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Continued global warming after CO2

emissions stoppage
Thomas Lukas Frölicher1,2*, Michael Winton3 and Jorge Louis Sarmiento2

Recent studies have suggested that global mean surface
temperature would remain approximately constant on multi-
century timescales after CO2 emissions1–9 are stopped. Here
we use Earth system model simulations of such a stoppage to
demonstrate that in some models, surface temperature may
actually increase on multi-century timescales after an initial
century-long decrease. This occurs in spite of a decline in radia-
tive forcing that exceeds the decline in ocean heat uptake—a
circumstance that would otherwise be expected to lead to a
decline in global temperature. The reason is that the warming
effect of decreasing ocean heat uptake together with feedback
effects arising in response to the geographic structure of
ocean heat uptake10–12 overcompensates the cooling effect of
decreasing atmospheric CO2 on multi-century timescales. Our
study also reveals that equilibrium climate sensitivity esti-
mates based on a widely used method of regressing the Earth’s
energy imbalance against surface temperature change13,14 are
biased. Uncertainty in the magnitude of the feedback effects
associated with the magnitude and geographic distribution of
ocean heat uptake therefore contributes substantially to the
uncertainty in allowable carbon emissions for a given multi-
century warming target.

A large body of studies using simplified climate models1–4,6–8
and more sophisticated Earth system models5,9 find that global
mean surface temperature stays roughly constant for a couple
of centuries at the value attained when carbon emissions are
stopped. These studies suggest that the cooling effect of reduction
in radiative forcing R due to the decrease in atmospheric CO2 is
roughly balanced by the warming effect of reduction in ocean heat
uptake N , such that the difference R−N remains approximately
constant7. This effect is a consequence of the fact that: the ocean
heat and carbon uptake are both controlled in large part by the
physical mixing of shallow oceanic waters into the deeper oceans;
and under higher atmospheric CO2, the reduction of the radiative
forcing sensitivity to atmospheric CO2 is roughly compensated
by the higher airborne fraction of anthropogenic CO2. In this
paper we show that feedback effects associated with the magnitude
and geographical distribution of ocean heat uptake can lead to
increasing temperatures, even if the differenceR−N decreases.

We performed multi-century simulations using the Geo-
physical Fluid Dynamics Laboratory Earth System Model15,16
(GFDL ESM2M) and the National Centre for Atmospheric Re-
search Climate System Model17,18 (NCAR CSM1; Methods). Both
models are forced with a 1,800GtC pulse so that the atmo-
spheric CO2 concentration is instantaneously quadrupled frompre-
industrial conditions. Both models simulate a rapid atmospheric
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CO2 decrease in the first few years after the quadrupling, fol-
lowed by a slow decline (Fig. 1a). Forty per cent of the initial
atmospheric CO2 perturbation is removed from the atmosphere
within 20 years, 60% within 100 years, and 80% within 1,000 years.
The land carbon inventories peak after 120 (ESM2M) and 130
years (CSM1), and the ocean is the only carbon sink thereafter
(Supplementary Fig. 1).

Figure 1b shows the simulated global mean surface temperature
responses (solid lines) to the instantaneous quadrupling of
atmospheric CO2, and estimates of the equilibrium temperature
changes (dashed lines) that would occur if the models were in
equilibrium with the contemporaneous CO2 radiative forcing (see
Methods for calculation details). The temperature peaks 15–20
years after the CO2 quadrupling and decreases to 1.5 (ESM2M)
and 1.6 K (CSM1) above pre-industrial levels after 100 years. The
large initial drop of atmospheric CO2 and thus radiative forcing
(R in Fig. 2a, left axis) in combination with the reduction in ocean
heat uptake (N in Fig. 2a, right axis) causes the initial decrease in
temperature. The simulated temperature in CSM1 (blue solid line
in Fig. 1b) is initially closer to thermal equilibrium with respect
to the contemporaneous CO2 radiative forcing (blue dashed line
in Fig. 1b) than in ESM2M (red lines in Fig. 1b), because of the
smaller simulated ocean heat uptake in CSM1. This is emphasized
in Fig. 1c, which shows the ratio between the simulated temperature
and temperature in thermal equilibriumwith the contemporaneous
CO2 radiative forcing, the so-called realized warming fraction. The
realized global warming fraction after a century is 74% in the CSM1,
but only 46% in ESM2M.

After the first hundred years, the simulated temperature
responses between the models diverge. The CSM1 simulates a small
decrease of−0.06 K until the fifth century (blue solid line in Fig. 1b;
fifth column in Table 1), consistent with a previous study5. In
contrast, the ESM2M simulates a temperature increase of 0.37 K
over the same time period (red solid line in Fig. 1b; fifth column
in Table 1). After six (ESM2M) and nine (CSM1) hundred years,
the system is close to the equilibrium temperature expected from
the slowly decreasing atmospheric CO2 concentration. At this point,
ocean heat uptake is near zero (N in Fig. 2a) and temperature (solid
lines in Fig. 1b) is approximately the equilibrated temperature (Teq,
dashed lines in Fig. 1b) that is given by the ratio of radiative
forcing R and equilibrium climate feedback factor λ(Teq = R/λ).
The temperature differences between the models at the end of the
simulations are due to their different equilibrium climate feedback
factors, as intermodel differences in radiative forcings are small. The
simulated temperature (red solid line in Fig. 1b) in ESM2M slightly
overshoots the estimated equilibrium temperature (red dashed line
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Figure 1 | Idealized carbon dioxide emission scenarios and global mean
temperature responses. a–c, Time series of simulated global mean
atmospheric CO2 (a), surface temperature changes (b) and the ratio of
actual and equilibrium temperature after instantaneous quadrupling of the
pre-industrial atmospheric CO2 concentration (c). Times series in b,c have
been smoothed with a 20-yr running mean and emphasize the differences
between the transient simulations and the pre-industrial control
simulations. Legend in a applies to all panels. Solid lines in b show the
simulated temperature responses and dashed lines show the estimated
equilibrium temperature responses.

in Fig. 1b) at the end of the simulation as the perturbation ocean
heat flux becomes negative (red line for N in Fig. 2a). Thus, the
ocean contributes to thewarming at the end of the simulation rather
than opposing it. It is important to note that we use a simplified
expression to estimate the CO2 radiative forcings (see equation (2)).
Thus, the estimated equilibrium temperatures might be slightly
different from the ‘true’ modelled values.

The warming response in ESM2M between the second and fifth
century is especially surprising, because the decline in radiative
forcing due to the decrease in atmospheric CO2 exceeds the decline
in ocean heat uptake over the this period (decreasing R–N in
Fig. 2b). In light of earlier studies and arguments, this is expected
to lead to decreasing temperatures in both models. To understand
this remarkable behaviour, we make use of the modified standard
‘zero-layer’ energy balancemodel of the climate system10:

1T (t )=
R(t )−εN (t )

λ

(1)

where 1T is the global mean surface temperature change, R is
the stratospheric-adjusted19 radiative forcing, λ is the equilibrium
climate feedback factor, N is the net radiation flux at the top of the
atmosphere (approximately equal to ocean heat uptake on decadal
and longer timescales) and ε is the ocean heat uptake efficacy.
Ref. 10 showed that ocean heat uptake has a greater global mean
surface temperature impact per watt per square metre than the CO2
radiative forcing, and therefore applied an efficacy factor to the
ocean heat uptake. In other words, for the same watt per square
metre change in ocean heat uptake and CO2 radiative forcing,
the global mean surface temperature change induced by ocean
heat uptake is (generally) larger than that induced by atmospheric
CO2. What causes this efficacy to be greater than 1? As is the case
for the efficacy of other forcing agents19, the ocean heat uptake
efficacy is controlled by the relationship between the geographical
pattern of ocean heat uptake and the regional climate feedbacks.
The low latitudes are generally characterized by strong net negative
(stabilizing) feedbacks owing to large negative Planck and lapse rate
feedback, whereas the high latitudes feature weak or even positive
feedbacks owing to less-negative Planck as well as positive lapse
rate, cloud and albedo feedback11. Note that there is another way
to produce a geographically varying feedback20 not to be confused
with the local definition11 discussed here. As the ocean heat uptake
occurs dominantly at high latitudes it is subject to reduced climate
damping relative to geographically broad CO2 forcing. Ocean heat
uptake efficacy may be influenced by regional radiation feedback
distribution aswell as by ocean circulation changes, because changes
in ocean circulation strongly impact the ocean heat uptake and
storage pattern21. The efficacies of the ESM2M (ensemble 1) and
the CSM1 are 1.9 and 1.7, respectively (see equation (3) and
Supplementary Table 1 for calculation details).

Table 1 shows the temperature change budget over the period of
warming differences (year 100–500). First, the decrease in radiative
forcing R scaled by the equilibrium climate feedback factor λ

causes a cooling of−0.60 K (ESM2M) and−0.39 K (CSM1; second
column in Table 1). Second, the joint effect of the reduction in
ocean heat uptake N and amplification of this reduction by the
efficacy ε and the equilibrium climate feedback factor λ causes a
warming of 0.86 K (ESM2M) and 0.30 K (CSM1) over the same
period (third column in Table 1). As a result, the warming effect
(0.86 K) due to reduction in ocean heat uptake exceeds the radiative
cooling effect (−0.60 K) due to reduction in atmospheric CO2 and
leads to an overall warming of 0.26 K in ESM2M (fourth column in
Table 1). In contrast, the CSM1 shows a cooling of −0.09 K as the
radiative cooling (−0.39 K) exceeds the ocean heat uptake warming
(0.30 K). The estimated multi-century temperature changes of
0.26 K (ESM2M) and −0.09 K (CSM1) are in good agreement
with the simulated temperature changes of 0.37 K (ESM2M)
and −0.06 K (CSM1). The large differences between the models
in −ε1N/λ are mainly caused by differences in ocean heat uptake
(−0.55Wm−2 in ESM2M versus −0.34Wm−2 in CSM1) and
equilibrium climate feedback factor (1.19Wm−2 K−1 in ESM2M
versus 1.90Wm−2 K−1 in CSM1). The small differences in efficacy
play a less dominant role here and can explain 20% of total global
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Figure 2 | Simulated changes in ocean heat uptake and radiative forcing. a,b, Time series of R (top set of curves) and N (bottom set of curves) (a), and
R–N (b). Times series have been smoothed with a 20-yr running mean. The radiative forcings in both models have been calculated using the simplified
expression R= 5.35× ln(CO2(t)/CO2(t=0)). The estimated radiative forcings of 3.7 W m−2 for a doubling of CO2 using the simplified expression are
consistent with the radiative forcings of 3.5 W m−2 (ESM2M; ref. 23) and 3.5 W m−2 (CSM1; ref. 24) based on radiative transfer code experiments.

Table 1 |Temperature change budget over the period of warming differences.

Model 1R/λ −ε1N/λ 1R/λ−ε1N/λ 1T
(radiative cooling effect) (the ocean warming effect) (estimated temp change) (actual temp change)

ESM2M −0.60 0.86 0.26 0.37
CSM1 −0.39 0.30 −0.09 −0.06
ESM2M–CSM1 −0.21 0.56 0.37 0.31

The estimated temperature changes calculated from 1R/λ, −ε1N/λ and 1R/λ−1εN/λ, and actual simulated temperature changes over the period of warming difference between the second (average
over the period 101–200) and fifth (average over the period 401–500) century for the two models and their differences. Units are in kelvin. Changes in radiative forcing R are −0.71 W m−2 (ESM2M)
and−0.74 W m−2 (CSM1), and changes in ocean heat uptake N are−0.55 W m−2 (ESM2M) and−0.34 W m−2 (CSM1), respectively. Values for ε and λ are taken from Supplementary Table 1.

warming differences between the models. Note that equation (1)
does not work well in the first century of the simulation as ocean
heat uptake efficacy increases with time during this adjustment
period, and for short-term variations as interannual variations in
ocean heat uptake are not concentrated in high latitudes and are
probably associatedwith ElNiño/SouthernOscillation variability.

Recent studies suggest that efficacy evaluated at the time of
doubling in 1% CO2 increase experiments is very variable between
climate models10,12, but generally greater than unity with a median
value of 1.3, and values as large as 2. The wide range of possible
efficacy values together with changes in the total ocean heat
uptake can therefore contribute substantially to uncertainties in the
short-term andmulti-century warming response for a given carbon
emission pulse (Supplementary Fig. 2). Even the sign of change is
unclear on multi-century timescales. An efficacy closer to unity, for
example, would lead to decreasing temperatures in both models
between the second and fifth century (Supplementary Fig. 2) as
the difference between radiative forcing and ocean heat uptake
decreases in both models (Fig. 2b).

The importance of the ocean heat uptake efficacy also becomes
apparent when estimating the equilibrium climate sensitivity
Teq (2×CO2) (the equilibrium global surface temperature response
to doubling of CO2; see Methods). A widely used extrapolation
approach to diagnose Teq (2× CO2) (herein referred to as the
‘Gregory method’) uses 150 years of ocean heat uptake and surface
temperature data from an abrupt CO2 quadrupling experiment,
where atmospheric CO2 is prescribed at 4×CO2 (refs 13,14). The
Gregory Teq (2× CO2) estimate of 2.4 K for ESM2M is much
smaller than the Teq (2×CO2) estimate of 3.1 K calculated from
our carbon pulse experiments because theGregorymethod does not

adequately assess the approach to equilibrium along high-efficacy
trajectories11,22 (Supplementary Fig. 3a). The Gregory Teq (2×CO2)
for CSM1 is in agreement with our carbon pulse Teq (2×CO2),
but theGregorymethod largely underestimates the radiative forcing
for a doubling of CO2 in CSM1 because of nonlinear adjustment
in the first couple of years (Supplementary Fig. 3b). It is both
the shortness of the experiment and the inclusion of the early
adjustment in the linear estimate that cause problems for the
Gregory method (see Supplementary Text for detailed discussion).
As an alternative, we propose to use our carbon pulse simulation
experiments with freely evolving atmospheric CO2 to calculate the
Teq (2×CO2), because: the pulse experiment is more relevant to
the actual adjustment that will occur following CO2 emissions than
the step CO2 experiments used at present13,14; the Teq (2×CO2)
obtained fromour carbon pulse experiments of 3.1 K (ESM2M) and
2.0 K (CSM1) for a doubling of CO2 are in good agreement with
the Teq (2×CO2) estimates of 3.4 K (ESM2M; ref. 23) and 2.1 K
(CSM1; ref. 24) using atmosphere/slab–ocean configurations of the
same models; and the costs to run the simulations are significantly
less than running a coupled model to equilibrium under constant
radiative forcing. The impulse response function of atmospheric
CO2 from our experiments can be used in atmosphere–ocean
coupled general circulation models that do not include carbon
cycle components as a forcing to run the same pulse simulations
(Supplementary Table 2).

A present study using global ocean heat uptake, atmospheric
temperature and radiative forcing data from most recent climate
observations suggests a relatively small transient climate response of
1.3 K (0.9–2.0 K) and a small equilibrium climate sensitivity of 2.0 K
(1.2–3.9 K; ref. 25; Supplementary Fig. 3c and Text for extended
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discussion). Our study suggests, however, that small transient
climate responses do not necessarily imply small equilibrium
climate sensitivities, because of non-unity efficacy (Supplementary
Fig. 3c). ESM2M simulates a transient climate response of 1.5 K,
which is close to the observational-based estimate of 1.3 K, but the
simulated equilibrium climate sensitivity of 3.1 K is much larger
than the observational-based estimate of 2.0 K. If the real world
were to behave in a similar manner as ESM2M then only a small
fraction of the total warming due to past carbon emissions has
thus far been realized.

Recent research has suggested that the magnitude of CO2-
induced warming that will occur and persist for the coming
centuries is mainly determined by the amount of future cumulative
carbon emissions and that past emissions commit us to hundreds
of years at approximately the level of CO2-induced warming that
has already been realized. Thus, cumulative carbon emissions are
a powerful metric for climate stabilization levels and thus policy,
as only the warming per unit cumulative emissions is needed
to make projections of global temperature on multi-centennial
timescales1,6,26. Our study shows that global mean temperature may
even increase after zero carbon emissions, because of feedback
effects arising in response to the magnitude and geographic
structure of ocean heat uptake. Thus, estimates of allowable carbon
emissions required to remain below the 2 ◦C global warming
target may be significantly lower than previously thought. A better
understanding and monitoring of how ocean circulation changes
impact regional ocean heat uptake and thus efficacy is necessary to
narrow uncertainties in climate change projections.

Methods
Models. We performed simulations with two different fully coupled carbon
cycle–climate models, GFDL ESM2M and NCAR CSM1. Both models include
representations of the physical climate system as well as ocean and land
biogeochemistry. Atmospheric CO2 is treated as a prognostic variable in both
models. The ESM2M has an oceanic horizontal resolution of approximately 1◦×1◦
and 50 vertical levels, and the CSM1 has an oceanic horizontal resolution of
approximately 3.5◦×3.5◦ and 25 vertical levels.

Simulations. The two-member ensemble simulation (1,000- and 600-yr long)
with the ESM2M model is forced with a carbon pulse of 1,800GtC so that the
atmospheric CO2 concentration is instantaneously quadrupled from pre-industrial
conditions in the first time step of the simulation. The single 1,000-yr long
simulation with the CSM1 is forced with the same amount of carbon emissions,
but the pulse is distributed over the first year of the simulation. For comparison,
humankind released 365± 30 GtC fossil fuel and cement emissions between
1750 and 2011 (ref. 27), with an additional 190± 80GtC due to land use
change28. Non-CO2 forcing agents are kept constant at pre-industrial levels in all
simulations. Corresponding 1,000-yr (ESM2M) and 479-yr (CSM1) pre-industrial
control simulations are used to correct for model drift. The idealized pulse
scenarios give virtually identical long-term temperature changes as when using
the same amount of cumulative carbon emissions following more ‘realistic’
emission trajectories4.

Calculation of stratospheric-adjusted radiative forcing, efficacy and equilibrium
climate sensitivity from the carbon pulse experiment. The expression radiative
forcing (denoted by R) is commonly used in characterizing anthropogenic
perturbations in the radiative energy budget of the Earth’s climate system. Here,
such a perturbation is the change in atmospheric CO2 concentration. Specifically,
the stratospheric-adjusted radiative forcing is the change in net irradiance at the
tropopause after allowing for stratospheric temperatures to readjust to radiative
equilibrium, but with surface and tropospheric temperatures and state held
fixed at the unperturbed values19. The radiative forcing is calculated using the
simplified expression29:

R(t )= 5.35 ln
CO2(t )

CO2 (t = 0)
(2)

To calculate the efficacy and the equilibrium climate feedback factor, we use the
modified standard ‘zero-layer’ energy balancemodel of the climate system10:

1T (t )=
1
λ

R(t )−
ε

λ

N (t ) (3)

By applying a multiple linear regression of simulated centennial-averaged
temperature 1T on simulated centennial-averaged radiative forcing R and ocean

heat uptake N with no intercept, we calculate the efficacy (ε) and equilibrium
climate feedback parameter (λ). The equilibrium climate sensitivity Teq for
a doubling of CO2 is then calculated with Teq (2×CO2)= R2×CO2/λ. Values
are given in Supplementary Table 1. The concept of efficacy is illustrated in
Supplementary Fig. 4.
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