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Climate model experiments reveal that transient global warming is nearly
proportional to cumulative carbon emissions on multi-decadal to centennial
timescales'®. However, it is not quantitatively understood how this near linear
dependence between warming and cumulative carbon emissions arises in transient
climate simulations®’. Here, we present a theoretically-derived equation of the
dependence of global warming on cumulative carbon emissions over time. For an
atmosphere-ocean system, our analysis identifies a surface warming response to
cumulative carbon emissions of 1.5%0.7 K for every 1,000 Pg of carbon emitted. This
surface warming response is reduced by typically 10 to 20% by the end of the
century and beyond. The climate response remains nearly constant on multi-
decadal to centennial timescales as a result of partially-opposing effects of oceanic
uptake of heat and carbon®. The resulting warming then becomes proportional to
cumulative carbon emissions after many centuries, as noted earlier’. When we
incorporate estimates of terrestrial carbon uptake'?, the surface warming response
is reduced to 1.1%0.5 K for every 1000 Pg of carbon emitted, but this modification is
unlikely to significantly affect how the climate response changes over time. We
suggest that our theoretical framework may be used to diagnose the global warming
response in climate models and mechanistically understand the differences
between their projections.

Warming of the Earth’s surface, AT(t), depends on the increase in radiative forcing, R(t),
from atmospheric CO, minus the net heat flux into the Earth System, N(t),"

AT(t)=w’ (1)

where AT is the change in global mean surface temperature relative to the pre-industrial
era, Ais the equilibrium climate feedback parameter [(W m?) K™'] or equivalently 1" is the
climate sensitivity'?, R(t) and N(t) are positive when downward and in W m? The net heat
flux, N(t), is dominated by ocean heat uptake, since over 90% of N(t) passes into the
ocean interior'>. ¢ is the non-dimensional ocean heat uptake efficacy'’, accounting for how
ocean heat uptake may be more effective than radiative forcing in altering AT. The



radiative forcing, R(t), taken to be at the top of the troposphere, is directly linked to
atmospheric CO, via a logarithmic relationship,*

R(r) = aAInCO, (1), (2)

where CO, is measured as a mixing ratio (ppmv), a=5.35 Wm™ is a CO radiative-forcing
coefficient and Aln COx(f) represents In COx(f) — In COx(tp) where fy is the preindustrial. An
increase in cumulative carbon emissions naturally leads to a longterm increase in
atmospheric COy, radiative forcing and surface warming, which might be augmented by
further warming from non-CO; greenhouse gases or partly opposed by cooling from
aerosols®”'®. Focussing on the dominant effect of cumulative carbon emissions on global
warming'®, the relationship between the logarithmic change in atmospheric CO,, Aln COx(t),
and cumulative carbon emissions over time must be found.

The rise in In CO; from cumulative emissions is affected by the uptake of anthropogenic
carbon by the ocean and terrestrial carbon systems, which are comparable in magnitude
in the present day'®, but with much larger uncertainties for the terrestrial system'”. To
identify the different roles played by ocean and terrestrial carbon uptake, we first consider
the surface warming response to carbon emissions in an atmosphere-ocean only system,
and then assess the effect of incorporating estimates of the terrestrial system'. For a
combined atmosphere-ocean system, atmospheric CO; can be related to cumulative
carbon emissions, l.; (PgC), by taking into account changes in the carbon inventories
(Supplementary),

AInCO, (1) = —Iem(t)“;llfmf(’) , (3)

B

where the carbon undersaturation of the ocean, lysa: (PgC), is defined by how much
carbon the ocean needs to take up for an equilibrium to be reached with the atmosphere
(Supplementary) and /g = 3500+400 PgC is the buffered carbon inventory of the
atmosphere and ocean®'®°,

The goal is to identify how the surface warming responds to cumulative carbon emissions,
extending previous empirical diagnostics from climate models’*"%. By combining
equations (1) and (2) with our new relationship (3), we now provide a time-dependent
equation defining the climate response to cumulative carbon emissions for an atmosphere-
ocean system,

ATy = - (l_gzv(r))
A, R(?)

Ly @)
1+ o )Im(t). (4)

Exploiting equation (4), the current surface warming is then linked to cumulative carbon
emissions by a proportionality factor of 1.5+0.7 K for every cumulative 1000 PgC emitted
into the atmosphere-ocean system (Fig. 1a) based upon present-day estimates of surface
warming and how anthropogenic carbon is partitioned between the atmosphere and
ocean®’ (Methods). This proportionality factor, AT(t)/lem(t), is the same as the metric used
to define the transient climate response to cumulative carbon emissions (TCRE), taken
when CO; reaches double its preindustrial value'. Our TCRE estimate is consistent with
estimates from intermediate Earth system models™? of 1.5 K per 1000 PgC with a range
of 1.0 to 2.1 K per 1000 PgC and from more recent CMIP5 simulations®'® with a range of
0.8 to 2.5 K per 1000 PgC.



Our theory suggests that many centuries to millennia after emissions cease, the surface
warming asymptotes to being simply proportional to cumulative emissions,
AT, =(al(Aly))1,, (ref9) (Fig. 1c, dashed line), as both N(t) and lysa(t) approach zero in

equation (4) as the ocean approaches a thermal and carbon equilibrium with the
atmosphere. For this long-term limit, the surface warming response is typically 1.2 K per
1000 PgC (ref 9) with a range of 0.6 to 1.9 K per 1000 PgC based upon the uncertainty in
climate sensitivity?’ . Hence, our analysis suggests that the surface warming response
to cumulative carbon emissions remains broadly stable over time for a coupled
atmosphere-ocean without climate-carbon feedbacks, only decreasing by about 20% from
the present day to many centuries in the future.

We now test equation (4), and our prediction for a limited temporal variation in the surface
warming response to cumulative carbon emissions, using a coupled atmosphere-ocean
model of intermediate complexity designed for the Earth System (GENIE;* Methods).
Equation (4) allows the surface warming to be accurately related to the effects of
cumulative carbon emissions (Fig. 1a,b) as long as the effects of ocean heat uptake, eN(t),
and ocean carbon undersaturation, /lysa(t) (Fig. 2a,b), are accounted for; the discrepancy
between the model response and our theory is less than 0.25 K for a range of emission
scenarios (Fig. 1b), compared with a warming signal reaching 4 K. The proportionality of
surface warming to cumulative carbon emissions remains relatively stable over time (Fig.
1a). The model also reveals that the long-term equilibrium warming is proportional to
cumulative emissions after many centuries (Fig. 1c¢) consistent with our theory, but with
slightly enhanced warming further increasing atmospheric CO, due to carbon-climate
feedbacks, such as CO; solubility decreasing with higher temperatures (Fig. 2c,d;
Supplementary Figure 1).

We now apply our time-dependent equation (4) to understand why the warming remains
nearly proportional to cumulative carbon emissions. The surface warming response to
cumulative carbon emissions (or the TCRE), AT/lem, can be interpreted as the sensitivity of
surface warming to radiative forcing, AT/R=(1-eN/R)/\, multiplied by the sensitivity of
radiative forcing to cumulative carbon emissions, R/lem=(allg)(1+1usad lem). The sensitivity of
surface warming to radiative forcing (Fig. 3a) is initially reduced by ocean heat uptake from
equation (1), but then later increases as ocean heat uptake diminishes, such that the term
(1-eN/R) in equation (4) increases toward 1. Meanwhile, the sensitivity of radiative forcing
to cumulative emissions (Fig. 3b) is initially increased by excess CO3 in the atmosphere
due to ocean carbon undersaturation, lysa (Fig. 2b), in equation (3), but then declines
through ocean uptake of carbon, such that /ysst decreases to zero and the term (1+/ysadlem)
in equation (4) decreases towards 1. The net result of these combined responses is a
decrease in the surface warming response to cumulative carbon emissions, AT/lem , by
between 8% and 22% from 2011 to 2100 (Fig. 3c), broadly consistent with the modelled
decrease of 6% to 25% (Fig. 3c,d). Thus, the climate effect of ocean heat and carbon
uptake in equation (4) is to partially compensate each other on a centennial timescale®.

The modelled variation of the climate response to cumulative emissions is relatively
insensitive to the details of the emission scenario® (Fig. 3a-c). This relatively weak
dependence is in accord with how the normalised time-dependent terms (1-¢eN/R) and
(1+1ysailem) in equation (4) only vary by 8% and 10% respectively across the six emission
scenarios at 2100 (Fig. 3a,b), although the sensitivity in TCRE to emission scenario is
larger in another Earth System model®*.



Ocean uptake of heat and carbon leads to broadly-opposing climate responses due to the
contrasting trends in the sensitivities of the warming to radiative forcing (Fig. 3a) and
radiative forcing to cumulative carbon emissions (Fig. 3b). The ocean sequestering of heat
and carbon are both achieved in a similar manner: there is a relatively rapid drawdown of
heat and carbon from the atmosphere into the surface mixed layer on annual to decadal
timescales (Fig. 4a); a subsequent ventilation of the main thermocline and upper ocean
over several decades to a century® (FI% 4b); and a slower ventilation of the deep ocean
over many centuries or even millennia® (Fig. 4c). The ocean thermal and carbon
responses can differ though, over several decades to centurles such as by declining heat
uptake leading to a long-term warmlng after emissions cease?’ or circulation changes
modifying the regional response®®; for example, a drift in the Atlantic meridional
overturning alters the thermal uptake more than the carbon uptake (Supplementary
Figures 2 & 3). These differences in thermal and carbon response are partly reflected in
the nature of their terms in equation (4): the heat uptake term (1-eN/R) is more sensitive in
depending on the instantaneous ocean heat flux and its efficacy’?’, whereas the carbon
uptake term (1+/ysadlem) depends on the cumulative ocean carbon uptake.

On longer timescales of several thousand years, the model sensitivity of the warming to
cumulative carbon emissions is greater than the theory by between 0.3 to 0.4 K for every
1000 PgC emitted (Fig. 3c,d). This offset is again due to ocean carbon-climate
feedbacks'®? (Fig. 2c,d), which can be further modified by sediment interactions™°
(Supplementary Figure 1).

The real climate system includes the terrestrial system, as well as the atmosphere and
ocean. The ocean still plays the dominant role in the uptake of heat', but the present-day
carbon uptake by the terrestrial system is a similar order of magnitude to that by the
ocean'®. Now consider the effect of the terrestrial system: extending equation (3) for Aln
COg to include the effect of a change in the terrestrial uptake of anthropogenic carbon
(Supplementary) and again combining with equations (1) and (2) provides an equation for
the surface warming response to cumulative carbon emissions,

a eN(1) Ly (1) AL (2)
AT(I)_)LI ( R(?) )(1+ 1, (1) Iem(t)) (0 )

where Al (PgC) represents the change terrestrial carbon storage since the preindustrial
and /I, is now the cumulative carbon emitted into the combined atmosphere-ocean-
terrestrial system, making Als//lem the fraction of cumulative carbon emissions taken up by
the land. Exploiting equation (5) and present-day estimates of cumulative terrestrial carbon
uptake, Alwr, the proportionality of surface warming to cumulative carbon emissions (the
TCRE), AT/l¢m, reduces to 1.1£0.5 K per 1000 PgC for an atmosphere-ocean-terrestrial
system, a decrease in the TCRE of 0.4 K per 1000 PgC due to increased terrestrial
drawdown of carbon (Methods). Our estimate of the TCRE remains within the IPCC likely
range®’ of 0.8 to 2.5 K per 1000 PgC. While the terrestrial system is then important in
determining the value of the TCRE, the trend in the TCRE might still be limited in time,
since a model-intercomparison study'® suggests that Ale/lem only decreases from the
present-day value of 0.28+0.17 by typically -0.01 to -0.14 by 2100 and, hence, leads to
the TCRE changing by less than 20% from 2011 to 2100 (Methods). However, our view of
how the TCRE is controlled over time might be mOdIerd by additional climate forcing from
short-lived climate agents'® or non-linear feedbacks'®, such as release of methane from
direct emissions, marine hydrates or permafrost.



Our study emphasizes how transient global warming is proportional to cumulative carbon
emissions through the partial compensation between the ocean and terrestrial uptake of
heat and excess carbon, which is expected to apply on multi-decadal to centennial
timescales. The theoretical framework may be used to diagnose existing climate models
and understand their differences, as well as explore the global warming response over a
wider parameter regime than usually investigated by extrapolating from existing
simulations by climate models. In terms of wider policy implications, our theory reiterates a
simple message: the more cumulative carbon emissions are allowed to increase, the more
global surface warming will also increase.

Methods
Evaluating the present day warming response for the coupled atmosphere-ocean system

For the atmosphere-ocean only system, Iy, is estlmated as the sum of the anthropogenic increases in
atmospherlc CO,, equal to 240+10 PgC in 2011'°, and ocean carbon'®, equal to 155+30 PgC, then giving

lem = 395232 PgC in 2011 assuming normal uncertalnty distributions. Present—day ocean carbon
undersaturation, lysz, is estimated as the difference between the eventual uptake of ocean carbon in a model
with atmospheric CO,, fixed at a mixing ratio of 391ppm at 2011 and the real ocean carbon uptake in 2011.
The eventual ocean carbon uptake with CO, fixed at 391ppm is 952 PgC in the GENIE model** , integrated
without climate feedbacks for 25000 years to reach a steady state. Therefore, /st in 2011 is estlmated as
952-(155+30) PgC = 797+30 PgC.

Calculating the present-day sensitivity of warming due to emissions from |nd|V|duaI terms in equation (4) |s
problematic, because there |s a wide range in the estlmates of climate sensmwty 23" of 0.5t0 1.2 K(Wm" )
or with a revised lower bound® of 0.375 K(Wm™ ) N is difficult to assess due to decadal changes in ocean
heat content, and R has a large uncertainty from sources other than well-mixed greenhouse gases. From the
recent IPCC 5" Assessment Report,6 the warming, AT, ascribed to the change in all well-mixed greenhouse
gases from 1951 to 2011 is 0.94£0.4 K and the radiative forcing from all well-mixed greenhouse gases, R, is
2.830.27 W m?in 2011. Their ratio suggests AT/R=(1-eN/R)/A of 0.32+0.14 K (W m™)” in equation (1),
assuming that warming prior to 1951 was negligible. Our present day estimates of the warming response to
cumulative emissions (TCRE), AT/I,,=(a/(Al))(1- gN/R)(1+IUm,/Iem) is 1.52£0.7 K per 1000 PgC, equation (4),
based on estimates for 2011 and using @=5.35Wm™and /z=3500+400 PgC, representing the range of
evaluated model values of /5 (refs 18, 19).

Evaluating the warming response for the coupled atmosphere-ocean-terrestrial system

The anthropogenic cumulative carbon emission into the atmosphere-ocean-terrestrial system, /o, is
estimated as 545+85 PgC in 2011 '® while the cumulative carbon uptake by the terrestrial system is
Ale=150+90 PgC, giving Alte,llem—0.2810.17. This estimate, combined with [y, analysis above, results in a
value for the term (1+1ysu/Lom-AlLe/1n)=2.2£0.6. The warming response to cumulative emissions (TCRE),
AT/, =(al(Mp))(1-e N/R)(1+ysud LAl e/ L), iS 1. 1+0 5K per 1000PgC, equation (5), using estimates for 2011.
Based on a recent model-intercomparison pro;ect 8 of the 11 coupled models of the atmosphere-ocean-
terrestrial system simulate Al/lem values ranging from 0.27 to 0.14 in 2100, a change of only -0.01 to -0.14
from the present-day best estimate of 0.28+0.17. This reduction in Aly,/l., leads to the TCRE for an
atmosphere-ocean-terrestrial system to change by +10% to -21% from 2011 to 2100, based upon combining
with GENIE values in equation (5).

GENIE model formulation and analysis of output

The GENIE Earth System model®**®is configured as a coarse-resolution atmosphere-ocean system,
containing coupled circulation and b|ogeochem|stry with 16 ocean layers and 36x36 equal-area grid
elements over the globe. This version of GENIE®® includes climate feedbacks, in which increased CO; is
allowed to heat the system, but with sediment interactions disabled. An additional model integration is
included without climate feedbacks in order to diagnose their effect. Both model configurations are forced to
reproduce historical CO, concentrations to 2010 and then forced until 2100, either with Representative



Concentration Pathways® or SRES emissions®®. The model integrations forced by SRES emissions are
continued to year 5000 with the annual emission rate reduced to zero between 2100 and 2150.

In the GENIE model, the climate sensitivity ATis0.78 K(Wm'z)'1, Ig is 3500PgC, and a slightly larger value of
a=5.77TWm?is employed. The efficacy of ocean heat uptake, ¢, is diagnosed from knowing R(t), N(t) and
AT(t) in equation (1); in our theoretical analysis of GENIE output we apply the average GENIE value over six
emission scenarios® for the 21% century of e=1.071+0.008, although other climate models'"?"?® reveal larger
values of typically 1.3 to 1.4.

lysa(t) is diagnosed from the model configuration without climate feedbacks, since the derivation of (5)
(Supplementary) assumes constant marine biological drawdown and carbon storage. All other quantities are
diagnosed using the default model configuration including climate feedbacks, in which marine biological
carbon drawdown is allowed to alter. /54 is evaluated from the difference between the preformed and

saturated DIC integrated over the globe, I,, (t)=-VDIC_(¢t)=-V(DIC (¢)-DIC_(t)],where
Usat sat

res pre

DIC () is the preformed DIC and DIC_,(¢)is the saturated DIC with respect to instantaneous

pre

atmospheric CO4(t) and based upon global-mean ocean preformed titration alkalinity, temperature and
salinity; the model includes additional preformed tracers for titration alkalinity and DIC, which are fixed to
their respective tracer values in the surface ocean, but are conserved in the ocean interior. The heat flux, N,
is diagnosed from the rate of change in ocean heat content, based upon the rate of change in global-mean
ocean temperature change multiplied by the global-mean ocean heat capacityg.
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Figure 1. Global surface warming, AT (K), versus cumulative carbon emissions, l.n» (PgC): (a)
Surface warming over the 21 century versus cumulative emissions based on our theory, equation
(4) with inputs from our coupled atmosphere-ocean model of intermediate complexity (GENIE)?
from year 2010 to 2100 for either IPCC concentration pathways® or emission scenarios®; (b) The
discrepancy in surface warming direct from model output of AT and Al.,, minus the theory (a) is
less than 0.2 K; (c) surface warming evaluated after many centuries up to 5000 years (dots) from
our equilibrium theory? (dashed line) and our model output forced by the emission scenarios? (the
theory uses model values of a, A and /g using equation (4) with N=0 and /ys.=0).
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Figure 2. Cumulative carbon emissions, cumulative ocean carbon undersaturation and Aln CO,
over time in our coupled atmosphere-ocean model (GENIE) for six 21% century emission
scenarios®: (a) Cumulative emissions, /sm (1000PgC); (b) Ocean undersaturation, /ys.: (1000PgC),
where lyszt is diagnosed in the model configuration without climate feedbacks permitted; (c) Aln
CO;, calculated from equation (3), assuming no climate feedbacks altering the ocean carbon cycle
(the equivalent radiative heat flux, AInCO,(¢) ranges from +2 to +5 Wm™ at year 5000); (d) The

error in Aln CO, from the model minus the theory, equation (3), for the model configurations
without climate feedbacks (solid lines) and with climate feedbacks (dashed lines), where climate
feedbacks lead to a consistent slight increase in CO,.
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Figure 3. Thermal and carbon response to cumulative carbon emissions over 3000 years for six
emissions scenarios® in our coupled atmosphere-ocean model (marked in box): (a) The sensitivity
of surface warming to radiative forcing diagnosed from theory, AT/R=(1-eN/R)/A, increases over
time (left-hand axis) as the entire ocean approaches a thermal equilibrium and the normalised heat
uptake, N/R , goes to zero (right-hand axis); (b) The sensitivity of radiative forcing to cumulative
emissions diagnosed from theory, R/lem=(a/lg)(1+lysa/lem), decreases over time (left-hand axis) as
the entire ocean approaches a carbon equilibrium and the normalised ocean carbon
undersaturation, /ys./lem, goes to zero (right-hand axis); (c) The surface warming response to
cumulative emissions (TCRE) diagnosed from theory (solid lines), AT/I,,,=(a/(Al))(1-

eN/R)(1 +1yy/L.), decreases only slowly over time due to the competing effects of the ocean
thermal and carbon responses, expressed in (1-eN/R)(1+1ysa/lem) (right-hand axis); (d) The error in
the TCRE from (c)-(a). The model warming response is slightly larger than the theory due to
positive carbon-climate feedbacks in the model, such as ocean solubility-CO, feedback® and
ocean biological feedback to changes in nutrient supply and circulation.
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(a) initial response to carbon emissions on decadal timescales
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(b) upper ocean equilibrates with the atmosphere after decades to centuries
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(c) deep ocean equilibrates with the atmosphere after many centuries
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Figure 4. A schematic depiction of the ocean thermal and carbon response to anthropogenic
carbon emissions (left and right panels): (a) the initial response, then after (b) the upper ocean and
(c) the deep ocean approach an equilibrium with the atmosphere. The ocean is depicted as a two
layer system: warm waters with low dissolved inorganic carbon (DIC) within the thermocline,
overlying high DIC in the cold, deep ocean. Surface waters take up heat and excess CO, from the
atmosphere, then are physically transferred via ventilation pathways (grey arrows, nominally for
the Atlantic). In (a) carbon emissions lead to radiative forcing R inducing surface warming AT and
an ocean heat uptake, N, as well as an ocean uptake of CO,. After several decades in (b), much
of the upper ocean approaches an equilibrium, so that that ocean uptake only continues at high
latitudes. Eventually after many centuries in (c), the deep ocean also approaches an equilibrium,
so that the ocean uptake of heat and CO, then ceases.
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