ISSN: 2642-9020

Research Article Journal of Marine Science Research and Oceanography

ENSO Impact on the Declining CO, Sink Rate

Roy W Spencer*

Earth System Science Center, University of Alabama in ‘Corresponding Author
Huntsville, US4 Roy W Spencer, Earth System Science Center, University of Alabama in
Huntsville, USA.

Submitted: 2023, June 30; Accepted: 2023, July 19; Published: 2023, July 25

Citation: Spencer, R. W. (2023). ENSO Impact on the Declining CO, Sink Rate. J Mari Scie Res Ocean, 6(4), 163-170.

Abstract

The ocean and land processes which determine the rate of uptake of anthropogenic carbon dioxide emissions are many and
complex. Simplified models of the net effect of all these processes can assist in the development of more detailed models. A
simple time-dependent atmospheric CO, budget model is shown to closely match yearly Mauna Loa CO, concentrations during
1959-2021. The model assumes an anthropogenic CO, source, and a constant yearly CO, sink rate proportional to the excess of
CO, over a baseline equilibrium value determined by the Mauna Loa data. The yearly CO, sink rate is found to be 2.02% of the
atmospheric excess above 293.6 ppm, with a downward trend in the sink rate during 1959-2021 that disappears when El Niiio
— Southern Oscillation (ENSO) activity is empirically accounted for. Significant model departures from observations occurred
for three years after the 1991 eruption of Mt. Pinatubo. Assuming no change in the sink rate, the latest Energy Information
Administration CO, global emissions projections to 2050, and extrapolated to 2100, lead to model-projected CO, concentrations
well below the highest Representative Concentration Pathways scenario RCPS.5.

Key Points

1. A CO, budget model forced with human emissions and ENSO activity closely matches yearly Mauna Loa, HI CO, measurements
during 1959-2021.

2. Contrary to previously published results there is no decreasing trend in the CO2 sink rate of 2.02% of the yearly excess over 293.6
ppm.

3. Projections of CO, emissions results in model CO, levels well below the IPCC RCP8.5 scenario through 2100, reducing climate
impacts.

Plain Language Summary

While the biological and physical processes which remove excess CO, from the atmosphere are numerous and complex, a simple
time-dependent CO, budget model is shown to closely match yearly CO, measurements at Mauna Loa, Hawaii during 1959-2021. After
correction for El Nifio and La Nifia influences on the data, and using yearly estimates of global anthropogenic CO, emissions, the Mauna
Loa data suggest the Earth system has been removing excess CO, at a constant yearly rate of 2.02% of the atmospheric excess above an
effective equilibrium level of 293.6 ppm, which is somewhat above the pre-industrial level of 280 ppm. Contrary to previously published
calculations and carbon cycle model projections, these results suggest the CO, removal rate has not yet decreased. The removal rate
was briefly doubled after the 1991 eruption of Mt. Pinatubo due to increased photosynthesis. Using recent estimates of future increases
in global CO, emissions, and assuming no future decrease in the sink rate, the amount of CO, in the atmosphere by 2050 and 2100 is
estimated to be in the mid-range of future emissions scenarios currently being used by climate models, but well below the most extreme
scenario.
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1. Introduction La Nifia activity, as well as major volcanic eruptions [3,4]. There
The Earth system processes which govern the rate of removal of is some evidence that the rate of removal of excess CO, from the
excess atmospheric CO, resulting from anthropogenic fossil fuel —atmosphere has been declining over the last half-century, a result
burning are numerous and complex [1,2]. Complicating the analysis ~ which would lead to higher atmospheric CO, concentrations in the
are natural fluctuations in the climate system such as El Niflo and  future and presumably enhanced levels of climate change [4-6].
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The CO, sink rate is critical to projections of climate change. Fu-
ture CO, concentration estimates such as the IPCC Representative
Concentration Pathways (RCP) scenarios provide various projec-
tions of global climate change and involve differing assumptions
about (1) global economic activity and the carbon-intensiveness of
those activities, and (2) global carbon cycle changes which remove
excess CO, from the atmosphere [7].

Here, the latter process is inferred in the most basic of terms as
a yearly, global net value from the differences between yearly
global anthropogenic CO, emissions and measurements of the at-
mospheric CO, concentration growth rate at Mauna Loa, Hawaii
(MLO). The intent is to quantify the effect of El Nifio and La Nifia
activity on the previously reported decreasing CO, sink rate with
the most recent estimates of global emissions, and to provide a
simple method for monitoring evidence of such decreases on a
yearly basis in the future.

One way to describe how fast the Earth system removes excess
CO, from the atmosphere is the airborne fraction, defined as the
year-to-year change in measured CO, concentrations divided by
yearly anthropogenic emissions [8]. The AF is loosely described
as that fraction of humanity’s yearly CO, emissions that remains
in the atmosphere. Nature, however, does not ‘know’ how much
CO, is emitted by anthropogenic activities each year, only how
much CO, resides in the atmosphere. So, while the AF is a useful
metric if anthropogenic emissions do not change abruptly, it can
be shown that if all anthropogenic CO, emissions were to suddenly
be cut in half, excess CO, would continue to be removed at about
the same rate as before the emissions reduction, but the AF would
suddenly become negative, which is clearly unphysical.

An alternative metric is the CO, sink rate, which is the fraction
of the excess of atmospheric CO, above some natural baseline re-
moved each year [6]. That baseline has been assumed to be the
pre-industrial level near 280 ppm, but here that baseline is a model
free parameter which is optimized based upon the MLO CO, data.
R14 provides considerable detail about the advantages of the CO,
sink rate and its sensitivity to various assumptions. The intent here
is to use the sink rate along with the latest MLO observations of
CO, concentrations during 1959 — 2021 together with the latest
yearly estimates of global anthropogenic CO2 emissions to cali-
brate a simple CO, budget model of year-to-year CO, changes in
order to examine the sink rate’s dependence on El Nifio and La
Niiia activity.

How El Nifio and La Nifia activity is accounted for is critical. R14
also made ENSO adjustments to the data, but provided no details.
It will be shown that the model residuals without accounting for
ENSO activity during 1959-2021 are highly correlated (R=0.82)
with El Nifio Southern Oscillation activity as quantified by yearly
averages of the Multivariate ENSO Index [9,10]. The ENSO effect
is removed from the record to determine if the declining CO, sink
rate is related to changing ENSO activity.

Finally, the model is extended to 2050 and beyond with the most
recent Energy Information Administration estimates of future
global CO, emissions to compare to various emissions scenarios
used by Earth System Models (ESMs) to project future climate
change [11].

1.1 The CO, Budget Model

Three-dimensional global carbon cycle models are very detailed,
with complex representations of individual biological and geo-
chemical processes on land and in the ocean [1,2]. Of course, such
detail is necessary to understand which physical and biological
processes on land and in the ocean are responding to increasing
levels of atmospheric CO,. Despite their complexity, the models
still suffer from a lack of quantitative in situ measurements to bet-
ter quantify the many sinks of excess atmospheric CO, [2].

Here, instead of complex individual carbon cycle processes, only
the net response of the global carbon budget to increasing atmo-
spheric CO, concentrations is addressed with a simple time-depen-
dent CO, budget model. Roughly following Friedlingstein et al.
and others, the yearly growth rate in atmospheric CO, (G, ) is [1].
G,m=dCO,/dt=E_(t) - S(t) + BMEI(t) (1)
where the anthropogenic energy-related emissions source from
fossil fuels EFOS comes from Boden et al. up to 2020, then from
the Energy Information Administration estimates of yearly frac-

tional changes in CO, emissions from 2021 to 2050 starting with
the Boden value in 2020 [12,13].

The net land + ocean sink S of excess atmospheric CO, is
S(t) =k (COL(t)- CO,eq), )

where the yearly CO, sink rate (ks) and the equilibrium value the
CO, is relaxing to (COzeq) are both adjustable model parameters to
optimize the model fit to Mauna Loa data.

The effect of El Nifio and La Nifia is represented with a constant
of proportionality B in Eq. 1 and the monthly MEI values averaged
from May (previous year) through April in the current year, after
removing a +0.33 bias in the original MEI data (1950-2018) com-
pared to the MEIv2 data (1979-2021) during their period of mu-
tual overlap. As will be shown, May through April are the months
which have the highest correlation (r=0.83) between MLO CO2
changes and yearly average MEI values.

The model is initialized in 1750 at the CO2eq value, and the three
adjustable parameters of the model (COZeq, B, and k ) are optimized
to maximize the fit between model and observations during 1959-
2021. The fit is evaluated with the correlation coefficient between
the modeled and MLO observed CO, time series, and by mini-
mizing the difference in 5-year average CO, concentration change
between the beginning and the end of the modeled time series.
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1.2. Model Fit to Mauna Loa Data

A critical test of the model is the validity of assumption repre-
sented by Eq. 2, that excess atmospheric CO, is removed at a rate
proportional to how high the atmospheric CO, level goes above
some inferred equilibrium CO, value the system is relaxing to. The
value of ks does not have to remain constant over time, and there
is evidence it has been decreasing since 1959 [7]. The CO, budget
model provides a simple test to see if the MLO data suggest such
a change is occurring, and its dependence upon ENSO activity.

The data-inferred value of the equilibrium level of CO, (COZeq)
does not have to be the same as the pre-industrial value of CO2
(~280 ppm), although one would expect it to be close to that value.
In the context of the model it is the atmospheric level of CO, the
MLO data suggest the system has been relaxing to during 1959-
2021.

The best model fit to MLO data during 1959-2021 occurs with the
COZeq =293.6 ppm, ks = 0.0202, and § = 0.457. The comparison
between model and MLO observations is shown in Fig. 1.
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Figure 1: Model versus observed CO, at Mauna Loa, HI during 1959-2021, with ENSO effects included.

While an excellent fit between model and observations is obtained
when CO0,,,=293.6 ppm, use of the pre-industrial value of 280 ppm
cannot be made to result in a model fit to the observations, even af-
ter adjusting ks. For example, if the model is forced to fit the MLO
data in the last year of record (2021), its CO, concentration in 1959
is much (11 ppm) too low. While the reason for this is not clear, in
the context of the model assumptions it indicates that the carbon
cycle during 1959-2021 is relaxing to a higher equilibrium value
of atmospheric CO, than the pre-industrial value of 280 ppm.

Note that the largest deviations of the model from observations are
after the 1991 eruption of Mt. Pinatubo. During the post-Pinatubo
period, increased diffuse solar radiation is believed to have caused
increased photosynthesis due to deeper penetration of sunlight into

vegetation canopies (Gu et al., 2003), resulting in a faster terrestri-
al uptake of CO, [14].

Note that =0.457 means that for a +/-1 unit change in MEI, there
is a +/- 0.457 ppm yr' change in atmospheric CO,. Since R14
also accounted for ENSO activity, it is important to describe how
B=0.457 was obtained. The MEI term [ was optimized by run-
ning the model with B=0 and correlating the model-vs-observa-
tions residuals with one-year average MEI data, ending in various
calendar months. This resulted in a 0.825 correlation coefficient
between model residuals and MEI during non-volcanic years (Fig-
ure. 2) using the April through March averaging period.
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Figure 2: Correlation (a) and regression (b) coefficients between yearly average MEI ending in the indicated calendar months and the
CO, model residuals when the model was run without an ENSO term included. Calculations exclude the volcanic years of 1983, 1991,
1992, and 1993 (see Figure. 3 for the large dCO,/dt excursions in those years).

The importance of accounting for ENSO effects in the model is
shown in Figure. 3a, where the CO, sink rate is seen to decrease
without accounting for ENSO, but becomes essentially constant at
2.02% when the ENSO term is included. This is in contrast to the
R14 results where a substantial downward trend in ks remained
even after accounting for ENSO effects. Removal of the volcanic

years 1983, 1991, 1992, and 1993 in Fig. 3a had virtually no im-
pact on the trends, likely due to their placement near the middle of
the time series. Further study is necessary to determine whether it
is the treatment of ENSO, the longer time period addressed here,
or the updated estimates of global CO, emissions that is responsi-
ble for the difference between these results and those of R14.
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Figure 3: (a) CO, sink rate by year, with and without ENSO (EI Nifio and La Nifia) effects being removed, and (b) yearly-average (April
through March) MEI data used in the model to remove ENSO effects

Without correcting for ENSO activity ks decreases at a relative
rate of about -0.33% per year, which is somewhat weaker than the
-0.54% per year value reported by Bennedsen et al. for the 1959-
2016 period using a sophisticated statistical analysis [12].

1.3. CO, Concentration Projections to 2050 and 2100
Assuming the CO, sink rate remains constant and using the most

recent EIA estimates of yearly growth in global CO, emissions
from 2011 to 2050 (Nalley and LaRose, 2021) for their three as-
sumed cases -- reference, high economic growth, and low econom-
ic growth -- the model produces the CO, concentrations shown in
Figure. 4. Of course, if the sink rate decreases substantially in the
future, the projected concentrations will rise more rapidly.
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Figure 4: Atmospheric CO, concentrations during 2010-2050 from MLO observations (red), the CO, model using a constant CO, sink
rate with three EIA assumptions regarding future global economic activity (blue), compared to the four IPCC RCP scenarios, RCP8.5,

6.0, 4.5, and 2.6.

The model produces an atmospheric CO, concentration of 473
ppm in 2050 for the EIA reference case using the model-optimized
CO, sink rate of 0.0202. While one might argue that global carbon
cycle changes could still cause ks to significantly decrease before
2050 (despite a lack of evidence from Figure. 2a, after correction
for El Nifio and La Nifa), it should be remembered that for the
period starting in 1959, 2021 is already 68% of the way to 2050.
Of course, the model presented here would allow experimentation
using various assumptions regarding a decreasing CO, sink rate.

The EIA estimates of yearly CO, emissions increases for their ref-
erence case remain nearly constant at +0.67% per year from 2030
through 2050, primarily due to emissions growth in non-OECD
countries [13]. Emissions beyond 2050 are, of course, highly un-
certain. For the sake of illustration, if we conservatively assume
the same yearly emissions increases projected by the EIA during
2030-2050 will continue through the end of the century (a “busi-
ness as usual” scenario), we obtain the model CO, estimates shown
in Figure. 5.
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Figure 5: As in Figure. 4, but with the EIA-estimated emissions increases during 2030-2050 (0.67% per year) extended to 2100.

The reference case model CO, concentration in 2100 is 570 ppm,
which is approximately double the putative pre-industrial value of
280 ppm. Significantly, it falls between the RCP4.5 and RCP6.0
emissions scenarios, and well below the RCP8.5 scenario which
leads to the most severe climate change projections. Again, these
scenarios depend greatly on assumed future anthropogenic emis-
sions, as well as the assumption of a non-declining CO, sink rate.

On the climate side of the global change issue, the significance of
lower future levels of atmospheric CO, in response to a non-de-
clining CO, sink rate would be weaker climate change impacts.
But on the global carbon cycle side, it would mean greater rates of
carbon uptake by the land and ocean [15].

2. Discussion and Conclusions

The processes which control the rate of removal of excess CO,
from the atmosphere are numerous and complex, involving phys-
ical and biological processes over land and in the ocean. While
modeling that complexity is necessary to understand how the
Earth system will respond to continued anthropogenic CO, emis-
sions, there is also value in simple quantitative evaluations of how
the Earth system has already responded to more atmospheric CO,
employing simple but testable assumptions applied to accurate
measurements of atmospheric CO, concentrations.

Using a basic time-dependent global-average CO, budget model

forced with yearly estimates of global anthropogenic CO, emis-
sions, it is demonstrated that during 1959 to 2021, excess CO, is
being removed from the atmosphere at a nearly constant rate of
2.0% per year of the difference between the atmospheric CO, con-
centration and an observations-inferred equilibrium level of 293.6
ppm, after accounting for ENSO (EI Niflo and La Nifia) activity.
This contrasts with the results of R14 where a substantial down-
ward trend in ks was observed, even after accounting for ENSO.
As shown in Figs. 4 and 5, the impact of a non-declining sink
rate would be to keep future atmospheric CO, concentrations well
below the most extreme scenario RCP8.5 based upon three recent
EIA global emissions scenarios, with values during 2050-2100
more in line with the RCP4.5 to RCP6.0 scenarios. This would
then lead to somewhat weaker climate change impacts in response
to anthropogenic greenhouse gas emissions. It is not known to
what extent the ENSO removal methodology, longer time period
addressed here, updated global emissions estimates, or some oth-
er factor is responsible for this difference in CO, sink rate results
compared to R14.

The largest departure of the model from observations is after the
1991 eruption of Mt. Pinatubo, when the CO, sink rate approxi-
mately doubled for two years. This has been previously attribut-
ed to increased photosynthesis due to more diffuse solar radiation
penetrating vegetation canopies.
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After the model is optimized to fit the Mauna Loa observations,
it was run with EIA projections of global CO, emissions through
2050, as well as extrapolation of the 2030-2050 yearly increases
out to 2100. The resulting CO, concentrations by 2050 and 2100
are between the IPCC RCP4.5 and RCP6.0 scenarios, and well
below the RCP8.5 (extreme emissions case) scenario.

The fact that the Mauna Loa CO, data suggest an atmospheric
equilibrium level of ~294 ppm, rather than the pre-industrial value
of ~280 ppm, might indicate the Earth system carbon cycle has
adjusted to a new equilibrium level during the Mauna Loa period
of monitoring. This conclusion is speculative. If so, it could be that
a time-dependent value for the equilibrium level would be more
appropriate, but the Mauna Loa record is not sufficiently long to
determine if this is the case. As mentioned above, this is a limita-
tion of the empirical approach taken here to explain the Mauna
Loa CO, record, without the underlying physical and biological
processes contained in detailed global carbon cycle models.

The model can be used for conceptually simple, yet quantitatively
meaningful, comparisons to the output of more complex models.
The fact that such a good fit of the model to the observations is
achieved with a nearly constant yearly CO, sink rate of 2.0% is
rather remarkable. As additional years of Mauna Loa data become
available, the testing of the simple model with each new year of
data would allow determination if the rate of removal of excess
CO, from the atmosphere is continuing at the previous rate, or
if more complex and non-linear processes are occurring which
might lead to higher CO, levels than those produced here. Also,
improved estimates of anthropogenic CO, emissions, including
changing land use patterns, should help improve the model agree-
ment with observations, leading to more confident identification of
future decreases in the CO, sink rate.
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