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Abstract
The anthropogenic emission of carbon dioxide (CO2) has infl uenced the pH values of the oceans’ surface. Observations show that for several decades, the surface pH 

value is declining with a simultaneously rising CO2 concentration. It is an important question to understand to what extent this process is reversible. Hence, in this study, 
the atmospheric carbon dioxide (CO2) partial pressure from 1850 to 2020 is derived from the chemical composition of the seawater, the mass action law, Henry’s law, and 
published literature data on the relevant equilibrium constants. A single exponential relaxation or equilibration time τ = 52 ± 10 years (or half-time of 36 ± 7 years) accounts 
for the anthropogenic perturbation due to emissions. The model is based on reversible mechanisms and simultaneously represents the atmospheric CO2 volume fraction 
with a standard deviation of 7 ppm and the oceans’ surface pH values. Projections until 2100 for various emissions include the possibility of recovery within decades. 
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Introduction

Besides global warming, the ongoing declining trend of the 
oceans’ surface pH value is another issue of concern in climate 
change. It is well known, that the declining pH of the oceans’ 
surface water is closely related to the rising partial pressure 
of CO2 in the atmosphere and its exchange with the oceans [1].

Our knowledge about this interaction goes back to Kurt 
Buch, the Finnish pioneer in ocean physical chemistry, who 
published a paper in 1933 [2] about the important role of the 
borate in the carbonate equilibrium and the pH value of the 
seawater. Revelle and Suess [3] referred to Buch’s work in their 
classic paper about the carbon cycle. Their kinetic model for 
the effect of anthropogenic CO2 emission on the carbon budget 
included an oceanic buffer factor based upon Buch’s fi nding, 
that accounts for a reduction of the CO2 absorption capability of 
seawater with declining pH value. This “Revelle factor” lies in 
the nature of the carbonate buffer and increases with declining 
pH value. It is now a widely used concept [4,5]. With this basis, 
ever more detailed box- and circulation models were developed 

[6-8] and several authors have analyzed the carbon fl uxes 
between the atmosphere and oceans with lateral and temporal 
resolution [9-16]. 

Despite the numerous publications in this fi eld, it is still 
disputed, whether and to what extent the accumulation of CO2 
in the atmosphere and consequently the pH reduction of the 
surface seawater is irreversible. The tool of impulse response 
functions (IRF) was utilized to postulate a perpetual airborne 
fraction of the emitted anthropogenic CO2, that would never 
participate in the global source-sink equilibration process [17]. 

In this work, we describe a completely different approach 
to calculating the average ocean’s surface pH value and the 
atmospheric CO2 fraction from the chemical composition of 
the seawater and the equilibrium parameters of the mass-
action law and Henry’s law. In the second step, the deviation 
from equilibrium is analyzed and quantifi ed by means of an 
exponential relaxation time. We shall fi rst focus on the ocean 
and atmospheric system. The infl uence of the long-term net 
terrestrial CO2 fl ux on these results, i.e. land use change versus 
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biosphere, shall be discussed in the last section. Only one freely 
adjustable parameter, a relaxation time , is used in this model. 

Methods 

Oceans’ surface and atmosphere in equilibrium

The absorption of carbon dioxide and its subsequent 
reaction with water forms a carbonate equilibrium, containing 
dissolved CO2, hydrogen carbonate (HCO3

-), and carbonate 
(CO3

2-) according to Eq. (1) and (2).

aq 2   CO   H O  H   HCO  2 H   CO2 2 3 3
                    (1)

aq gasCO   CO2 2                 (2)

Applying the mass action law, Henry’s law, electroneutrality, 
and mass conversation to this chemical system, for a closed 
system and the ideal gas we get for the partial pressure of CO2 
in the atmosphere (see Supplement):

2
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, 
                  (3)

with Vgas and Vaq being the volume of the gas phase (atmosphere) 
and the aqueous phase (oceans), respectively. aq is the density 
of the aqueous phase so Vaq ∙ aq is its mass. The K-values 
are the equilibrium parameters for equations (1) and (2). R 
is the gas constant and T is the absolute temperature of the 
gas phase. Activity and fugacity coeffi cients are assumed = 
1 throughout this work. The parameters of this equation are 
described in more detail in the Supplement. The equilibrium 
coeffi cients including their dependencies on temperature and 
salinity are taken from refs [18-35]. The infl uence of Borate, 
Sulfate, Nitrate, and other alkaline is included.

According to Eq. (3) the partial pressure of CO2 increases 
with the number of carbon moles in all chemical forms of Eq. 
(1) and (2), nC, and with the concentration of protons [H+]. 
Hence, it increases with decreasing pH value.

Ocean and atmospheric fi eld data

Eq. (3) was derived for equilibrium conditions and enables 
us to calculate the CO2 partial pressure as a function of the 
oceans’ surface pH value. The datasets used here are obtained 
from the European Copernicus program [https://www.eea.
europa.eu/data-and-maps/daviz/yearly-mean-surface-sea-
water-1#tab-chart_3], from Jiang, et al. [4], the CO2 emissions 
from the RCP database https://tntcat.iiasa.ac.at/, and the CO2 
atmospheric concentrations are from Ritchie, et al. [36].

The result is presented in Figure 1 together with actual 
globally averaged pH fi eld data published by the Copernicus 
program for the term 1985-2018. As expected, the actual CO2 
partial pressure or volume fraction increases with declining 
actual surface pH. The blue line is calculated from Eq. (3) 
with nC = 2.93 E+18 which translates into 38452 Gt C in the 

whole oceanic and atmospheric system. This complies with the 
reported 38000-40000 Gt C [19,20,37].

The series of the actual data in Figure 1 is steeper than the 
equilibrium (calculated) values which indicate that the actual 
data are not equilibrated. As will be discussed below, neither 
the contemporary pH nor the CO2 volume fraction is identical to 
the equilibrium values obtained “ab initio” from the seawater 
surface composition. The actual pH is too low and the volume 
fraction of CO2 is too high compared with the equilibrium 
values obtained for the chemical composition of seawater.

Accounting for the Non-Equilibrium

The anthropogenic CO2 emission since 1850 was too large 
in too short a time to be fully equilibrated. Equilibration lags 
behind emission. The calculated equilibrium results for the 
year 2020 are pH = 8.10 and CO2 fraction = 335 ppm. The real 
data are pH = 8.05 and 414 ppm. 

To account for incomplete equilibration, we use an 
exponential relaxation (or IRF, impulse response function) 
approach similar to Joos, et al. [17] and introduce a parameter z 
which is a number between 0 and 1. We fi nd consistent results 
with z = 0.484 for the year 2020. This value means that the 
CO2 emitted since 1850, due to incomplete equilibration, had a 
larger effect on the pH and the CO2 volume fraction by 1/0.484 
= 2.07-fold of the real emissions. 

The quantity z(t) for a calendar year t ≥1850 is related to the 
equilibration time constant  by:

 
t i

,        (4
t tz t 1 C .e  / Ci ii 1850 i 1

)
850


  
 



                  (4)

and the quantity nC in Eq. (3) is then changed to:

   
t1n (t) n  1850 . C  C C iM  .z t i 1850C

  


              (5)

with Ci are the annually emitted anthropogenic carbon mass of 
the calendar year I and MC denotes the atomic mass of carbon 
(MC = 12.011 g/mol).

Figure 1: Actual and equilibrium (Eq. 3) CO2 volume fraction from 1985 to 2018 as a 
function of the oceans’ surface pH (Copernicus average fi eld data).
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Results

Modelling the data from 1850 to 2020

From 1850 to 2020 the total emissions were 593 Gt C = 2713 
Gt CO2 [https://tntcat.iiasa.ac.at/]. This is the denominator for 
the year t = 2020 in Eq. (4) and also the summation term in Eq. 
(5). The fi rst summation term in Eq. (4) discounts emissions 
according to their age. The value z (2020) = 0.484 corresponds 
to  = 52 years and the half-time t1/2 is 36 years. In general, 
→∞ gives z→0 (slow equilibration), and a short-time constant 
→0 (fast equilibration) results in z →1. The longer , the larger 
the gain factor 1/MC∙z(t) in Eq. (5) and the deviation from 
equilibrium

Figure 2 shows the results compared with actual data. Only 
one parameter, the time constant , was adjusted. All other 
parameters are either taken from the published literature 
or fi xed to reasonably known values (see Supplement). The 
standard deviation for the CO2 is 7 ppm, and the pH is 0.015 
units lower than the Copernicus data and agrees well (standard 
deviation = 0.006) with the data published by Jiang, et al. [4]. 
It is mentioned that the Revelle-Factor as an intrinsic property 
of the carbonate buffer system is implicitly included in these 
calculations. Figure 3 shows the standard deviations for a series 
of relaxation times  both for the oceans’ surface pH value and 
the atmospheric CO2 content. It shows fi rst a minimum range 
for  between 40-60 years and a best value of ≈52 years, and 
secondly that the position of the minimum is invariant to the 
time span considered here. 

Projections for the oceanic surface pH-value and the at-
mospheric CO2 fraction

With the model described here and based upon the 
calculation shown in Figure 2 it is straightforward to calculate 
the effect of emission scenarios for 2021-2100. These are 
compared in Figures 4-6 and described below.

A. RCP 6.0: This is probably the most extreme, but still 
possible scenario. The emission data were obtained 
from the RCP database https://tntcat.iiasa.ac.at/ 

B. RCP 4.5: This is similar to scenario E) but with a longer 
adjustment time. The emission data were obtained from 
the RCP database https://tntcat.iiasa.ac.at/

C. Termination of Emissions: This scenario is unrealistic, 
but gives the lowest boundary.

D. Continue at Present Level: The emissions of 2020 are 
continued until 2100.

E. Continue with 50% of the Present Level: From 2021 to 
2040 reduce down to 50% of the present emission, then 
stay constant on this level until 2100.

In Figure 4, we compare the emission scenarios and Figures 
5,6 show the calculated ppm- and pH values.

Figure 5 exhibits the available fi eld data (diamonds, circles) 
together with our model calculations (which are the same as 

in Figure 2 until 2020), extended until the year 2100 assuming 
the fi ve emission scenarios A) to E) as shown in Figure 4. In 
Figure 6, the corresponding results for the atmospheric CO2 
concentration is presented. The results show that a reduction 
of the CO2 emissions leads to a recovery of the pH and the CO2 
content in agreement with the reversibility implied by the 
mass-action law.

Figure 2: The calculated non-equilibrium pH and CO2 volume fraction compared 
with actual and literature data. The time constant is τ = 52 years. 

Figure 3: The standard deviation of the oceans’ surface pH value and the 
atmospheric CO2 content with a variation of the relaxation time τ. The four curves 
are for the whole time span considered here and a more recent time span, each for 
pH and CO2.

Figure 4: CO2 emission scenarios are used in this work.
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Discussion 

A 170-year-long history of CO2 atmospheric volume fraction 
values as well as published average ocean surface pH data 
including fi eld data from 1985-2018 was compared with model 
calculations based upon the composition of the ocean water, 
published equilibrium coeffi cients, temperature, salinity, and a 
single adjustable relaxation time τ = 52 years or t1/2 = 36 years. 
The time constant represents the incomplete equilibration of 
the anthropogenic emission of carbon dioxide since 1850.

The role of the land and the terrestrial biosphere was not 
explicitly taken into account. The biosphere is currently a 
CO2 sink, as long as it is growing and becomes a CO2 source 
if declining. During the recent decades, the biosphere was 
predominantly growing and the net terrestrial fl ux, as reported 
in the paper of Friedlingstein, et al. [37] between 1960 and 
2020 was a CO2 sink (a minus sign is used here) of ca. -0.9 ± 0.6 
Gt C per year which is about 20% of the average anthropogenic 
emission during this period of time. The sign changed in the 
1960s from source to sink. Sabine, et al. [10] have estimated 
a terrestrial net fl ux of +39 Gt C for the period 1800-1994 
which is a source of ca. +0.2 Gt C per year. They also reported, 
consistently with Friedlingstein, et al. a value of -15 Gt C 
for 1980 to 1999, i.e. – 0.8 Gt C per year. Based upon these 

references, for the 170 years considered here, the terrestrial 
net fl ux was -0.1 Gt C/a which is ca. 3% of the anthropogenic 
emissions. But even assuming an extreme value of 10% of 
the anthropogenic emissions would result in only a slightly 
larger  value of  = 64 years or t1/2 = 47 years. Hence, the 
reported value of  = 52 years or t1/2 = 36 years includes a small 
contribution from the biosphere. 

Conclusion

As a key result, the concept described here is, to a large 
extent, reversible. This means that the recovery after reducing or 
terminating emissions happens in a shorter time than assumed 
in Jiang’s et.al. paper [4, Figure 5]. Contrary to the method 
described in our paper, we have not made use of CO2 fractions 
with different relaxation times as in [17]. All CO2 molecules 
follow the same laws, i.e., the mass-action law and Henry’s 
law. In particular, there is no perpetual airborne fraction of 
the emitted carbon dioxide in this model. If emissions stopped 
now, all of the carbon dioxides would equilibrate within a few 
decades, resulting in a lower ppm value and a higher ocean 
surface pH than today. If the present CO2 level of ca. 420 ppm 
is deemed uncritical, it can be maintained by cutting the 
emissions down to 50% (“net zero”). A full “decarbonization” 
is unnecessary in this respect.

Similar time constants, not exactly with the same defi nition 
as in this paper, but roughly comparable, were published by 
Jacobson et.al. [38,39] in their corrected version (30-95 years) 
in 2005, by Dietze in 2020 [40] (= 55 years), Halparin in 2015 
[41] (t1/2 = 39.7 years), by Ollila [42] who reported a CO2 
residence time of 32 years and by Dengler and Reid [43] who 
reported a half-life t1/2 of 42 years. 

During the next decades, the results outlined here can be 
validated by considering the actual CO2 emission pathway and 
comparing the actual pH values and the actual CO2 concentration 
with the predictions that were considered in the literature. This 
will help answer the important question of the reversibility and 
recoverability of the impact of human emissions.

Details of the calculations and some experimental checks of 
Eq. (3) are available in the Supplement.
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