event C occurs during the Eocene, ~40 Ma ago. Plate reorganization and a distinct, general re-
duction of seafloor spreading rates. 

Event D, close to the Eocene – Oligocene transition, ~33 Ma. The glaciation of Antarctica starts. 
The Tasmanian – Antarctic passage opens. Archaic mammals and broad-leaf forests decline. Ba-
leen whales appear. 

Event E, during the Oligocene, ~30 Ma. The Drake passage (between South America and Antarc-
tica) opens, giving room for the circum-Antarctic current. Large carnivores and other mammals 
diversify. 

Event F, during the Miocene, 23 - 20 Ma. The Red Sea starts rifting. General coral extinction. 
Tibetan Plateau uplift accelerates. Seals and sea lions appear.  

Event G, during the Mioecene, ~15 Ma. The Mid-Miocene climate optimum. Columbia river vol-
canism. East Antarctic ice sheet grows. 

Event H, during the Miocene – Pliocene transition, 8 – 6 Ma. The West Antarctic Ice Sheet grows. 
Panama Seaway closes. Arctic sea ice grows. Hominids appear. 

 
Figure 2. A schematic temperature graph showing the reconstructed mean surface temperature curve for 
Central Europe, as published by Paul Woldstedt (1954), slightly modified by Andersen and Borns (1994), 
who added colours on the right side (to enhance the cyclic ice-ages with glacial periods, blue, and inter-
glacials, red, on a yellow background). The graph has also been modified by the current author, up-dating 
the ages for each of the time-periods, and adding the horizontal, coloured bar showing the extent of the 
four climate states: – Hothouse, Warmhouse (wh), Coolhouse, and Icehouse (ih) -periods, according to 
Westerhold et al. (2020). (Modified from Woldstedt, 1954; Andersen and Borns, 1994, and Westerhold et 
al., 2020). See text for more information.  

It should be evident, that many of the events mentioned here, are not only isolated events, but 
may also be important causative events for the developing climate on Earth. For example, it is 
known that passages between oceans have had great impacts on the exchange of water between 
major ocean basins. For example, between the Atlantic and the Pacific oceans. Thus, the opening 
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of the Tasman – Antarctic passage led to glacial conditions on the East Antarctic continent ~35 
Ma BP.  

 

2.2 Reconstructed mean temperatures for Central Europe (56 Ma – Present) 

However, the most notable and dramatic trend shown by the green curve in Fig. 1, is the 
steady cooling trend from around 50 Ma, until Present. This very important trend is more clearly 
illustrated in an earlier temperature graph, published by Woldstedt (1954). Although this older 
graph (Fig. 2) is only valid for Central Europe, it clearly shows how the climate gradually deteri-
orated and became cooler and cooler. It also demonstrates how the periodic glaciation cycles 
started during the Pliocene, about 2.5 million years ago and reflects the current climate situation 
on Earth.  

In a recent article by Westerhold et al (2020), where the authors published “…a new and highly 
resolved, astronomically dated continuous composite benthic foraminifer isotope record…” for 
the last 70 Ma, with the aim of finding out more about climate predictability, they studied char-
acteristic ‘climate states’, where the World undergoes a gradual transition, through: “…four cli-
mate states – Hothouse, Warmhouse, Coolhouse, to Icehouse…». Through their analyses, they 
managed to document that these four states are based on their “…distinctive response to astro-
nomical forcing depending on greenhouse gas concentrations and polar ice sheet volume.” 
(Westerhold et al., 2020, p. 1383). 

Whereas these two temperature proxy curves in Figures 1 and 2, show how the climate has 
changed, in: “trends, rhythms, and aberrations”, or rather, in particular temperature states: “Hot-
house, Warmhouse, Coolhouse, and Icehouse” (e.g., Zachos et al., 2001, and Westerhold et al., 
2020), there can be no doubt that the climate has consistently deteriorated (cooled) over the last 
50 million years.  

However, we will now move back to the Late Pleistocene and take a closer look at the period 
leading up to the LGM and the Holocene, and especially, the humanoid migration/population in 
Europe and the Americas. One relevant question needs to be answered: Was Norway (and the 
county of Sola) ever populated by humans prior to the Holocene period? We will demonstrate 
that the answer to this question must be, No! 

 

3. From the Eem to the Holocene 

As clearly stated by Westerhold et al. (2020), the current state of the world climate is an 
‘Icehouse’-state, in comparison to earlier, and warmer periods. The schematic temperature curve 
of Woldstedt (1954), Fig. 2 clearly illustrates the dramatic climatic cyclicity, which started ~ 2.5 
Ma ago, when the climate started flipping in and out of mid-hemispherical glaciations of the 
northern European and North American continents, divided by shorter warm periods, called in-
terglacials. 

The two most recent glacial periods are the Saale, which lasted from ~235 ky to ~130 ky BP, and 
the Weichselian, from ~115 ky to ~20 ky BP (e.g., the LGM). The previous interglacial period, 
the Eem only lasted from ~130 ky to ~115 ky BP, and was a couple of degrees warmer than the 
current interglacial, the Holocene. 

In Figure 3A the reconstruction of Earth’s mean surface temperature variations is shown for the 
last cycle, e.g., from Eem to the Holocene. The Eem interglacial lasted for about 15 ky and must 
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have been optimal for humans to live and thrive at Sola, on the SW coast of Norway, even though 
the sea level was 5 – 10 m higher than at present (Fig. 3B). Because most of Norway had been 
covered by the Weichselian ice, snow, and water, any potential artifacts from this period would 
have been removed and washed away. Only at very few locations, including at Fjøsanger, near 
Bergen have sediments from the Eemian period been found in Norway. However, no remains of 
animals or humans have been found there (Vorren and Mangerud, 2006). 

But there is one over-riding reason for there not being such remains or evidence: Modern humans 
had not entered Europe at that time. There may have been Neanderthals, but no Homo sapiens. 
As we shall see, they arrived Europe during the Weichselian glaciation. 

It needs to be mentioned that the American glaciations and interglacial periods have different 
names than those used for the European periods. The American equivalent to the Eem interglacial 
is the Sangamon interglacial, and the American equivalent to the Weichselian is the Wisconsin 
glaciation. 

 

3.1 How (why) do interglacial periods end? 

One of the mysteries about what may trigger the abrupt cooling at the termination of an intergla-
cial period, like Eem, has recently been addressed by Yin et al. (2021). By analyzing the changes 
at the end of interglacials of the past 800 ky, they found that there exists a threshold in the level 
of astronomically induced insolation below which abrupt changes occur. Their causative effects 
are summed up as follows: “When decreasing insolation reaches a critical value, it triggers a 
strong, abrupt weakening of the Atlantic meridional overturning circulation (AMOC) and a 
cooler mean climate state accompanied by high-amplitude variations lasting for several thousand 
years. The mechanism involves sea ice feedbacks in the Nordic and Labrador Seas. The ubiquity 
of this threshold suggests its fundamental role in terminating the warm climate conditions at the 
end of interglacials.” (Yin et al., 2021, p. 1035). 

 

3.2 Human population in Europe and North America in Weichsel/Wisconsin 

Humanoids and Anatomically Modern Humans (AMHs), existed on earth long before they found 
their way to Europe and North America, as shown in Table 1. 

From Table 1, we see that Homo sapiens neanderthalensis, also called Neanderthals are known 
to have existed for more than 125 ky BP, which is just beyond the Eemian interglacial: “The 
Neanderthals lived in large areas of central Europe and in the Mediterranean region up to the 
Middle Weichselian about 40 – 30 ky BP; at that time this species appears to have disappeared 
rather suddenly, and the modern species, Cro-Magnon type humans (AMHs), took over.” (An-
dersen and Borns, 1994). 

 

3.3 Neanderthals in Europe, during Eem 

So, let us see how our ancient ancestors came to Europe and what they experienced before mi-
grating to Norway. In northern Spain, there is a large cave called the ‘Estatuas’ cave, which was 
a hive of humanoid activity 105 ky ago, which is ~10 ky after the Eemian interglacial warm 
period. 



 Hovland: Holocene Climate Change from Sola II 

 

Science of Climate Change                                                 

 281 

Table 1. Human development through pre-history (based on Andersen and Borns, 1994). 
 

EARLY HUMANS 

 

 

Pre-historic 
cultures 

 

 

Tool industries 

 

Tools 

 

Homo sapiens sapiens 

(Cro-Magnon) 

40 – 10 ky BP 

 

Mesolithicum 

Upper – 
Younger Paleo-

lithicum, 

 

Magdalenien 

Solutrien 

 

Aurignacien 

 

 

Arrowheads, 
knives, etc. 

 

Homo sapiens nean-
derthalensis 

 

125 – 40 ky BP 

 

 

Middle Paleo-
lithicum 

 

 

Mousterian 

 

 

Homo erectus 

1,5 Ma BP – 500 ky 
BP 

 

 

Older Paleolithi-
cum 

 

Levalloisien 

Acheulien 

 

Rough stone tools 

 

Homo habilis 

2.5 – 1 Ma BP 

 

Older Paleolithi-
cum 

 

 

Olduvaien 

 

Rough stone tools 

 

The artifacts found at the bottom of this cave show that the Neanderthals used stone tools to 
butcher red deer, also that they made fire (Gibbons, 2021a). But the real find in the cave was 
remnants of the Neanderthal’s nuclear DNA, from bones and teeth. By analyzing the DNA-
distribution in the cave the researchers found that one group of Neanderthals replaced another: 
“Neanderthals thrived and diversified during the warm, moist interglacial period that started 
130,000 years ago. But about 110,000 years ago, temperatures in Europe dipped suddenly as a 
new glacial period set in. Soon after, all but one lineage of Neanderthals disappeared. Members 
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of the surviving lineage repopulated Europe during later, relatively warm spells, with some taking 
shelter in Estatuas cave.” (Gibbons, 2021a, p. 223). 

 

3.4 Modern humans and Neanderthals mingle in Central Europe during Weichsel 

In Bulgaria, large caves have also turned out a bounty of archeological humanoid finds and infor-
mation about our ancient ancestors, some 1300 generations before they arrived in Norway. “The 
four-story labyrinth of galleries in Bulgaria’s Bacho Kiro cave has long been a magnet for all 
sorts of humans. Neanderthals came first, more than 50,000 years ago, and left their character-
istic Mousterian stone tools among the stalagmites. Next came modern humans in at least two 
waves; the first littered the cave floor with beads and stone blades stained with ochre, about 
45,000 years ago. Another group settled about 36,000 years ago with even more sophisticated 
artifacts.” (Gibbons, 2021b, p. 115). So, it is impossible for modern humans to have visited Nor-
way during the Eem interglacial, as they never arrived to Europe from the east (Asia) and south 
(Africa) before about 45 ky BP. 

The strange fact that Neanderthals did not make it through the Weichsel, shows that they must 
have, somehow, succumbed before the LGM. It has been speculated that they were ousted by 
AMHs. However, we shall see that there is a new and perhaps more sound explanation for their 
extinction. There was a magnetic reversal period, 42 – 40 ky BP, with some rather special envi-
ronmental changes occurring, which may have been too much for them (see later). 

 

3.5 Warmer periods during Weichsel: Interestadials 

It is important to note, that the glacial periods, like Weichsel also include long periods with milder 
climate, the so-called ‘interstadial’ periods. Some of these milder periods can be seen on the two 
graphs in Fig. 3, where the upper graph (A) shows the average global temperature during Eem 
and Weichsel. Notice that there are at least six peaks with higher temperatures before the LGM. 

The same can be seen also in the middle graph (Fig. 3B), which shows a record of the global sea-
level variations. Here it is worth noting that the sea-level during Eem was higher than during the 
Holocene. Furthermore, the remarkable similarity between the two graphs (Figs. 3A and B) is 
also worth noting. It shows that the maximum drawdown of the world’s-ocean during the LGM 
was about 120 m below the current sea-level. There are about 6 milder periods during the Weich-
selian glaciation with only less that 40 m lower sea-level than at Present. 

Despite a general cold climate, the character of glacial periods is, based on stable isotope analyses, 
rather climatically complex. Paleoclimatologists using the δO18 stable isotope signal have identi-
fied different ‘isotope stages’, which are defined as warmer periods and colder periods during the 
glaciations, with the warm periods called ‘interstadials’, - and, the cool periods called ‘stadials’.  

 

3.6 Isotope stages during the Weichselian glaciation. 

In Fig. 3C, the first five isotope stages are illustrated with their characteristic isotope values, 
which correspond to deep ocean mean temperatures. The oldest isotope stage shown in Fig. 3C, 
is isotope stage 5e, which is the warm Eemian interglacial period, from 130 to 115 ky BP. The 
following isotopic stages are 5d – 5a, consisting of two cool stadials (5d and 5b) and three warm 
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interstadials (5c and 5a). During the two stadials (5d and b), there is evidence of good-sized glac-
iers being developed in Scandinavia (Andersen and Borns, 1994). 

However, a much colder climate develops during the middle Weichselian, isotope stages 4 and 3, 
e.g., from 75 – 25 ky BP. The climate cooling was rapid and marked the start of a very long cold 
period. “During the major cold peak of isotope stage 4, the tundra/prairie covered central and 
northern Europe, and the glaciers expanded to cover much of Scandinavia. The Oceanic Polar 
Front moved south to the latitude of southern France and extended westwards towards North 
America. To the north of this latitude most of the North Atlantic Ocean was covered with pack ice 
during winters.” (Andersen and Borns, 1994, p. 53). 

The climate also remained cold during most of isotope stage 3 (60 – 25 ky BP). Glaciers then 
covered considerable parts of Fennoscandia, as evidenced by glacial deposits in northern Sweden 
and Finland and on the west coast of Norway. But the climate and glaciers fluctuated with two to 
five slightly warmer interstadials recorded in various parts of northern Europe. During two inter-
stadials, about 30 ky ago and somewhere between 40 and 70 ky BP, the west coast of Norway 
was ice free. 

Whereas isotope stage 1 is the warm Holocene, interglacial period, isotope stage 2 is the LGM, 
where the glaciers in northern Europe grew to their largest extent. This very cold period, where 
the sea-level had retreated (or ‘regressed’) to ~120 m, lasted for nearly 10 ky. Because of the 
extreme cold, the lower atmosphere was also relatively dry. With large regions of the seafloor of 
the world exposed, there was a peak in dust in the lower atmosphere. This is because much of the 
newly exposed seafloor consisted of fine clay particles that dried out and easily became mobilized 
by strong winds. 

The land bridges that occurred during the extreme ocean lowstand, included the Bering Strait, 
between Asia and America, the strait between New Zealand’s northern and southern islands, and 
the strait between Australia and Papua New Guinea. Large areas of the North Sea were either 
covered by ice or became dry land. However, between Norway and this land, there were no 
bridges because of the deep water in the Norwegian Trough (see Part 1). 

 

3.7 The population of North America during the Wisconsin glaciation (115 – 25 ky BP) 

It was long thought that the first people in North America were the Clovis, that arrived around 13 
ky BP. But when older sites showed up, ‘pre-Clovis’ people were dated to 16.5 ky BP. However, 
now there is evidence that people were in America even before the LGM, at around 26.5 to 20 ky 
BP. 

This is, despite the fact, that the only viable migration routes from Asia to America were depend-
ent on timing and glacial conditions. During the LGM, the ice sheets were too massive to pass for 
migrating humans. During some of the Wisconsin interstadials the glaciation of the North Amer-
ican continent was divided in two large glacier complexes or ice sheets: the northern (Laurentide) 
and the southern (Cordilleran) ice sheets. Between these there was a variably wide ‘Ice-Free Cor-
ridor’, where humans could have traveled south of the large ice sheets. Recently, Bennett et al. 
(2021) found definitive evidence confirming the presence of modern humans in North America 
during the LGM. This evidence comes in the form of fossilized human and animal footprints in 
semi-dried lake muds in New Mexico: “We report the discovery of a series of human footprints 
from White Sands National Park (WHSA Locality 2) in south-central New Mexico that occur on 
multiple stratigraphic horizons interbedded with seed layers. Our results indicate that humans  
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Figure 3. Three different graphs that show a co-variation between three different physical parameters. 
They all bear the same message: The past 120 thousand years have seen dramatic climate changes. A) 
shows the mean global surface temperature variations. This temperature graph is based on two Antarctic 
ice-cores: Vostok and EPICA Domes. (See www.climatedata.info/proxies/ice-cores/). The global sea-
level change graph in (B) is based on isotope records of planktonic fauna from the Red Sea (modified 
from Siddall et al., 2003 and Momber et al., 2019). Finally, the deep-sea oxygen isotope variations, in (C) 
are modified from Andersen and Borns (1994) and Martinson et al., 1987). 



 Hovland: Holocene Climate Change from Sola II 

 

Science of Climate Change                                                 

 285 

were present on the landscape by at least ~23 ky, with evidence of occupation spanning approx-
imately two millennia.” (Bennett et al., 2021, p. 1528).  

They also conclude that these humans must have arrived:”…before the glacial advances of the 
LGM closed the Ice-Free Corridor and the Pacific Coastal Route that prevented human migra-
tion from Asia.” This example of new discoveries clearly shows that there are potentially nu-
merous new discoveries to be made, with respect to early human migration and population dy-
namics both in northern Europe and North America.  

 

3.8 A magnetic polarity shift around 42 ky BP, during late-Weichselian and Wisconsin. 

How does a shift in magnetic polarity of the Earth affect humans? Because the Earth’s magnetic 
field has steadily weakened over the last 170 years, and the magnetic North Pole is moving more 
rapidly than before, this is currently a relevant question to ask. It is known that the last major 
magnetic inversion occurred during the last part of the Weichselian, over a period of about 1 ky, 
from ~42 ky to 41 ky BP. However, there is some frustration because there are no signs of dra-
matic environmental changes occurring on Earth from studies of ice- and sediment cores. 

However, some recent studies of ancient New Zealand kauri trees, enabled the researchers to 
develop a detailed record of atmospheric radiocarbon levels across the Laschamps Excursion (the 
name of the last major magnetic inversion, e.g., ‘polar shift’). As the researchers widened their 
studies to other fields, they found surprising implications, and sum up their findings as follows: 
“The implications of this study are considerable. The event is very close in timing to the globally 
widespread appearance and increase in figurative cave art, red ochre handprints, and changing 
use of caves ~42 to 40 ky BP, e.g., in Europe and Island Southeast Asia. This sudden behavioral 
shift in very different parts of the world is consistent with an increasing or changed use of caves 
during the event, potentially as shelter from the increase of ultraviolet B, potentially to harmful 
levels during GSM (Grand Solar Minimum) or SEPs (Solar Energetic Particles), which might 
also explain an increased use of red ochre sunscreen. Rather than the actual advent of figurative 
art, early cave art would therefore appear to represent the preservation of preexisting behaviors 
on a new medium. Other important archaeological boundaries during the wider Laschamps event 
include the extinction of the Neanderthals along with the disappearance of some of the first Eu-
ropean AMH (Anatomically Modern Human) cultures.” (Cooper et al., 2021, p. 817). 

The main environment disturbances are: markedly increased levels of solar and cosmic radiation, 
due to the weakened geomagnetic field. This would cause increased ionization and decreased 
stratospheric ozone levels, potentially generating regional climatic impacts, particularly in lower 
latitudes. Around the Pacific Basin, there is evidence of a major and often sustained change in 
behavior ~42 – 40 ky BP. These include local glacial maxima in Australasia and the Andes, long-
term shifts in atmospheric circulation patterns, and continent-wide aridification and megafaunal 
extinction in Australia. In North America, the same period experienced a rapid expansion of the 
Laurentide Ice Sheet (LIS), from a local minimum close to 42 ky BP. (Cooper et al., 2003).   

 

3.9 Fluctuations in sea-level, from Eem to Holocene 

Over the past 20 ky, there has been approximately 120 m of eustatic sea-level rise due to glacial 
melting. From Figure 3 it is easy to see that abrupt cooling during the end of the Eemian inter-
glacial period leads to abrupt lowering of the mean sea-level. The reason, of course, is that the 
seawater that evaporates, subsequently leading to precipitation over colder land, as snow and 
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hail. On land, the snow will accumulate, rather than melt to water and flow back into the ocean. 
Over time, this leads to a lowering of the sea-level. During warming, the sea-level will start ris-
ing again, because of snow melting and precipitation as rain, rather than snow and hail. The 
three graphs in Fig. 3A, B, and C demonstrate that there is full harmony between temperature 
change, sea-level change, and deep-sea oxygen isotope variation. This also means that the 
global sea-level is a proxy, or an equivalent, to global ice volume. 

 
Figure 4. A classical sea-level curve for the LGM – Holocene period. It is based sea level highstands re-
constructed from dating fossil coral reef terraces. It shows the deglaciation period from LGM, 20 ky BP 
and throughout the Holocene (based on Siddall et al., 2003).  

The sea-level curve reconstruction shown in Fig. 3B is based on oxygen isotope records from Red 
Sea sediment cores: «This study takes advantage of the fact that the Red Sea is extremely sensitive 
to sea-level change, as a consequence of the narrow (18 km) and shallow (137 m) character of 
its only connection with the open ocean (the Strait of Bab el Mandab). Reduction of the strait 
profile by sea-level lowering decreases the exchange transport of water masses through the 
strait.» (Siddall et al., 2003, p. 853) 

According to Siddall et al. (2003), there have been maximal sea-level rises of up to 35 m, at rates 
of up to 20 mm yr-1 during the Weichselian. This is also equivalent to the mean rate of change 
during the last deglaciation, following the LGM, as also shown in Fig. 4.  

To be continued in the next issue. (Part 3: The very first Mesolithic settlers at Sola, - first ever 
settlement of Homo sapiens in Norway). 
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Abstract 

The observed present rate of uplift in Scandinavia increases from zero on the western coast of 
Norway to ~1 cm/yr in the Baltic Sea area. This domelike uplift is generally assumed to be the 
result of glacial isostasy due to melting of the huge glaciers of late-glacial time. The mountain 
glaciers of Norway have previously not been considered to affect the present rate of uplift. We 
have now calculated the effect of the decaying glaciers since the Little Ice Age and found that 
the effect is a significant factor in the ongoing rate of uplift in Norway. 

While the last huge sheet over Scandinavia melted away around 9 000 years ago, a cooling trend 
(Neoglaciation) some thousand years later was responsible for the establishment and growth of 
the Norwegian mountain glaciers. After several periods of glacier growth and decay most Nor-
wegian glaciers probably culminated in mid 1700s AD during the Little Ice Age. From the Little 
Ice Age the glaciers started to decay and finally ended at the present thicknesses of the glaciers. 

We calculated both the isostatic and elastic response of the unloading of the mountain glaciers. 
When a force (positive or negative) is applied to the Earth's surface, there is an immediate elas-
tic deformation proportional to the stress. This will be followed by a time-dependent isostatic 
response. The elastic displacement is gradually recovered as the Earth adjusts toward isostatic 
equilibrium. When isostatic equilibrium is achieved, there will be no elastic deformation. There 
are thus basically two causes of elastic effects: (l) loading/unloading of ice caps, (2) isostatic 
movements caused by the loading/unloading.  

The isostasy is calculated with a low-viscosity asthenosphere of 1.8 x 1019 Pas and an effective 
elastic lithosphere thickness Te ~30 km. The elastic modelling assumes the shear rigidity μ = 
0.7x 1011N/m2. This unloading of the Norwegian glacier over the last 300 years lead to present 
rate of uplift in glaciated areas of more than 2.0 mm/yr in the areas of mountain glaciers. 
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1. Introduction 

The observed ongoing rate of uplift in Scandinavia increases from zero on the western coast of 
Norway to ~1 cm /yr in the Baltic Sea area. Figure 1 shows the observed current uplift in Fen-
noscandia according to the recent NKG2016LU (Vestøl et al., 2016). This domelike uplift is 
generally assumed to be the result of glacial isostasy due to melting of the huge late-glacial ice 
sheets. The last remains of the huge glaciers melted away around 9 000 cal yr BP. Mörner 
(1980) claimed that the post-glacial uplift is caused by two different mechanisms – one expo-
nential and one linear factor. Mörner’s idea is disputed; the consistent picture given by the ob-
servations of the deglaciation, palaeo-shoreline tilts and present rate of uplift does not require 
two different mechanisms. It has been shown previously (e.g. Fjeldskaar, 1997; Fjeldskaar and 
Amantov, 2017) that the best-fitting parameters for palaeo-shoreline tilts also are the best-fitting 
parameters for the present rate of uplift.  

Even so, Mörner’s idea about an additional factor in the current uplift may still be viable; the 
question is how significant this factor is. Clearly, most of the uplift signal can be explained by 
isostatic response to the deglaciation after the last ice age. However, the west coast of northern 
Norway is the most important exception here. Fjeldskaar et al. (2000), Amantov and Fjeldskaar 
(2013) and Fjeldskaar et al. (submitted) found that this is an area where the measured present 
rate of uplift is significantly greater than that predicted by glacial isostatic models. 

This paper investigates the affects of the reduction of the mountain glaciers in Norway for the 
present rate of uplift. Most of the Norwegian glaciers were developed during a colder Late Hol-
ocene period and probably culminated in mid 1700s AD during the Little Ice Age. 

 
Figure 1. Observed present rate of uplift (in mm/yr) from Vestøl et al. (2016).  
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After the Little Ice age there has been a significant reduction of the glaciers, which will result in 
land uplift in both northern and southern Norway.   

2. Mountain glaciers 

Most Norwegian mountain glaciers melted away during the Holocene Climatic 
Optimum (HCO); as a consequence of warmer summer temperature (e.g. Nesje, 2009) 
between 8 000 and 6 000 cal yr BP (e.g. Nielsen et al., 2018). Following this warm 
period, glaciers started to reform during the Neoglaciation which started ~6 000 cal yr 
BP and ended with the Little Ice Age some 300 years ago (e.g. Nesje, 2009 and 
references therein).  

After several periods of glacier growth and decay most of the Norwegian glaciers probably cul-
minated in the Little Ice Age (Nesje, 2009). From the mid 1700s AD the glaciers started to de-
cay and finally ended at the present glacier thicknesses. We have made a model of the glacier 
thickness growth and decay in which we assume that the glacial growth started at 6 000 cal yr 
BP and grew to a maximum 300 years ago (for maximum exceeding the current ice thicknesses, 
see Fig. 2). From 300 years ago the glaciers started to decay in thicknesses (as given in Fig. 2) 
before present status is achieved.   

In the modelling the glacier growth from 6 000 to 300 cal yr BP is assumed to take place with 
uniform velocity, so is the decay from 300 to present. The spatial resolution in our modelling is 
10 km; this high spatial resolution is a requirement (in addition to high temporal resolution) in 
order to do realistic modelling of the isostatic and elastic response due to the glacier changes of 
the Late Holocene.  
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Figure 2. Model of the unloading of mountain glaciers. Dark blue colour shows ice thicknesses exceeding 
100 m compared to present day. 

3. Isostatic response 

The isostatic response to the load of the changing glaciers is in our study modelled by an 
incompressible viscous half-space in which the viscosity may vary with depth, i.e. the properties 
are constant within layers of variable thickness. The viscous fluid is overlain by an elastic 
lithosphere of uniform thickness. The mantle is considered fully adiabatic; no buoyancy forces 
affect the flow other than those related to the surface load redistribution. The method used here 
is described in Fjeldskaar (1994, 1997) and Fjeldskaar and Cathles (1991). The best-fitting 
model of the present rate of uplift based on the glacial history has a low-viscosity asthenosphere  
of 1.8 x 1019 Pa s and a weak lithosphere with flexural rigidity 2 x 1023 Nm (effective elastic 
thickness Te ~30 km) (Fjeldskaar et al., submitted). The mantle has a viscosity of 1021 Pa s. The 
Earth´s parameters are similar to the parameters found e.g. for Lake Mead area, USA. Based on 
the observed subsidence in the area around the lake Kaufman & Amelung (2000) found the 
best-fitting parameters to be an effective elastic lithosphere thickness of ~30 km over a mantle 
viscosity of 1018 Pa s.  

The isostatic response of the assumed decay of the glaciers after the Little Ice Age was 
modelled with the same Earth rheology. The calculated ongoing isostatic uplift of the 
decreasing glaciers is close to 2 mm/yr for both northern and southern areas of Norway (Fig. 3). 
The theoretical present uplift due to the mountain glaciers decay is thus significant compared to 
the observed uplift in those areas (cf. Fig. 1). The reason for this significant effect is simply that  

 

 
Figure 3. Calculated present rate of uplift due to isostatic response of the unloading of mountain glaciers 

(in mm/yr). 
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 the decay of the mountain glaciers takes place much closer to present time. In addition the 
relaxation time for low wavelength deflections (like the this significant effect is simply that the 
decay of the mountain glaciers takes place much closer to present time. In addition the 
relaxation time for low wavelength deflections (like the mountain glaciers) is much lower than 
for the Fennoscandian type late-glacial huge ice sheets (for relaxation times vs. wavelengths, cf. 
Fjeldskaar and Amantov, 2017). 

 

4. Elastic deflections 

When a force is applied to the Earth's surface, there is an immediate elastic deformation propor-
tional to the stress. Almost all solid rocks behave elastically when the applied forces are not too 
large, and return to their original shape when the force is removed. The elasticity of a crystalline 
solid arises from the action of interatomic forces, which tend to maintain each atom in its equi-
librium lattice position. Rocks behave quite differently in response to applied forces, depending 
on the elastic properties of the rocks. Changes in rock type within the crust, vertically and hori-
zontally, contribute to variations in the response. The elastic behaviour of a material can be 
characterized by specifying the Lame's parameters λ and μ.  

  

 

Figure 4. Illustration of the interrelation between isostatic and elastic deflections. (A) Immediate elastic 
deflection, (B) immediate isostatic deflection, (C) equilibrium elastic deflection after infinite time, and 
(D) equilibrium isostatic deflection after infinite time. 

The elastic displacement is gradually recovered as the Earth adjusts toward isostatic equilibri-
um. When isostatic equilibrium is achieved, there will be no elastic deformation. There are thus 
basically two causes of elastic effects: (l) loading/unloading of ice caps, (2) isostatic movements 
caused by the loading/unloading. This is illustrated in Figure 4. At the loading of the ice sheet, 
there will be an immediate elastic response (A). The immediate isostatic response (B) will be 
close to zero, because of a finite viscosity of the mantle. After infinite time, the lithosphere 
reaches an equilibrium isostatic position (D), which means that the surface load is balanced by 
buoyant forces. Lower parts of the Earth will, thus, not 'see' any loads at the surface.  

Elastic deflection is a function of the wavelength of the load, and also of the elastic properties of 
the crust. The response u(k) of an incompressible elastic medium to a surface load of wave 
number k is (Cathles, 1975):  
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Figure 5. Present elastic response to the melting of the mountain glaciers (in mm/yr).  

 

 

where  µ  is the shear rigidity, g is the gravity, h is the thickness of the load, and �o is the densi-
ty. In the modelling we have used shear rigidity μ = 0.7x 1011 N/m2. The method for the calcula-
tions is described in Fjeldskaar (2000). The calculated ongoing elastic uplift due to the unload-
ing of the mountain glaciers has a maximum in northern Norway of 0.9 mm/yr, and in southern 
Norway of 0.6 mm/yr (Fig.5).  

 

5. Total response of unloading of mountain glaciers 

The total present uplift due to the combined isostasy and elastic response (Figs 3 and 5) of the 
decaying mountain glaciers is very close to 2.5 mm/yr in northern as well as southern Norway 
(Fig. 6a).  
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Figure 6. Calculated combined isostatic and elastic present uplift due to unloading of glaciers over the 
last 300 years. a) effective elastic lithosphere thickness Te = 30 km; b) for Te =80 km.  

6. Discussion 

We have added a second Earth rheology model with a thicker effective elastic lithosphere (Te = 
80 km; fr = 5 x1024 Nm) because Fjeldskaar and Bondevik (2020) found evidence of a possible 
increase in Te (or alternatively a significant tectonic component) towards the northernmost part 
of Norway in their study of the Tapes transgression. Present total uplift for northern Norway 
with a model of thicker effective lithosphere thickness is 1.5 mm/yr (Fig. 6b). 

There are significant uncertainties in these calculations, however, related primarily to the timing 
of the maximum glaciations, and to the magnitude of the maximum ice thicknesses. The glaciers 
during the Neoglaciation changed over time and there were several intermittent periods with 
extensive glaciers (Nesje, 2009). Our modelling is limited to one period of maximum glaciers, 
set to 300 years ago, and we assume uniform velocity growth from 6000 cal yr BP to 300 years 
ago. The resulting isostatic effect could, however, be different if we had taken into account that 
glaciers experienced several periods of significant advances and retreats during the period 
before the Little Ice Age maximum. In addition, the maximum extension does not necessarily 
coincide in time with maximum volume.  

We have tested various options of the Neoglacial glaciations and deglaciations, all assuming the 
glacial growth and reduction to take place simultaneously on all glaciers. This is probably a 
reasonable assumption over a limited areas like northern and southern Norway. If we change the 
maximum ice thickness to take place much earlier, e.g. at 2500 cal yr BP, the ongoing isostatic 
uplift will be reduced, but will still be significant (close to 1.5 mm/yr in northern Norway) and 
with a maximum in the same location. However, the elastic effect will be reduced because the 
areas will be closer to isostatic equilibrium.  
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The magnitude of the ongoing uplift will increase with a greater maximum ice thickness. As 
expected, there is a clear tendency of increasing ongoing uplift if the maximum ice thicknesses 
are of more recent time. The ice thicknesses during a tentative maximum carry significant 
uncertainties. Even for small glaciers the late thickness reduction is likely to exceed 100 m (e.g. 
Bakke et al., 2010). If, however, our model (Fig. 2) is exaggerating the ice loads, the magnitude 
of the uplift will be reduced, but the shape of the calculated uplift will still be similar to the 
uplift shape of Figure 6. On the other hand, with a doubling of the ice thickness, there will also 
be a doubling of the isostatic and elastic response.   

It is also worth mentioning that many researchers use a different approach to glacial isostasy 
than we do, a global GIA model based on the correspondence principle (cf. e.g. Peltier, 1974). 
That model implies a significantly different Earth rheology from what we have used above. 
Steffen and Wu (2011) have reviewed modelling results on Fennoscandian rheology for such 
models based on observations of both postglacial and ongoing uplift. Their suggested Earth 
rheology for Fennoscandia consists of an effective elastic lithosphere thickness (Te) between 75 
and 160 km, and a viscosity of the lower mantle up to 100 times higher than the upper mantle 
and without  a low viscosity asthenosphere. Such thick effective elastic lithosphere will lead to 
insignificant ongoing isostatic response of the glaciers decay, but the elastic response will still 
be as shown in Figure 5.   

Conclusion 

Most Norwegian mountain glaciers melted away in a period between 8 000 and 6 000 cal yr BP. 
This (warm) period was followed by the Neoglaciation which startet around 6 000 cal yr BP and 
ended with the Little Ice Age. After several periods of glacier growth and decay most of the 
Norwegian glaciers probably culminated in mid 1700s AD. The last 300 years is characterized 
by a very significant decay of the Norwegian mountain glaciers. 

The calculated ongoing isostatic response of the glaciers decay is close to 2 mm/yr in areas of 
northern and southern Norway, while the elastic response is close to 1 mm/yr in northern Nor-
way. The total present uplift of the combined isostatic and elastic response of the mountain 
glaciers unloading exceeds 2 mm/yr both in northern as well as southern Norway. 

Editor: Geir Hasnes; Reviewers: Anonymous.  
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The Intergovernmental Panel on Climate Change (IPCC) classifies the human influence on our 
climate as extremely likely to be the main reason of global warming over the last decades. Partic-
ularly anthropogenic emissions of carbon compounds, with carbon dioxide (CO2) as the main 
culprit and methane (CH4) as a distant second, are made responsible for the observed temperature 
changes, while any natural forcings are almost completely excluded.  

This post summarizes the results of three studies [1-3] addressing the question, how much human 
or native emissions can be made responsible for the observed increase of Greenhouse Gases 
(GHG), in particular the rising mixing ratio of CO2 in the atmosphere.  

I. Control of Atmospheric CO2: Relation of Carbon 14 to the Removal of CO2  
In a first study we perform an in-depth analysis on the record of atmospheric 14CO2, an isotopic 
tracer of CO2, to better understand how CO2 is removed from the atmosphere [1]. 

The observed CO2 evolution, inclusive of its annual cycle, has recently been reproduced in nu-
merical simulations [4-7]. They show, how the abundance of CO2 in the atmosphere is controlled 
by a competition between two opposing influences, the feed of CO2 through emission, and its 
removal through absorption, both at the Earth’s surface. This competition governs time-mean 
CO2, where absorption figures centrally. It determines if and how fast CO2 grows, as well as the 
magnitude of its perturbation, e.g., by anthropogenic emission. Yet, actual observations of CO2 
absorption are scarce. However, the impact of global absorption on atmospheric CO2 is repre-
sented in carbon 14, an isotope of atmospheric carbon that has been observed in the troposphere 
since the 1950s [8]. 

Carbon 14 has a radioactive decay time of 8267 years (e-folding time). On time scales of rele-
vance, the operation of 14CO2 is virtually identical to that of the preponderance of carbon dioxide 
molecules, 12CO2, comprised chiefly of the stable isotope carbon 12. Dynamical, chemical, and 
thermodynamic processes acting on those two isotopes of CO2 (including those in the biosphere) 
are, for practical considerations, indistinguishable. 

This feature makes carbon 14 a unique tracer of atmospheric CO2 and provides an unrivalled 
means, through which to understand key mechanisms controlling the evolution of atmospheric 
CO2. Once CO2 is introduced into the atmosphere, whatever influence is experienced by one iso-
tope is experienced by the other. Owing to this property and its artificial enrichment by nuclear 
testing, 14C is central to estimates of CO2 absorption, which vary widely. Absorption, in turn, is 
essential to understanding changes of atmospheric CO2.  

During the 1950s and early 1960s, atmospheric testing of nuclear devices sharply enriched 14C           
in the stratosphere. Through the atmospheric circulation, 14C-enriched air in the stratosphere was 
subsequently transferred into the troposphere. By 1963, when the Nuclear Test Ban Treaty 
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(NTBT) was implemented, tropospheric 14C had increased by nearly 100%. The NTBT virtually 
eliminated the anomalous nuclear source of 14C, leaving its perturbation of 14C to decline through 
absorption and overall 14C to return to its unperturbed equilibrium abundance. Represented in the 
decline of 14C is the removal of all CO2, through its absorption at the Earth’s surface. 

Our analysis of the 14C record reveals that in addition to long-term behavior it is also important 
to consider short-term changes that have been largely ignored. Those changes exhibit the under-
lying mechanisms responsible for the observed decline of atmospheric 14CO2 and, thereby, for 
removal of overall CO2. They represent effective absorption that is considerably faster than ap-
pears in the average decline of 14CO2, initially and also later in its long-term decline.  

This means we have to distinguish between direct absorption with an absorption time of only 
about 1 yr, and an effective absorption with an absorption time teff up to 10 yrs, the latter depend-
ing on the degree of re-emission of previously absorbed CO2 back from the Earth's surface to the 
atmosphere [6]. 

Fluctuations of emission operating on time scales of only a couple of years introduce anomalous 
CO2 that falls within the short-time regime, i.e., before re-emission can intensify and offset direct 
absorption. Such perturbations will therefore experience effective absorption that is fast, compa-
rable to direct absorption. On the other hand, emission that varies slowly or is invariant will in-
troduce anomalous CO2 that falls within the long-time regime, when re-emission has intensified 
and offsets direct absorption. Such perturbations will therefore experience effective absorption 
that is slow, operating at only a fraction of the pace of direct absorption. 

The average decline of 14CO2 is slowed initially by periodic re-enrichment from the stratosphere, 
which offsets direct absorption at the surface. Finally, however, its decline is slowed by re-emis-
sion of absorbed 14CO2 from the surface, which likewise offsets direct absorption. Based on these 
fundamental principles and solving the coupled balance equations for the stratosphere, the tropo-
sphere and Earth's surface this reproduces the observed evolution of 14CO2, on long as well as 
short time scales. 

Applying the same considerations to anthropogenic emission of CO2 recovers effective absorption 
that is an order of magnitude faster than the mean decline of 14CO2. The difference follows from 
magnified disequilibrium between the atmosphere and the Earth’s surface. While 14CO2 was per-
turbed impulsively by nuclear testing, the absorption of anthropogenic CO2 is perturbed continu-
ously by fossil fuel emission. This continuous anthropogenic emission maintains a disequilibrium 
between the atmosphere and the surface. Thereby, it inhibits a larger offset of direct absorption 
by re-emission and thus, results in faster effective absorption of anthropogenic CO2. 

Altogether, the observed behavior of 14CO2 provides an upper bound on the anthropogenic per-
turbation of atmospheric CO2, which can only contribute a few percent of the observed increase. 

From the IPCC’s own estimates of extraneous carbon reservoirs, the anthropogenic contribution 
to increased CO2 has been shown to be no more than 15% - 35% [4 - 7]. The present analysis does 
not rely upon such estimates and shows that the anthropogenic perturbation must even be smaller.  

II. Control of Atmospheric CO2: Influence of Tropical Warming 
In the second part of this three-pronged study we explore an important natural influence that like-
wise figures in the control of atmospheric CO2 [2]. Surface processes which regulate emission 
and absorption of CO2 depend intrinsically upon temperature. Many, like soil respiration, even 
increase exponentially with temperature, typical of Arrhenius temperature dependence that oper-
ates in chemical reactions underpinning surface processes. 

Global temperature today is ~ 0.7 K warmer than it was half a century earlier. The most reliable 
record of global temperature is the satellite record from the Microwave Sounding Unit (MSU) 
suite of instruments [9], which retrieves temperature with homogeneous and near-global sampling 
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of the Earth. It indicates that over much of the Earth, surface temperature underwent no systematic 
(e.g., ubiquitous) heating during the last four decades, over which it was observed by MSU. Per-
ceptible heating was only introduced by just two brief intervals, both not more than about two 
years long: one preceding the El Niño 1997, the other the El Niño 2016. Such heating in 20 years 
separated steps would be virtually impossible by continuously emitted anthropogenic GHG, 
which are mainly released in the northern midlatitudes.  

Exceptional, however, is surface temperature in the tropics, where temperature systematically 
increased during the four decades observed by MSU. The sustained increase is also mirrored in 
the independent record of anomalous sea surface temperature from the Hadley Centre [10]. 

Owing to the dependence on temperature of physical and chemical processes that regulate CO2 
emission, CO2 must have experienced a parallel influence. This can directly be scrutinized by 
investigating the interdependence of the observed temperature records and the net CO2 emission, 
the component of emission that actually changes CO2 and is derived from the measured concen-
tration in the atmosphere as the instantaneous rate of change of CO2. 

As widely accepted reference we rely on the measurements of CO2 at Mauna Loa, Hawaii [8], 
which are largely free of local distortions, at least till November 2022. They approximate the 
global abundance of CO2, which, on time scales longer than a month, is well mixed over the free 
atmosphere. 

Thermally-induced emission, especially from tropical land surface is found to represent much of 
the observed evolution of net CO2 emission. It accounts for sporadic intensifications of net emis-
sion that operate on interannual time scales, notably, during the episodes of El Niños, and equally 
well for the long-term intensification during the last half century. Jointly, these unsteady compo-
nents of net emission determine the thermally-induced component of anomalous CO2 and closely 
track the observed evolution of CO2 (see also Part III, Figure 1). 

The veracity with which the thermally-induced component reproduces the observed evolution of 
CO2 has two important implications: (i) Tropical land temperature should be a robust predictor of 
atmospheric CO2. By contrast, other contributions to net emission which operate incoherently 
with the temperature afford virtually no predictive skill. Such is the case for anthropogenic emis-
sion, upon which climate projections of the IPCC rest. (ii) The anthropogenic perturbation of CO2 
must be so small to lie almost within the noise of calculation. It can represent but a few percent 
of increased CO2. That, in turn, requires a removal time, which must be of order only a year. 
Anthropogenic CO2 is then removed from the atmosphere almost as fast as it is introduced, sharply 
limiting its accumulation in the atmosphere (see Part I). 

In relation to CO2, what is responsible for that warming is immaterial. Its influence on CO2 should 
not be confused through circular reasoning. The observed warming, which forces increased CO2 
through intensified net emission, cannot itself be the result of increased CO2. Otherwise, anoma-
lous CO2 and net emission that forces it would have increased twice as much as was observed: (i) 
the increase required to produce the observed warming plus (ii) the thermally-induced response 
to that warming, which, irrespective of what caused the warming, induces an intensification of 
net emission that is nearly identical to what is observed. 

The direction of causation is also clear from the interdependence of net emission and temperature 
- for interannual fluctuations as well as for the long-term increase. In addition to having strong 
coherence with temperature, the two unsteady components of net emission have the same phase 
relationship to temperature, both varying in phase with temperature. The strong coherence and 
in-phase relationship to temperature reveal that, irrespective of time scale, changes of tropical 
temperature induce simultaneous changes of CO2 net emission. 

Under the opposite direction of causation, were the observed changes of tropical temperature in-
duced by changes of CO2, they would result in a fundamentally-different phase relationship. The 
time scale of thermal damping, which drives temperature towards thermal equilibrium, is only a 
couple of weeks. It is much shorter than both unsteady time scales. Through anomalous radiative 
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forcing, the comparatively gradual changes of CO2 would therefore induce simultaneous changes 
of temperature, in phase with CO2. However, net emission, which changes CO2, must lead CO2 
by a quarter cycle. Net emission would thus also lead temperature by a quarter cycle - behavior 
contradicted by their observed in-phase relationship. Net emission of CO2, which determines 
anomalous CO2, is forced by changes of tropical temperature - not vice versa. 

III. Theory of Increasing Greenhouse Gases  
In the third and culminating part of this trilogy we investigate the physical mechanisms, through 
which observed warming can produce the observed evolution of CO2 [3].  

Our preceding studies on nuclear-perturbed carbon 14 [1] and on thermally-induced emission, 
notably in the tropics [2], were inspired by numerical simulations which, on the basis of observed 
temperature, were able to reproduce the observed evolution of atmospheric CO2, including its 
annual variation and stepwise increase [4 - 6]. In this contribution we integrate these findings and 
explore the underlying physical mechanisms in an in-depth analysis by calculating the net emis-
sion of tropical oceans and land as response to temperature variations. 

The conservation law governing atmospheric CO2, supported by the observed temperature de-
pendence of surface fluxes and observed temperature in the tropics, is then used, first to calculate 
the time-varying response of CO2 net emission and as integral the atmospheric concentration or 
mixing ratio rA, which can directly be compared with measurements at Mauna Loa [7].  

 
In Figure 1 is displayed the observed increase of rA (Green). Superimposed is the calculated anom-
alous CO2 that is forced by the total emission (Purple - almost completely covered by the Green 
Graph). It closely tracks the observed evolution of anomalous CO2. Almost as closely tracks the 
calculated component of thermally-induced CO2 (Blue).  

Also superimposed in Fig. 1 is the anthropogenic component of anomalous CO2 (Magenta). Com-
paratively small, it tracks the instantaneous equilibrium level of anthropogenic CO2. With an ef-
fective absorption time of about 1 yr, as this results from an independent analysis of the induced 
anthropogenic CO2 changes, relative to mean net emission during the Mauna Loa era, the anthro-
pogenic component represents not more than 4% (see also Part I). 

Like carbon dioxide emission, also CH4 emission increases with temperature. It too is emitted by 

Figure 1: Observed increase of CO2 (Green), compared against the calculated increase (Purple) that 
lies mostly beneath observed CO2, but emerges near the end of the record. Plotted separately is the 
contribution from thermally-induced emission (Blue) and from anthropogenic emission (Magenta). 
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biomass, chiefly through anaerobic processes that operate in well-irrigated regions like wetlands, 
and those influences magnify CH4 emission particularly from tropical land, where biomass and 
precipitation are abundant. 

The simultaneous intensification of CO2 and CH4 emission is precisely what is expected from 
observed warming in the tropics. Therefore, this single physical mechanism provides a unified 
understanding of the joint increase of these greenhouse gases, one that follows naturally from 
thermally-induced emission. 

Altogether we find a strong correspondence to observed net emission that follows theoretically 
from behavior in the tropics - not in the extratropics, where anthropogenic emission is concen-
trated. Independently, the same correspondence to observed net emission follows empirically 
from anomalous temperature in the tropics (see Part II), as well as from a time-lag analysis of 
anomalous CO2 [11].  

In both theoretical and empirical evaluations, thermally-induced emission of CO2 represents in-
terannual intensifications of net emission, notably during episodes of El Niño. Represented 
equally well is the long-term intensification of net emission during the last half century. The 
strong correspondence to observed changes indicates that, although operating on disparate time 
scales, both unsteady components of CO2 net emission share the same physical mechanism.  
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Abstract  

Present day treatises dealing with weather and climate often use seemingly physical quantities, 
while they are in fact averages of such. Inserting these into formulas is physically not permitted. 
It leads to an assumption of the magnitude of the so-called ‘greenhouse effect’ several tens of K 
off. The often-used explanation of the ‘average temperature of the earth’ of 288 K is physically 
untenable. Another widely accepted property of the greenhouse, the ‘back radiation’, violates 
elementary thermodynamics. A well-insulated, sun-heated home is a better model. It would 
diminish the role of atmospheric CO2. Air in general is a fairly strong insulator and also a good 
heat transporter depending on mass motion and latent heat. The article presents theoretical and 
experimental arguments in support of these statements.  

Keywords: Greenhouse effect; averaging temperatures; opaque and transparent media; sun-
heating.   
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1. Introduction  

The notion ‘the earth’s climate’ is vague and non-physical. There is no measurable quantity 
associated with it. We can take local measurements of temperature (T), pressure (P), humidity, 
precipitation, incident radiation (Ieff), etc., but these quantities vary, not only with geographic 
location, but also with time, altitude, and depth. Several quantities only have a definite meaning 
in a well-defined volume and in a state of equilibrium, which on earth rarely prevails. One can 
calculate averages over locations and time periods, but such values have little overlap with the 
human experience on Earth. The local climates of Greenland and the Sahara are very different. 
Moreover, taking averages has no physical meaning.  

In response to societal requests, meteorologists have developed admirable techniques, that, with 
certain probability in a limited time interval, will predict T, precipitation, wind force, etc. 
Weathermen translate those forecasts into terms such as ‘fair in the morning with showers in the 
afternoon followed by a cool night’. International co-operation, better measuring techniques, 
increasing the number of weather stations, balloons, radar, satellites, greatly improved computa-
tion facilities, and additional knowledge of the atmospheric transport processes allow for an 
extension in the time interval for which forecasts have some validity.  

This time interval is now approximately a week. (In fact, when comparing predictions with later 
measurements and by utilising probability theory, the forecasts have significance over a longer 
range. However, to a farmer, a 55% chance of frost after 8 days and a 45% chance of a heat 
wave is useless).  

There is a difference between our tacit implicit knowledge of the climate and the capacity of  
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meteorology to predict the weather. Suppose that on December 22nd we wish to predict the  
temperature around noon on January 31 . Meteorology is unable to provide an answer. Howev-
er, we all know that, in all probability, it will be colder by then, despite the sun being higher in 
the sky end of January. In order to get some idea about the evolvement of the physical parame-
ters, processes other than those taking place in the atmosphere alone play a key role. Changes in 
solar activity, the role of the biosphere, and the oceans covering about 70% of the surface of the 
earth should be considered.  

The retention of heat within our oceans and the Earth’s solid surface is vital for the energy bal-
ance of our planet. The effects on the distribution of parameters such as P,T over location and 
time are major. These influences are handled as perturbations on the atmospheric circulation 
models in current computations. However, there is evidence that relevant relaxation times might 
stretch over periods of hundreds of years. Ice core measurements on glacial cycles show that 
rise and fall of atmospheric CO2 concentration lags about 700 years behind rise and fall of at-
mospheric temperature. The ocean needs time to warm up before it releases its dissolved CO2. 
Major influences of this kind are unsuitable to be dealt with by perturbation theory.  

The term ‘the Earth’s temperature’ is frequently used, while the concept is an ill-defined fallacy. 
The temperature of the Earth’s core is about 5000 K. The air temperature about 10 km above the 
surface is usually around 223 K. That is roughly the same as the temperatures in the polar re-
gions at ground level. Elsewhere, temperatures may reach 323 K. In scientific papers 288 K is 
often mentioned as the average surface temperature. As we shall demonstrate in sections 2 and 
3, this value is not explained through physics, or rather, the explanation is wrong. This value of 
288 K is the starting point for hypotheses on temperature change and its causes. It is the unsolid 
base for public discussions and government measures, referred to as the average of station tem-
peratures 2 m above ground. There is some fuzziness about the inclusion of polar regions, partly 
due to the scarcity of data available. It remains unclear how one can scientifically justify how to 
compare measurements at sea level with those in mountainous regions and on high-level plat-
eaus.  

2.	Averaging	temperatures	and	Stefan-Boltzmann	(SB)	 

In a nutshell, the current assumption about the ‘temperature of the Earth’ is the AGW (anthro-
pogenic global warming) hypothesis. A solid black sphere at our distance from the Sun with 
albedo α = 0,3 and emissivity ε = 1 absorbs and emits equal amounts of radiation. It would have 
a stable temperature of 255 K, according to Stefan-Boltzmann’s Law, Ieff = σ T4 (the SB- con-
stant, σ = 5,67... . 10-8 Wm-2K-4).  

The measured averaged temperature of the Earth (2 m) is 288 K. The difference of 33 K is 
bridged by the atmospheric greenhouse effect, a radiative phenomenon mainly provided by H2O 
and CO2. Adding to the latter raises the temperature. The strength of the CO2 contribution is 
discussed in terms of CO2 sensitivity and is said to be about +1 K in case of doubling of the CO2 
concentration. This temperature increase is subsequently re-enforced by more H2O vapour into 
the atmosphere, referred to as a positive ‘forcing’ or feedback, resulting in a combined effect 
between +1,5 K and + 4 K. Other influences that may affect temperature are either not consid-
ered or assumed to remain constant.  

However, this AGW hypothesis, rests on two assumptions: first, the solid black sphere 
distributes the energy received from the Sun uniformly over its surface, i.e. everywhere 
and all times the same temperature prevails; secondly, the sphere is opaque and may be 
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treated as a SB-radiator, while the Earth is merely a (semi-)transparent body. This sec-
ond point will be dealt with in section 3.  

Assuming a completely equalised temperature over the total radiative surface of the 
Earth is clearly disregarding the observations. Due to a lack of data concerning the real 
temperature distribution, we look at the opposite extreme of a completely uniform tem-
perature. That would be every square meter at any moment in equilibrium with the there 
and then incoming solar energy; or at 3 K, the temperature of the universe in dark plac-
es. Such a sphere would also maintain a constant average surface temperature. Properly 
calculated, with the same α and ε like in the case of the uniform temperature, we find an 
average temperature T = 145 K. Please note the difference 255 K and 145 K. This 
shows that a small change in temperature distribution would have a dramatic effect on 
the average temperature.  

A picture of the radiation balance used in the AGW hypothesis is given in Figure 1. It 
underlines the role of greenhouse gases and shows a so-called ‘backradiation’ of 342 
Wm-2.  

 

Figure 1. Radiation balance (AGW) with an appreciable role for greenhouse gases. (Wild et al. 2013).  

The depicted back radiation is a physical curiosity, or oddity if you like. In the troposphere, the 
temperature normally decreases with altitude. According to the second law of thermodynamics, 
heat and thermal radiation do not flow against a temperature gradient. Mixing collective phe-
nomena with quanta is tricky.  

In conclusion, it is not correct to consider the temperature of 255 K as the base from which the 
greenhouse effect does its ‘beneficial’ work, namely, to raise the average temperature of the 
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HRZHYHU, WKLV AGW K\SRWKHVLV, UHVWV RQ WZR aVVXPSWLRQV: ILUVW, WKH VROLd bOacN VSKHUH 
dLVWULbXWHV WKH HQHUJ\ UHcHLYHd IURP WKH SXQ XQLIRUPO\ RYHU LWV VXUIacH, L.H. HYHU\ZKHUH aQd aOO 
WLPHV WKH VDPH WHPSHUDWXUH SUHYaLOV; VHcRQdO\, WKH VSKHUH LV RSaTXH aQd Pa\ bH WUHaWHd aV a 
SB-UadLaWRU, ZKLOH WKH EaUWK LV PHUHO\ a (VHPL-)WUaQVSaUHQW bRd\. TKLV VHcRQd SRLQW ZLOO bH dHaOW 
ZLWK LQ VHcWLRQ 3. 
 
AVVXPLQJ a cRPSOHWHO\ HTXaOLVHd WHPSHUaWXUH RYHU WKH WRWaO UadLaWLYH VXUIacH RI WKH EaUWK LV 
cOHaUO\ dLVUHJaUdLQJ WKH RbVHUYaWLRQV. DXH WR a OacN RI daWa cRQcHUQLQJ WKH UHaO WHPSHUaWXUH 
dLVWULbXWLRQ, ZH ORRN aW WKH RSSRVLWH H[WUHPH RI a cRPSOHWHO\ XQLIRUP WHPSHUaWXUH. TKaW ZRXOd 
bH HYHU\ VTXaUH PHWHU aW aQ\ PRPHQW LQ HTXLOLbULXP ZLWK WKH WKHUH aQd WKHQ LQcRPLQJ VROaU 
HQHUJ\; RU aW 3 K, WKH WHPSHUaWXUH RI WKH XQLYHUVH LQ daUN SOacHV. SXcK a VSKHUH ZRXOd aOVR 
PaLQWaLQ a cRQVWaQW DYHUDJH VXUIacH WHPSHUaWXUH. PURSHUO\ caOcXOaWHd, ZLWK WKH VaPH Į aQd İ 
OLNH LQ WKH caVH RI WKH XQLIRUP WHPSHUaWXUH, ZH ILQd aQ aYHUaJH WHPSHUaWXUH T = 145 K. POHaVH 
QRWH WKH dLIIHUHQcH 255 K aQd 145 K. TKLV VKRZV WKaW a VPaOO cKaQJH LQ WHPSHUaWXUH dLVWULbXWLRQ 
ZRXOd KaYH a dUaPaWLc HIIHcW RQ WKH aYHUaJH WHPSHUaWXUH.  
 
A SLcWXUH RI WKH UadLaWLRQ baOaQcH XVHd LQ WKH AGW K\SRWKHVLV LV JLYHQ LQ FLJXUH 1. IW XQdHUOLQHV 
WKH UROH RI JUHHQKRXVH JaVHV aQd VKRZV a VR-caOOHd µbacN UadLaWLRQ¶ RI 342 WP-2. 
 

 
 

)LJ.1. 5DGLDWLRQ EDODQFH ($*:) ZLWK DQ DSSUHFLDEOH UROH IRU JUHHQKRXVH JDVHV. (:LOG3 H.R. 2013). 
 
TKH dHSLcWHd bacN UadLaWLRQ LV a SK\VLcaO cXULRVLW\, RU RddLW\ LI \RX OLNH. IQ WKH WURSRVSKHUH, WKH 
WHPSHUaWXUH QRUPaOO\ dHcUHaVHV ZLWK aOWLWXdH. AccRUdLQJ WR WKH VHcRQd OaZ RI WKHUPRd\QaPLcV, 
KHaW aQd WKHUPaO UadLaWLRQ dR QRW IORZ aJaLQVW a WHPSHUaWXUH JUadLHQW. ML[LQJ cROOHcWLYH 
SKHQRPHQa ZLWK TXaQWa LV WULcN\. 
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Earth to 288 K. The greenhouse effect should either bridge a much wider gap than 33 K, per-
haps even 40-60 K wider, or other factors should be invoked to make up for the deficit. If the 
400 ppm CO2 in the atmosphere, as well as the H2O vapor, would make up 83 K instead of 33 
K, a doubling of the CO2 concentration would have a much stronger effect than the current 1 K 
predicted. In the last few years we have seen a steady decline in the estimated forcing in climate 
literature. We therefore reject the possibility of CO2 as the main cause for an extensive green-
house effect.  

3. Opaque and transparent media  

Many papers and textbooks on the climate issue treat the Earth as a solid opaque medium, radi-
ating according to SB. The atmosphere and the oceans, however, are partly transparent. The 
solar energy penetrates. It passes through them and is absorbed following a general absorption 
law Id =Io e-kd, in which k is a frequency dependent coefficient and d is the distance. The AGW 
hypothesis accounts for this effect only when dealing with the atmosphere. The greenhouse 
gases are supposed to block most infrared radiation, with a temperature augmentation of 33 K as 
a result. The oceans, however, are treated in a different way, although their heat capacity ex-
ceeds by far that of the atmosphere. In order to restore the energy balance in the oceans, the 
dissipated energy (at a depth of 100+ m) has to be transported back to the surface, and ultimate-
ly back to space. Since water has a high absorption coefficient for the relevant frequency range, 
this transport is mainly achieved by slow mass movement with help from conduction. At the 
surface, the options for transport are: evaporation, conduction, radiation and again mass move-
ment. On	solid	ground	the	effect	is	different,	but	also	there	we	have	energy	retainment,	
wich	causes	a	radiative	behaviour	quite	different	from	that	of	an	opaque	black	body	in	
which	the	surface	temperature	is	determined	by	incoming	light	and	immediate	balancing	
SB-radiation.		

These processes result in higher internal temperatures of turbid medium bodies than in solid 
opaque ‘SB-bodies’. Since the transport processes and the interaction of different frequencies 
with matter are complicated, we have not been able to make verifiable estimates of the size of 
the effect. However, rough calculations (le Pair 2018) suggest that the turbidity effect is large 
enough to waive possible doubt on its determining influence on the temperature at all spatial 
locations relevant for climate on Earth.  

We must therefore conclude that the AGW hypothesis and accompanying models are incom-
plete and undeserving of ‘theory’ status due to the unaccountability of the oceanic phenomenon 
and its smaller, solid-surface counterpart.  

4. Origin of the greenhouse assumption  

The greenhouse CO2 supposition originated around 1975. The Earth had just gone through a 30 
year cooling period, lasting from 1940 – 1972. Observe Figure 2; the GISS-NASA records of 
Arctic temperatures. After 1975 we entered a period in which atmospheric CO2 and temperature 
seemed to rise at the same rate.  

During those 30 years, climate scientists warned about an incoming ice age. They ad-
vised to decrease fossil fuel consumption in order to avoid this fate, see Figure 3.  

Please note that the atmospheric CO2 concentration in those days was rising as well, albeit at a 
slightly slower pace.  
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Figure 2. Arctic temperature variance relative to the year 1974, www.giss.nasa.gov. 

 

 

Figure 3. Climate warning in 1971. Less fossil fuel consumption would prevent the ice age. 
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5. Ultimate test of the model  

The real test for the AGW climate models is a comparison with experimental results. After all, a 
model may be a useful tool even if it contains mistakes. When some errors cancel each other, 
the instrument may still provide a useful rule of thumb. Observe the example of AGW projec-
tions of the tropical ‘mid-tropospheric’ temperatures as predicted by 32 model runs, used by the 
International Climate Panel IPCC. Figure 4 depicts these projections, alongside the satellite and 
balloon measurements during the period 1979 – 2018.  

The atmospheric CO2 content is the sole factor that determines the AGW model results. Fur-
thermore, these models are parametrized to account for effects such as cloud formation, for 
which no hard physical laws exist. Even the IPCC has reservations about the long-term predic-
tive power of complex climate models containing a multitude of non-linear coupled integro-
differential equations. In any case, the predictions displayed in Figure 4 differ too much from 
the experimental satellite and balloon data available to be considered reliable theoretical predic-
tions. The average model outcome shows a warming of 1,1 K during period 1979-2018. In the 
same period, the measurements show 0,4 K. This disparity disqualifies the predictive quality of 
the models. No real solid physical proof justifying the causal relationship between CO2 and 
temperature exists, thus this result should come as no surprise. The only evidence presented 
consists of probabilistic calculations, which have been criticised by renowned statisticians due 
to the uncertainty of the data and shortage of time series.  

Perhaps the most serious criticism of the AGW hypothesis is its assumption that no other natural 
phenomena cause climatological change except for atmospheric CO2. We know from reliable 

 

Figure 4. Comparison between AGW-model results and actual measurements. Explanations in 
the picture. J.R. Christy’s, UAH, series ended 2014. We added later data provided by Roy Spen-
cer of the same experiments, the black dots.  
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POeaVe QRWe WKaW WKe aWPRVSKeULc CO2 cRQceQWUaWLRQ LQ WKRVe da\V ZaV ULVLQg aV ZeOO, aObeLW aW a 
VOLgKWO\ VORZeU Sace. 
 
  

5. UOWLPaWe WeVW Rf WKe PRdeO 
 
TKe UeaO WeVW fRU WKe AGW cOLPaWe PRdeOV LV a cRPSaULVRQ ZLWK e[SeULPeQWaO UeVXOWV. AfWeU aOO, 
a PRdeO Pa\ be a XVefXO WRRO eYeQ Lf LW cRQWaLQV PLVWaNeV. WKeQ VRPe eUURUV caQceO eacK RWKeU, 
WKe LQVWUXPeQW Pa\ VWLOO SURYLde a XVefXO UXOe Rf WKXPb. ObVeUYe WKe e[aPSOe Rf AGW 
SURMecWLRQV Rf WKe WURSLcaO µPLd-WURSRVSKeULc¶ WePSeUaWXUeV aV SUedLcWed b\ 32 PRdeO UXQV, XVed 
b\ WKe IQWeUQaWLRQaO COLPaWe PaQeO IPCC. FLgXUe 4 deSLcWV WKeVe SURMecWLRQV, aORQgVLde WKe 
VaWeOOLWe aQd baOORRQ PeaVXUePeQWV dXULQg WKe SeULRd 1979 ± 2018.  
 

 
 

FLJ.4. CRPSDULVRQ EHWZHHQ AG:-PRGHO UHVXOWV DQG DFWXDO PHDVXUHPHQWV. E[SODQDWLRQV LQ WKH 
SLFWXUH. J.R. CKULVW\¶V, 8AH, VHULHV HQGHG 2014. :H DGGHG ODWHU GDWD SURYLGHG E\ RR\ 6SHQFHU RI WKH 

VDPH H[SHULPHQWV, WKH EODFN GRWV. 
 
TKe aWPRVSKeULc CO2 cRQWeQW LV WKe VROe facWRU WKaW deWeUPLQeV WKe AGW PRdeO UeVXOWV. 
FXUWKeUPRUe, WKeVe PRdeOV aUe SaUaPeWUL]ed WR accRXQW fRU effecWV VXcK aV cORXd fRUPaWLRQ, fRU 
ZKLcK QR KaUd SK\VLcaO OaZV e[LVW. EYeQ WKe IPCC KaV UeVeUYaWLRQV abRXW WKe ORQg-WeUP 
SUedLcWLYe SRZeU Rf cRPSOe[ cOLPaWe PRdeOV cRQWaLQLQg a PXOWLWXde Rf QRQ-OLQeaU cRXSOed 
LQWegUR-dLffeUeQWLaO eTXaWLRQV. IQ aQ\ caVe, WKe SUedLcWLRQV dLVSOa\ed LQ FLgXUe 4 dLffeU WRR PXcK 
fURP WKe e[SeULPeQWaO VaWeOOLWe aQd baOORRQ daWa aYaLOabOe WR be cRQVLdeUed UeOLabOe WKeRUeWLcaO 
SUedLcWLRQV. TKe aYeUage PRdeO RXWcRPe VKRZV a ZaUPLQg Rf 1,1 K dXULQg SeULRd 1979-2018. 
IQ WKe VaPe SeULRd, WKe PeaVXUePeQWV VKRZ 0,4 K. TKLV dLVSaULW\ dLVTXaOLfLeV WKe SUedLcWLYe 
TXaOLW\ Rf WKe PRdeOV. NR UeaO VROLd SK\VLcaO SURRf MXVWLf\LQg WKe caXVaO UeOaWLRQVKLS beWZeeQ 
CO2 aQd WePSeUaWXUe e[LVWV, WKXV WKLV UeVXOW VKRXOd cRPe aV QR VXUSULVe. TKe RQO\ eYLdeQce 
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proxies that European temperatures in the Medieval Warm Period were higher than at present 
(e.g. glaciers were smaller then). At the moment, the world is recovering from the Little Ice 
Age, which was not a regional, but a world-wide event. It ended around 1670, after which proxy 
temperatures indicated a steady rise; long before industrialisation set in and humanity began to 
use fossil fuel in significant quantities. Moreover, the AGW claim that the only driver of warm-
ing is atmospheric CO2 has been falsified. M. Lockwood (1999) revealed that the Sun’s coronal 
magnetic flux increased by a factor of 2,3 (!) since 1901. Our prime heating source has under-
gone changes in some way.  

The IPCC have also presented model calculations on the Arctic Sea ice extent (Eisenman et al. 
2011). The 21 model runs show the percentage of minimum sea ice compared to the mean dur-
ing the period 1980 – 2000. The runs cover all possibilities between 10% to 100% reduction in 
the period 2020 – 2100 (!). This does not deserve the qualification ‘theory building’. It is merely 
a clumsy approach that declares the target to be whatever you hit afterwards. Whatever it may 
be, it is not physics.  

Thus, by comparing AGW model results with the best measurements available in various areas, 
we may reject the CO2 hypothesis without reservations. CO2 may be influential, or it may not 
be. In any case, its role is overestimated.  

6. Our Sun-heated home 

With the greenhouse hypothesis rejected, the question arises: which theory describes the ob-
served changes in the Earth’s physical observables? Changes clearly occur. The rising sea level 
is the phenomenon which may well be the most conclusive indicator of the Earth’s rising tem-
perature. The level increase is caused by melting land ice and by the thermal expansion of the 
oceans. Nothing suggests that the ocean basin is shrinking due to tectonic movement, or that 
other esoteric causes are to blame. 15,000 years ago, the sea level was 120 m lower than at pre-
sent.  

The records from Dutch coastal stations are possibly the most trustworthy records to exist. They 
show a steady rise of 19 cm per century1 during a period of some 150 years. Accidentally, this 
concurs with NOAA’s world-wide average of coastal station data2. Due to tectonic movements, 
Dutch soil is sinking at a rate of roughly 4 cm per century, while the soil is rising in Scandina-
via. Big land masses and ice masses make the sea’s less level than is often thought. However, 
there is general consensus that sea levels rise, providing significant evidence to support global 
warming.  

It is an undeniable fact that without oceans, atmosphere, O2, N2, H2O, CO2, CH4 and some other 
rare gases our planet would be much less pleasant to inhabit. They act as insulators, radiation 
shields, heat transporters, heat storage and more, thus globally affecting temperatures, whether 
averaged or not.  

The surplus energy collected in oceans and the Earth’s surface is transported to higher atmos-
pheric layers and, ultimately, out to space. Due to their low density, gases are notoriously bad 

 
1 https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=150-031 
2 https://tidesandcurrents.noaa.gov/sltrends/sltrends_global.html 
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radiation emitters. Instead, the upper layers of the atmosphere are suitable insulators to keep us 
warm.  

In section 3 we argued that in order to obtain temperatures significantly higher than those above 
a simple opaque surface irradiated by the Sun, one would not need infrared shielding as such. 
The effect of turbidity on the temperature distribution can be quite powerful. We visualise the 
Earth, our home, as a lone sphere orbiting the Sun wrapped in turbid blankets of water and air. 
On its path through space and time, it periodically catches different amounts of solar energy, 
which it accumulates, keeps, disperses, stores, re-emits and keeps as heat, bioenergy, chemical 
energy, and fossil energy for later use. Some processes take a second, other millions of years. It 
is much like keeping ourselves warm under a cosy cover in a cold night with a hot water bottle 
that is occasionally refilled.  

How all these mechanisms really function in detail is not yet known. The processes are far too 
many and too complex. However, their existence is irrefutable. The future of young physicists is 
not without opportunity for new discoveries.  

	 	 	 	 	 	 	 				 Nieuwegein, Monnickendam 
2019 09 23.  
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