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Abstract. The Zero Emissions Commitment (ZEC) mea-
sures the transient climate response after carbon emissions
cease, defined by whether there is a continued rise or de-
crease in global surface temperature. This delayed climate
response affects the maximum cumulative carbon emission
to avoid exceeding a warming target. In a set of 9 Earth
system models following an idealised atmospheric CO; sce-
nario with a cumulative emission of 1000 Pg C, the ZEC af-
ter 50 years ranges from —0.3 to 0.28 °C with a model mean
of —0.11°C and standard deviation of 0.19 °C. In order to
understand these different climate responses, a normalised
framework is introduced that quantifies the relative impor-
tance of carbon, radiative and thermal drivers of the ZEC.
Inter-model differences in the ZEC are primarily due to dif-
ferences in the radiative response, planetary heat uptake and
the land carbon sink, with more minor contributions from
differences in the ocean carbon sink and climate feedback.
The ZEC response is controlled by opposing-signed contri-
butions: (i) cooling from a decrease in radiative forcing from
a carbon contribution due to increasing land and ocean car-
bon uptake, versus (ii) surface warming from a thermal con-
tribution involving a decline in the fraction of radiative forc-
ing used for planetary heat uptake plus possible amplification
by climate feedback. The carbon contribution to the ZEC de-
pends on the increase in the ocean carbon sink and whether
the land carbon sink either increases or saturates in time. The
thermal contribution to the ZEC depends upon how radia-
tive forcing is partitioned between planetary heat uptake and
radiative response with the radiative response either declin-

ing in time or remaining constant. These inferences as to the
controls of the ZEC broadly carry over for diagnostics for a
large ensemble, observationally-constrained, efficient Earth
system model using two different emission scenarios to reach
net zero. The large set of ensembles reveal a partial com-
pensation between the changes in landborne and oceanborne
fractions, as well as including ensembles with a greater range
in amplification of warming by climate feedbacks.

1 Introduction

Climate models reveal a near-linear dependence of the global
surface temperature change with cumulative carbon emis-
sions in experiments following idealised CO» experiments
(Matthews et al., 2009; Allen et al., 2009; Zickfeld et al.,
2009; Gillett et al., 2013; Collins et al., 2013). Once carbon
emissions cease, climate models suggest either a slight in-
crease or decrease in surface temperature. This delayed cli-
mate response to past carbon emissions is important for pol-
icy makers as this response affects the maximum amount of
carbon that may be emitted before exceeding a warming tar-
get (Allen et al., 2022; Matthews and Zickfeld, 2012).

These different phases of the climate response to carbon
emissions are represented by two climate metrics. The first
climate metric relevant during emissions, the Transient Cli-
mate Response to Cumulative CO, Emissions (TCRE), mea-
sures the dependence of surface warming to cumulative car-
bon emissions (Matthews et al., 2009; Gillett et al., 2013;
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MacDougall, 2016; Williams et al., 2016; Matthews et al.,
2018; Jones and Friedlingstein, 2020; Williams et al., 2020).
Individual climate models reveal a nearly constant value for
the TCRE over a centennial timescale, although the value of
the TCRE varies between individual climate models (Gillett
etal., 2013; Williams et al., 2017). The second climate metric
relevant after emissions cease, the Zero Emissions Commit-
ment (ZEC), measures the temperature change after the time
of net zero and represents the warming that might be in the
pipeline from past emissions. Most climate models reveal a
slight cooling with a negative ZEC, although some individual
models reveal a slight warming with a positive ZEC (Mac-
Dougall et al., 2020). This ZEC response may also be modi-
fied by the choice in the emission scenario (Sanderson et al.,
2025). There is significant uncertainty as to which processes
control the ZEC and different processes dominate according
to the timescale of interest, ranging from decades to millen-
nia; see the review by Palazzo Corner et al. (2023).

Our aim is to understand the competing effects of thermal,
radiative and carbon processes in controlling the climate re-
sponse post emissions as represented by the ZEC. A frame-
work is introduced that formally compares the relative im-
portance of these thermal, radiative and carbon drivers for the
ZEC (Sect. 2). Without a quantitative measure, only a quali-
tative comparison of thermal and carbon effects can be made,
which is complicated by those variables being measured in
different ways. These drivers for the ZEC are interpreted in
terms of the empirical energy balance at the top of the at-
mosphere, the dependence of the radiative forcing on atmo-
spheric CO, and the global carbon inventory. This frame-
work is applied to diagnostics for a suite of Earth system
models following the Zero Emissions Commitment Model-
Intercomparison Project (ZECMIP) (Jones et al., 2019; Mac-
Dougall et al., 2020), involving a 1 % annual rise in atmo-
spheric CO; (referred to as 1pctCO2) until a particular cumu-
lative carbon emission is reached and then emissions cease
(Sect. 3). These diagnostics are repeated for a large ensemble
of observationally-constrained model projections (Goodwin,
2018; Goodwin et al., 2020) following two different choices
of emission scenarios, either the same annual rise in atmo-
spheric CO, or a constant carbon emission (referred to as
flat10 (Sanderson et al., 2025)) until a maximum cumulative
carbon emission is reached (Sect. 4). Finally, the wider impli-
cations of the study are discussed and summarised (Sect. 5).

2  Theory

Theoretical identities are set out for the two key climate met-
rics, the TCRE and ZEC, defining the climate response dur-
ing emissions and post emissions respectively. The TCRE re-
lationship draws upon prior work, but the application to the
ZEC has not been set out before.
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2.1 Identity for the TCRE

The TCRE measures the dependence of surface warming to
cumulative CO, emissions and is defined by the change in
global-mean, surface air temperature, A7 (¢) in K, relative to
the pre industrial divided by the cumulative carbon emission,
Iem (¢) in EgC, such that

AT (1)
Tem (1)

where A represents the change since the time of the pre in-
dustrial. The TCRE is approximately scenario independent
and depends only on the cumulative carbon emissions.

The TCRE from Eq. (1) may be related to an identity in-
volving the product of two terms, the Transient Climate Re-
sponse (TCR) affected by climate processes and the airborne
fraction affected by the carbon cycle (Matthews et al., 2009;
Solomon et al., 2009; Gillett et al., 2013; MacDougall, 2016;
Jones and Friedlingstein, 2020), such that

TCRE =

, 6]

TerE = ATW _ AT@)  Ala@) ’ o
Iem(t) AIA(Z‘) Iem(t)

TCR  carbon cycle

where the TCR is defined by the ratio of the surface tem-
perature change, AT (¢), and change in the atmospheric car-
bon inventory, A4 (2), and the airborne fraction is defined by
the ratio of the change in the atmospheric carbon inventory,
Al (t), and the cumulative carbon emissions, Iem (¢).

The TCRE can also be equivalently defined by separating
the TCR term in Eq. (2) into a product of two terms, involv-
ing separate thermal and radiative dependencies, such that

AT(t)  AT(1) AF(1) Alz(D)
Iem(t)  AF(@) AIA()  Iem(?)
—_—— ——— ———

thermal radiative carbon cycle

TCRE = 3)

where the thermal dependence is given by the ratio of the
surface temperature change A7 (¢) and the change in the ra-
diative forcing, A F(¢), and the radiative dependence from
the ratio of the change in the radiative forcing, A F(¢), and
the change in the atmospheric carbon inventory, Ala(¢)
(Goodwin et al., 2015; Ehlert et al., 2017; Williams et al.,
2016, 2017; Katavouta et al., 2018). The benefit of this ad-
ditional step is to gain insight into the thermal and radiative
effects on the TCRE, by drawing upon the energy balance at
the top of the atmosphere and the logarithmic dependence of
radiative forcing on atmospheric CO».

2.2 Identities for the ZEC

The ZEC measures the temperature change relative to the pre
industrial, AT (t), minus the temperature change at the time
of net zero, tzg, AT (tzg), and is defined by

ZEC = AT (t) — AT (1z5). 4
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This definition of the ZEC measures the absolute value of
the temperature change and is likely to be sensitive to the
warming level experienced from the emission scenario.
Alternatively, a geometric measure of the ZEC may be em-
ployed, given by the ratio of the temperature change, AT (¢),
and the temperature change at the time of net zero, AT (tzg),
which measures the fractional zero emission commitment,

AT (1)
AT (tz8)

A positive ZEC corresponds to this geometric mea-
sure, AT(t)/AT(tzg) > 1, and a negative ZEC to
AT (t)/ AT (1zg) < 1.

The temperature change, AT (¢), used to define the ZEC
may be related to the cumulative carbon emission, Ien, (¢), by
the product of the thermal, radiative and carbon-cycle contri-
butions,

®

AT(t) AF(t) AIA(1)
AF(t) AIA(t) Tem(?)
so that the geometric ZEC from AT (t)/ AT (tzg) may be ex-

pressed as a product of normalised thermal, radiative and
carbon-cycle contributions,

AT (1) _(AT(t) AT(tZE))

AT (@) = Lem (1), (6)

AT(1zg)  \AF ()" AF(izg)
thermal
.(AF(I)/AF(tZE)>< AIp(L) > 7
Alp(t)" Ala(ize) ) \ Ala(izE)
radiative carbon cycle

The dependence of the emissions is removed after the time
of net zero as I.n, (¢) is taken to be fixed for ¢ > tzg.

Our aim is gain insight into the controls of the ZEC and in-
terpret the continued warming or cooling response in terms
of its normalised thermal, radiative and carbon-cycle con-
tributions. Next consider the thermal, radiative and carbon-
cycle terms in Eq. (7) that determine the ZEC response.

2.2.1 Thermal contribution

The thermal contribution may be understood in terms of the
energy balance at the top of the atmosphere, where the plan-
etary heat flux into the climate system, AN, balances the
sum of the radiative forcing into the climate system, AF,
and the radiative response, AR (Gregory et al., 2004; Knutti
and Hegerl, 2008; Andrews et al., 2012; Forster et al., 2013),

AN(t) =AF()+ AR(1), ®)

where AF(t) and AR(¢) are defined as positive when sup-
plying energy into the climate system.

The radiative response is parameterised in terms of the
product of the climate feedback parameter, A(t), and the
change in global mean, surface air temperature, AT (¢),

AN(1) = AF () + A AT(1). )
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The dependence of surface temperature on radiative forc-
ing, AT (t)/ AF(t),in Eq. (7) is then directly connected from
Eq. (9) to the product of the inverse of the climate feedback,
A()~!, and the planetary heat uptake divided by the radiative
forcing, AN(t)/AF(t),

AT() _ 1 ARW _ 1 (/ AN®
AF(t) M0 AF() _%( N AF(r))’

where (1 — AN(t)/AF (t)) represents the fraction of the ra-
diative forcing that escapes back to space, rather than being
used for planetary heat uptake.

(10)

2.2.2 Radiative contribution

The radiative forcing, AF (¢), may be separated into a CO;
radiative forcing contribution, A Fco, (¢), and a non-CO, ra-
diative forcing contribution, A Fyonco, (1), including the con-
tribution of other greenhouse gases and aerosols,

AF (1) = AFco,(t) + A Fronco, ()
= AFco, (1) (1 + AFnonco, (1)/ AFco, (1)) . (11)
The CO; radiative forcing contribution, A Fco,(t), may be

related to the change in the logarithm of atmospheric CO»
relative to the pre industrial,

AFco,(t) =aAInCO,(1)

=a(InCOy(t) —InCO, (1)), 12)
where « is a radiative forcing coefficient in W m~2 (that is
model dependent) and ¢, is the time of the pre-industrial. The
change in the logarithm is equivalent to the fractional change,
dIlnx = 6x/x, so that Eq. (12) may be written as
ACO»(1) YING)
CO2() INOE
where I(?) is the atmospheric inventory of carbon dioxide
(defined by the product of the molar mass of the atmosphere
and the mixing ratio of atmospheric CO»).

The ratio of the change in the radiative forcing from at-
mospheric CO; and atmospheric carbon is then given from
Eq. (13) by
AFco,(t)  a

AIA()  Ia(®)’
and the normalised radiative contribution from CO; to the
ZEC in Eq. (7) is given by
AFco,(t) ,AFco,(tze)  Ia(izg)

Al@) ~ Ala(1zE) INGE
and if there are non-CO, radiative contributions, then the
normalised radiative contribution to the ZEC is then
AF@t) AF(1zg)  Ia(tze)

AIA(1)" Ala(tze)  1a(D)
(1 + AFnonCOZ (t)/AFCOQ (t))

. . 16
(14 AFnonco, (iz)/ A Fco, (1zE)) (10

AFco,(t)=a (13)

a

(14)

5)
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2.2.3 Carbon-cycle contribution

The change in atmospheric carbon inventory, Ala(?), is re-
lated to the carbon budget involving the cumulative carbon
emission, lem(¢), and the changes in the land and ocean car-
bon inventories, Al (t) and Alp(t),

AIA(t) = Iem (1) — AIL(7) — Alo(t). a7

This response can be expressed in terms of the airborne frac-
tion, AIa(t)/Iem(t), varying with the landborne and ocean-
borne fractions, Al (t)/Iem(t) and Alo(t)/Iem(t) respec-
tively (Jones et al., 2013),

Ala() _ - AL@)  Alo(r)
Iem(®)  Lem(®)  Iem(@)

2.2.4 Mechanistic insight from the ZEC identity

(18)

The ZEC response may be affected by a wide range of ther-
mal, radiative and carbon processes, so that isolating their
causal effect and comparing their relative importance is chal-
lenging to achieve. The benefit of the geometric ZEC and
the normalised framework is that there is a direct link to the
thermal, radiative and carbon processes, which is achieved by
utilising the top of the atmosphere energy balance (Eq. 9) and
the radiative dependence (Eq. 13), so that combining Eq. (7)
with Eqgs. (10) and (16) leads to

AT _ (}\(l‘ZE) (1 _ AN(l‘))/(l _ ANO‘ZE)))
AT (tzg) A1) AF (1) AF(1zg)
thermal

In(tze) (1 + AFnonco, 1)/ AFco, 1))
IA(1) (14 AFnonco, (tze)/ AFco, (1z8))

radiative

AVING))
. 19
(AIA(IZE)> (19)
S —

carbon cycle

Hence, whether there is continued warming, with a positive
ZEC and AT (t)/AT(tzg) > 1, or cooling, with a negative
ZEC and AT (t)/AT (tzg) < 1, depends on the time evolu-
tion of the products of:

1. the thermal contribution involving the climate feedback,
A(1), and the dependence of the planetary heat uptake on
the radiative forcing, AN (t)/AF(t);

2. the radiative contribution involving the atmospheric
carbon inventory, [Ia(t), and the ratio of non-
CO; radiative forcing and CO, radiative forcing,
AFnonCOg (l)/AFcoz (¢); and

3. the change in atmospheric carbon, AIa(t), which via
the carbon budget (Eq. 17) is related to the cumulative
carbon emissions, em (¢), minus the increase in land and
ocean carbon inventories, Al (1) + Alp(t).

Biogeosciences, 22, 7167-7186, 2025
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For idealised experiments with only forcing from atmo-
spheric CO», the normalised framework connecting to the
geometric ZEC (Eq. 19) simplifies with the normalised radia-
tive contribution given by the ratio of the atmospheric carbon
inventory, I (tzg)/Ia(t), so that

AT _ <)»(TZE) (1 _ AN(T)>/(1 _ ANUZE)))
AT (1z8) A1) AF(1) AF(tzE)
thermal
.(IA(fZE))< AIA(1) ) (20)
Ia(t) Alp(1zE)
—_—

radiative

carbon cycle

This relationship for the geometric ZEC, AT (¢)/AT (tzg),
can be used to (i) provide mechanistic insight as to the drivers
of the temperature change after net zero and (ii) explain inter-
model differences in the response of Earth system models
after net zero.

2.3 Analyses of ZECMIP responses
2.4 Core experiments

The responses of 9 full Earth system models are analysed
following the ZECMIP protocols (Jones et al., 2019; Mac-
Dougall et al., 2020), involving an annual 1 % rise in atmo-
spheric CO; until a cumulative carbon emission of 1000 Pg C
is reached and then there is no further carbon emission
(Fig. 1a). A single realisation is analysed for each model.

Under the ZECMIP protocol, each individual model exper-
iment branches at the time of net zero, one branch continuing
with the 1 % rise in atmospheric CO, and the other branch
continuing with no further emissions. The time of net zero as
defined by the branch point varies from 61 to 71 years across
the set of Earth system models (MacDougall et al., 2020).

Prior to net zero, the global-mean surface temperature in-
creases nearly linearly with the rise in cumulative carbon
emissions (Fig. 1b). There is a nearly constant slope of the
temperature change versus cumulative carbon emissions up
until the maximum emission, which defines the climate met-
ric, the TCRE (Fig. 1c¢).

After net zero, there are a range of temperature responses
from a slight cooling to a slight continued warming (Fig. 1b),
where the temperature change relative to the temperature at
net zero defines the ZEC. The continued temperature change
is also evident in the positive and negative excursions in tem-
perature at the maximum carbon emissions in Fig. Ic.

The temperature response after net zero is interpreted in
terms of a geometric ZEC involving the continuing temper-
ature change, AT (t), divided by the temperature change at
net zero, AT (#zg). This estimate of the temperature change
at net zero is performed using a 20 year averaging window
around the time of net zero to reduce the effect of interannual
variability. The averaging is performed on the 1 % branch ex-
periment that always includes carbon emissions with an ap-
proximately linear rise in temperature, rather than combining

https://doi.org/10.5194/bg-22-7167-2025
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(a) Cumulative carbon emissions 2.4.1 Changes in carbon inventories

1000 | B —

800 The carbon emissions lead to an increase in the atmospheric,
gm 00 | ] ocean and carbon inventories: a temporary increase in the
e ACCESS ESM1.5 MIROC-ES2L atmospheric carbon inventory (with a model mean and inter-
—2 400 CanESM5 ——— MPI-ESM1-2-LR| | o

CESM2 NorESM2-LM model standard deviation) of 488 33 PgC at years 55-75
E— - - ——— UKESM1-0-LL | ] . .
200 Ao modol mean and the remainder taken up by the land and ocean invento-
0 ‘ ; ‘ : : : ries, 253+53 and 207+£26 Pg C respectively (Fig. 2a—c). Post
0 20 40 60 80 100 120 160 o K A
time (year) emissions, the cumulative carbon emission of 1006+31PgC

is more equally partitioned between the atmosphere, land and
ocean, each holding 34 %, 35 % and 31 % respectively of the
emitted carbon at years 140-160 (typically years 70 to 90
after net zero).

s (b) Surface air temperature change

T T T

2.4.2 Changes in radiative response and planetary heat
uptake

80 100
time (year)

120 140 160

The changes in atmospheric carbon dioxide drive the changes
in radiative forcing, reaching a maximum radiative forc-
2l I ing of 3.140.2Wm™? either at or within a year of the
’ time of net zero (Fig. 2d). Most of the radiative forcing
is returned to space with the radiative response reaching
—2.040.5W m~2 and a smaller planetary heat uptake reach-
1 ingl.1£0.6 W m~2 (Fig. 2e, f). Post emissions, the radiative
1 forcing reduces to 2.440.3 Wm™? at years 140-160 with
the radiative response only slightly decreasing in magnitude
to —1.9 0.4 W m™2 and the planetary heat uptake reducing
further to 0.5 +£0.5Wm™2,

Hence, the temperature response up to and after net zero
involves changes in atmospheric carbon due to the land and
ocean carbon uptake, and the resulting radiative forcing is
either returned to space or used to warm the planet. The goal
now is to draw upon the identity for the geometric ZEC in
order to compare the effect of changes in the carbon sinks,
radiative response and planetary heat uptake.

(c) Temperature dependence on cumulative carbon emissions
3 . : ‘ : : . . : : .

200

300 400 500 600

lom (PIC)

700 800 900 1000 1100

Figure 1. Diagnostics of the climate response for a 1pctCO2 exper-
iment with an annual 1 % increase in atmospheric CO, until the cu-
mulative carbon emission reaches 1000 Pg C from ZECMIP (Jones
et al., 2019): (a) cumulative carbon emission, ey () in PgC, versus
time in years; (b) change in global-mean surface air temperature
relative to the pre industrial, AT (¢) in K, versus time; and (c) the
change in surface air temperature versus cumulative carbon emis-
sions. The two key climate metrics are defined by these relation-
ships, the TCRE defined by the slope in (¢) and the ZEC defined by
the temperature change in (b) relative to the time of net zero or by
the vertical excursions in (¢) after the maximum cumulative carbon
emission is reached. The plot includes smoothing of temperature
with a 10 year running mean.

2.5 Controls of the ZEC

The ZEC measures the temperature change after net zero.
The timing of net zero varies from years 61 to 71 in the set of
models and, in our subsequent analysis, we choose to align
their time series so that the timing of net zero coincides. The
ZEC, defined by AT (t) — AT (tzg), reaches —0.04 £ 0.14 K
for year 25, and —0.11£0.19 and —0.12+0.25K for
years 50 and 90 after net zero (Fig. 3a, b; Tables 1a and Al
for individual models) (MacDougall et al., 2020).
Alternatively, the geometric ZEC, given by the ratio of the
temperature change relative to the pre industrial, AT (¢), and

a forced response up to net zero and an unforced response af-
ter net zero; this choice follows MacDougall et al. (2020) to
avoid a possible bias in the estimate of the temperature at net
zero, AT (tzg). This averaging approach is applied for all the
variables evaluated at net zero in our normalised framework.

The temperature response after emissions defining the

ZEC involves a variety of competing drivers (Fig. 2a—f) in-
volving changes in carbon inventories, radiative forcing, ra-

di

ative response and planetary heat uptake. These changes

are next described and our framework applied to quantify the

Ie

lative importance of these competing drivers.

https://doi.org/10.5194/bg-22-7167-2025

the change for net zero, AT (tzg), varies from 0.97 +0.09
for year 25 to 0.93 £0.11 and 0.92 £ 0.14 respectively for
years 50 and 90 after net zero (Fig. 3c; Table 1a). The model-
mean changes in the geometric ZEC are relatively small, ac-
counting for a temperature anomaly decrease of only 8 %
after net zero. However, the individual model responses are

Biogeosciences, 22, 7167-7186, 2025
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(a) Atmospheric carbon change
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. (d) Radiative forcing
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<
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time (year)
(e) Radiative response to space
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(f) Planetary heat uptake
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Figure 2. Climate response during emissions and post emissions versus time (year) since the pre industrial for the 9 Earth system models:
changes in (a) atmospheric carbon inventory, Al (PgC); (b) land carbon inventory, Al (PgC); (¢) ocean carbon inventory, Alp (PgC);
(d) radiative forcing supplying heat to the climate system, F (W m~2); (e) radiative response representing a heat loss to space, —AR
(Wm™2); and (f) planetary heat uptake, AN (W m~2), positive representing a gain in heat. The plot includes smoothing of planetary heat

uptake with a 10 year running mean.

much larger, reaching 20 % changes after net zero; as previ-
ously highlighted by MacDougall et al. (2020).

The ZEC response is made up of competing responses that
are quantified in the normalised framework (Eq. 19): (i) the
normalised thermal contribution, AT (t)/AF (t), is large and
positive, reaching 1.22+£0.11 and 1.334+0.15 for 50 and
90 years after net zero respectively (Fig. 3d; Table 1b); and
(i) the normalised radiative contribution, AF (t)/AIa(2), is
relatively small, only reaching 1.09 £0.02 and 1.11 +0.02
after 50 and 90 years respectively (Fig. 3e); and (iii) the nor-
malised carbon contribution, Al (?), is large and negative,
reaching 0.69 4 0.05 and 0.62 £ 0.06 after 50 and 90 years
respectively (Fig. 3f; Table 1b). Hence, the geometric ZEC
is primarily determined by a competition between the nor-

Biogeosciences, 22, 7167-7186, 2025

malised thermal and carbon contributions; these contribu-
tions are discussed in more detail in the next subsections.

For individual models, there are some large variations,
with the normalised thermal contribution exceeding a 30 %
increase for CESM2, CNRM-ESM?2 and UKESMI1, and the
normalised carbon contribution reaching a 30 % decrease
for CanESMS5, CESM2, CNRM-ESM?2, GFDL-ESM2, and
NorESM2 (Fig. 4, red and green lines; Table Al).

The resulting geometric ZEC response involves a competi-
tion between these normalised thermal and carbon contribu-
tions. For example, the positive ZEC response for UKESM1
is due to a strong thermal contribution and only a moder-
ate opposing carbon contribution, while the positive ZEC re-
sponse for CNRM-ESM?2 involves a very strong thermal con-
tribution and an opposing strong carbon contribution. Mean-

https://doi.org/10.5194/bg-22-7167-2025
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Table 1. Statistics for the model-mean climate response and the inter-model spread for time relative to net zero (¢/, year): (a) Zero Emission
Commitment (ZEC), AT (1) —AT (tzg) and the geometric ZEC, AT (¢) /AT (tzg), where A is the change since the pre-industrial era and Arzg
is the temperature change at the time of net zero; (b) normalised contributions to the ZEC, AT /AF is the thermal contribution, AF /Al is
the radiative contribution and A/ is the atmospheric carbon contribution; (¢) normalised contributions to the thermal contribution, AR/AF
is the fraction of radiative forcing escaping to space and A~ L is the inverse of the climate feedback parameter; (d) Changes in the airborne,
landborne and oceanborne fractions, Al /lem, Al /lem and Alg/lem. Model mean X, inter-model standard deviation oy and coefficient
of variation oy /X are provided for the 9 CMIP6 models. For rows (b) to (d), the terms with a large normalised spread are underlined.

time after net zero ¢’ 25 years 50 years 90 years
(a) ZEC AT (t) — AT (tzg) (K)

Xt oy —0.04+£0.14 —-0.11+£0.19 —0.12+£0.25
geometric ZEC AT (t)/AT (tzg)

X toy 0.97 +£0.09 0.93+0.11 0.924+0.14
ox/x 0.09 0.12 0.15

(b) normalised contributions to the ZEC

thermal contribution normalised AT (¢)/AF(t)

X toy 1.16 £0.09 1.22+0.11 1.331+0.15
oy /X 0.08 0.09 0.11
radiative contribution normalised AF (¢t)/AIx(t)

X toy 1.06 £0.01 1.09£0.02 1.114+0.02
ox/x 0.01 0.01 0.02
atmospheric carbon contribution normalised A7 (1)

X toy 0.79+0.04 0.69 +0.05 0.62+0.06
ox/x 0.05 0.07 0.09

(c¢) normalised contributions to AT (¢)/AF(t)

fraction of radiative forcing returned to space normalised AR(t)/AF(t)

X £ oy 1.20£0.08 1.25+£0.11 1.30£0.16
ox /X 0.07 0.09 0.12
inverse climate feedback normalised )L(t)f1

X oy 0.96 £0.04 0.98+£0.06 1.02£0.05
ox/x 0.04 0.06 0.04

(d) carbon changes

time after net zero t' 0 years 25 years 50 years 90 years
airborne fraction AIp(t)/lem(tzE)

X toy 0.524+0.03 0.434+0.04 0.38 £0.05 0.344+0.05
ox/x 0.06 0.10 0.12 0.14
landborne fraction Al (t)/lem(tZE)

X toy 0.26 £0.04 0.324+0.06 0.344+0.07 0.354+0.08
oy /X 0.17 0.20 0.21 021
oceanborne fraction Alo(t)/lem(tzE)

X toy 0.224+0.03 0.254+0.03 0.28 £0.04 0.314+0.04
ox/x 0.12 0.13 0.13 0.14

while the negative ZEC response for NorESM2 is due to a
relatively modest thermal contributions and relatively strong
opposing carbon contributions.

The inter-model spread of the geometric ZEC, measured
by the coefficient of variation, reaches 0.12 for 50 years after
net zero and is made up of contributions of 0.09 for the ther-
mal contribution, 0.01 for the radiative contribution and 0.07
for the carbon contribution (Table 1). Hence, the thermal con-
tribution is the most important contributor to the inter-model

https://doi.org/10.5194/bg-22-7167-2025

spread in the geometric ZEC, closely followed by the carbon
contribution and the radiative contribution is least important.

The normalised contributions to ZEC from the thermal, ra-
diative and carbon responses can also be analysed to quantify
the contribution of each term to the spread across models. By
varying just one input term in Table A1, the thermal and car-
bon terms can explain 58 % and 40 % respectively of the vari-
ance in ZEC, whereas the radiative term explains only 2 %
of the variance. This analysis confirms that both the model

Biogeosciences, 22, 7167-7186, 2025
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(d) normalised thermal dependence, AT/AF
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Figure 3. Temporal evolution of the temperature response, the ZEC and its components after net zero when emissions cease: (a) the surface
temperature change, AT (¢') in K, after net zero is reached (year); (b) the ZEC, surface temperature change, AT (') — AT (Z’ZE) in K, after net
zero is reached (year); (¢) the geometric ZEC, AT (t')/ AT(téE), a value greater than 1 defines a positive ZEC and a value less than 1 defines
a negative ZEC; (d) the thermal contribution from the normalised dependence of surface temperature on radiative forcing, AT (t')/AF(t');
(e) the radiative contribution from the normalised dependence of radiative forcing on atmospheric carbon, AF (t')/ Al (t'); (f) the carbon
contribution from the normalised atmospheric carbon, AT (¢t'). The time series for each individual model is aligned so that the timing of net
zero coincides. The normalisation is taken from the average value of the variable over a 20 year period centered on net zero based on the
linear response of the 1 pct continually-forced experiment. The plot includes smoothing of temperature with a 10 year running mean.

spread in thermal response and the model spread in carbon
sink both contribute significantly to the spread in ZEC, and
both remain high priority research areas to understand in or-
der to reduce uncertainties in ZEC.

These competing carbon and thermal contributions for the
ZEC are next addressed in more detail in terms of their own
dependencies.

Biogeosciences, 22, 7167-7186, 2025

2.6 Carbon contribution to the ZEC response

The carbon contribution to the geometric ZEC response in-
volves a normalised decrease in the atmospheric carbon in-
ventory, Ala(t), which is achieved by an increase in both
land and ocean carbon inventories.

In order to compare these different carbon sinks, the car-
bon changes of each inventory are henceforth normalised by
the same cumulative carbon emission at net zero, as given by
the airborne, landborne and oceanborne fractions. Each of

https://doi.org/10.5194/bg-22-7167-2025
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normalisation as in Fig. 3.

these fractions are evaluated at a particular time using a 20
year time window centered on that time. The airborne frac-
tion, Ala(t)/Iem(fzE), 1s @ maximum at net zero and then
declines in time for all models (Fig. 5, black line) due to the
increase in the landborne and oceanborne fractions (Fig. 5,
green and blue lines). The airborne fraction is 0.52 £0.03
at net zero and decreases to 0.38 +0.05 and 0.34 +0.05 at
years 50 and 90 after net zero (Table 1d). The landborne frac-
tion, ATy (t)/Iem(tzE), increases from 0.26 £0.04 at net zero
reaching 0.3440.07 and 0.35+0.08 for 50 and 90 years later
respectively; and the oceanborne fraction, Alg(t)/lem(fzE)
increases from 0.22 £ 0.03 at net zero reaching 0.28 £ 0.04

https://doi.org/10.5194/bg-22-7167-2025

and 0.31 +0.04 for 50 and 90 years later. Hence, initially af-
ter net zero, the carbon uptake by the terrestrial system dom-
inates over that by the ocean for most models, but they be-
come comparable to each other by 90 years.

The landborne fraction is much larger than the oceanborne
fractions for CanESM5, CNRM-ESM?2 and GFDL-ESM?2,
while the landborne and oceanborne fractions are compara-
ble for UKESM1 and the landborne fraction is much smaller
than the oceanborne fraction for ACCESS-ESM1.5 (Fig. 5;
Table Al).

These different relative strengths of the land and ocean
carbon sinks are likely due to structural differences in the

Biogeosciences, 22, 7167-7186, 2025
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Figure 5. Temporal evolution of cumulative airborne fraction, Al (t") (black), landborne fraction Al () (green) and oceanborne fraction
Alo(t") (blue) for time (year) relative to net zero for 9 different Earth system models.

land carbon model, which contributes a much greater model
spread than the ocean response (Jones and Friedlingstein,
2020). The three models with higher landborne fractions may
be overestimating the possible land carbon sink as they ne-
glect the role of nutrient limitations, while the other mod-
els include land nitrogen cycling and limitation of carbon al-
location. Models without an explicit terrestrial nitrogen cy-
cle can project unrealistic land carbon sinks which could not
be supported by available nutrients (Zaehle et al., 2015). In
particular, Ziehn et al. (2021) showed explicitly for the AC-
CESS model, the important role of nutrients — both nitrogen
and phosphorus - in reducing land carbon sinks. Arora et al.
(2020) showed this inclusion or absence of nutrient limitation
to be the largest systematic difference in the carbon response
of CMIP6 Earth system models, with a distinct split in the
land carbon response to climate and CO; between models

Biogeosciences, 22, 7167-7186, 2025

with and without a nitrogen cycle. Consequently, the inclu-
sion of nitrogen limitation on land acts to reduce the increase
in the projected land carbon sink and so acts to increase the
resulting ZEC.

The inter-model spread is much larger for the landborne
fraction than the oceanborne fraction with coefficients of
variation of 0.21 and 0.13 respectively after 50 years (Ta-
ble 1d). These inter-model differences in the landborne and
oceanborne fractions are partly compensating, since both co-
efficients of variation are larger than that for the airborne
fraction reaching 0.12.

In common with the analysis of Jones and Friedlingstein
(2020), by varying just one model input term at a time in Ta-
ble Al, the land carbon sink is again found to dominate the
spread in the carbon sink contribution to ZEC, accounting for
78 % of the variance in the carbon sink compared with the

https://doi.org/10.5194/bg-22-7167-2025
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ocean sink explaining 22 % of the variance at 50 years after
net zero. The magnitude of land and ocean sinks are simi-
lar on this timescale, but the model spread is greater for the
land sink. On longer timescales beyond a century, we expect
the land carbon sink to saturate more rapidly and the ocean
carbon sink to play a progressively more important role.

2.7 Thermal contribution to the ZEC response

The thermal contribution to the ZEC may be understood in
terms of the top of the atmosphere energy balance (Eq. 8).
The radiative forcing, A F(t), peaks close to the time of net
zero and then declines for each model (Fig. 6, black line).

The radiative response, AR(t), is negative and so repre-
sents the part of the radiative forcing that is returned to space.
The radiative response varies between models, most involve
a peak in magnitude at the time of net zero and then a slight
decline in magnitude (such as CESM2 and NorESM2-LM),
while in some models (such as CNRM-ESM2 and UKESM1)
the radiative response remains relatively constant in time
(Fig. 6, red line). The planetary heat uptake, AN (), repre-
sents the mismatch between the radiative forcing and radia-
tive response. The planetary heat uptake is a maximum at the
time of net zero and declines in time for all models (Fig. 6,
blue line). For these thermal quantities there is significant in-
terannual variability.

The thermal contribution to the geometric ZEC response,
the normalised AT (¢)/AF(t), may be derived from the top
of the atmosphere energy balance (Eq. 9). This thermal con-
tribution increases after net zero (Fig. 7, black line) and is
made up itself by the product of contributions from the frac-
tion of the radiative forcing escaping to space, the normalised
AR(t)/AF(t), and the inverse of the climate feedback pa-
rameter, the normalised A(¢) ! (Fig. 7, blue and red lines
respectively).

The normalised fraction of the radiative forcing escaping
to space, AR(t)/AF(t), increases after net zero and reaches
1.2540.11 and 1.30£0.16 for 50 and 90 years later respec-
tively (Fig. 7, blue line; Table 1c). The normalised inverse of
the climate feedback parameter, 1)L, is close to 1, reach-
ing 0.98 £0.06 and 1.02 £ 0.05 for 50 and 90 years later re-
spectively. Thus, the dominant contribution to the increase
in the thermal contribution to the geometric ZEC response is
from an increase in the fraction of the radiative forcing escap-
ing to space, which is equivalent to a decrease in the fraction
of radiative forcing used to increase planetary heat.

For most individual models, the thermal contribution to the
ZEC response, the normalised AT (¢#)/AF (t), is broadly the
same as the fraction of radiative forcing escaping to space,
AR(t)/AF(t) (Fig. 7, blue line; Table Al). However, there
is an enhancement of the thermal contribution from the in-
crease in the radiative forcing escaping to space by a time-
varying amplification from the climate feedback parameter
for UKESMI1 and for the latter parts of the temporal record
for GFDL-ESM2 and NorESM2-LM (Fig. 7, red line).
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Inter-model differences in the thermal contribution are
dominated by differences in the fraction of radiative forcing
returned to space, rather than from differences in the inverse
of the climate feedback parameter, since their coefficients of
variation are 0.09 and 0.06 respectively after 50 years (Ta-
ble 1c). In addition, by varying just one model input at a
time in Table A1, the fraction of radiative forcing returning
to space explains 67 % of the variance in the thermal contri-
bution to the ZEC compared with 33 % from the variance in
the inverse climate feedback parameter.

3 Analyses of a large ensemble of an efficient Earth
system model

The ZEC diagnostics are repeated for a large ensemble of
an efficient Earth system model (WASP) (Goodwin, 2016).
This larger set of model ensembles more fully span parame-
ter space than the set of 9 full Earth system models making
up ZECMIP.

3.1 Large ensembles of the efficient Earth system
model

The efficient Earth system model (WASP) includes air-sea
exchange of CO, with a full carbonate chemistry solver for
the surface ocean (Follows et al., 2006). Sub-surface ocean
boxes then exchange carbon with the surface ocean with each
sub-surface box having an e-folding timescale prescribed
over which the sub-surface box becomes chemically equi-
librated with the surface ocean. The land carbon cycle in
WASP is separated into a vegetation carbon pool and a soil
carbon pool. The net primary production removes carbon
from the atmosphere into the vegetation pool. Net primary
production is dependent upon atmospheric CO; via a loga-
rithmic relationship using a CO,-fertilisation coefficient, and
net primary production is sensitive to global mean temper-
ature via a net primary production-temperature coefficient.
The carbon flux from the vegetation to soil carbon pools is
via leaf litter, which is only dependent upon the size of the
vegetation pool. The soil carbon pool returns carbon to the
atmosphere with an e-folding timescale, which is tempera-
ture dependent via a third coefficient. WASP includes time-
varying climate feedbacks, to represent time-varying changes
in the pattern effect (Goodwin, 2018; Goodwin et al., 2020).

In these experiments, 10 million prior simulations are in-
tegrated using historical forcing and following the SSP245
experiment from year 2014 with varied model parameters
(Table S1; (Goodwin, 2021; Goodwin and Cael, 2021)). In
an initial prior ensemble the coefficients are varied indepen-
dently. This prior ensemble is historically forced and com-
pared to observational reconstructions. Only ensemble mem-
bers with land and ocean carbon uptake that are in accord
with historic observational reconstructions are retained in the
final WASP ensemble (< 1 % of prior ensemble members).

Biogeosciences, 22, 7167-7186, 2025
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Of these simulations, 1138 posterior solutions are identified
that satisfy observable quantities (Goodwin, 2018).

These 1138 posterior ensemble members are then inte-
grated forward following two different experiments: (i) an
annual 1% increase in atmospheric CO, with emissions
ceasing at 1000 Pg C (referred to as the 1pctCO2 case as for
ZECMIP) or (ii) a constant emission rate of 10 PgC yr_1 for
100 years until there is 1000 Pg C emitted (referred to as the
flat10 case) (Sanderson et al., 2025). This comparison is in-
cluded as flat10 is a scenario choice for CMIP7 and has the
benefit of a more constant forcing regime.

In the 10 million historically forced prior simulations used
to determine observational consistency the WASP model
simulations include an imposed internal variability (Good-
win, 2018). This internal variability is turned off when the

Biogeosciences, 22, 7167-7186, 2025

posterior simulations are then forced with idealised experi-
ments.

3.2 ZEC responses for the large ensemble model

The ZEC responses reveal a slight decrease in surface tem-
perature after net zero for the median of the ensembles for
both the 1pctCO2 and flat10 experiments (Fig. 8a, b, blue
line).

For the 1pctCO2 experiment, the median ZEC and the 5 %
to 95 % ensemble range in brackets are —0.10K (—0.47 to
0.43 K) after 50 years, increasing in magnitude to —0.09 K
(—0.56 to 0.82 K) after 100 years (Fig. 8a; Table S2). There
is close agreement in these ZEC estimates with the ZECMIP
model mean of —0.10K at 50 years (Table 1) and the
ZECMIP range is comparable to the 1 standard deviation

https://doi.org/10.5194/bg-22-7167-2025
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range from WASP (Fig. 8, orange line and dark blue shad-
ing).

For the flat10 experiment, the median ZEC and the 5 %
to 95% ensemble range in brackets are slightly smaller:
—0.06 K (—0.25 to 0.41K) after 50 years, increasing in
magnitude to —0.07K (—0.31 to 0.73K) after 100 years
and further to —0.19K (—0.46 to 1.02K) after 400 years
(Fig. 8b, Table S3). This slightly smaller magnitude response
for flat10 is due to there being a stronger radiative forcing for
the 1pctCO2 case as the forcing is more exponential.

There is some slight curvature in the ZEC responses be-
tween the 1pctCO2 and flat10 experiments with a greater
range for the 1pctCO2 ensembles (Fig. &c).

The changes in carbon inventories, radiative forcing, ra-
diative feedback and planetary heat uptake (Figs. S1, S2; Ta-
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bles S2 and S3) vary in a broadly similar manner as for the
ZECMIP diagnostics over 100 years (Figs. 1 and 2), although
include a much greater ensemble spread and extend for much
longer to 400 years.

3.3 Geometric ZEC and normalised contributions

The geometric ZEC from Eq. (5) slightly decreases after net
zero for the ensemble median to 0.92, 0.92 and 0.82 for
years 50, 100 and 400 for the 1pctCO2 experiment, and 0.95,
0.94 and 0.83 for years 50, 100 and 400 after net zero for the
flat10 experiment (Tables S2 and S3). There is a wide inter-
ensemble spread with the geometric ZEC varying from 0.57
to 1.70 for 1pctCO2 and 0.71 to 1.50 for flat10 at year 100 in-
cluding a tail of ensembles with much higher geometric ZEC
(Fig. 9a).

Biogeosciences, 22, 7167-7186, 2025
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For each ensemble, the geometric ZEC value (Fig. 9a)
equates to the product of the ensemble values for each of
the ZEC contributions (Fig. 9b—d). The thermal contribution
to the geometric ZEC, the normalised AT /AF, increases in
time for all ensembles to a median of 1.37 (5% and 95 %
range of 0.92 to 2.18) for 1pctCO2 and 1.24 (5 % and 95 %
range of 0.97 to 1.75) for flat10 after 100 years (Fig. 9b). The
radiative contribution to the geometric ZEC, the normalised
AF/Alp, only slightly increases in time for all ensembles
to 1.07 (1.04 to 1.09) after 100 years (Fig. 9¢). The carbon
contribution to the geometric ZEC given by the normalised
change in atmospheric carbon, A/, decreases for all ensem-
bles to 0.71 (0.67 to 0.86) after 100 years (Fig. 9d).

The thermal contribution to the geometric ZEC, the nor-
malised AT (t)/AF(t) and its contributions, reveals simi-
lar changes as for median ensemble response as in ZECMIP
(Fig. 10a, b, full lines): there is a strengthening in the nor-
malised AT (¢)/AF(t) in time, which is primarily due to the
strengthening in the normalised fraction of radiative forc-
ing returned to space, | — AN(¢t)/AF(¢t) augmented by a
strengthening in the normalised inverse climate feedback,
OB

This contribution is made up of the product of two terms,
the normalised radiative response divided by the radiative
forcing, the normalised AR(¢')/AF ('), and the normalised
inverse of the climate feedback parameter, the normalised
(")~ L. There is a consistent increase in the fraction of the
radiative forcing returned to space or equivalently a decrease
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in the fraction of radiative forcing used for planetary heat
uptake with a relatively tight ensemble spread and the me-
dian increasing to 1.16 (5% and 95 % range of 0.98 and
1.33) for 1pctCO2 and 1.12 (1.00 and 1.19) for flat10 af-
ter 100 years (Fig. 10a, b, blue line and shading; Tables S2
and S3). The normalised inverse of the climate feedback pa-
rameter only slightly increases in time for the median to 1.19
and 1.10 after 100 years for 1pctCO2 and flat10 respectively
(Fig. 10a, b, orange line and pale shading), but with a wide,
asymmetrical spread (5% to 95 % ranges extending from
0.72 to 2.23 and 0.84 to 1.73). Hence, including ensembles
with much larger A(f)~! providing a greater amplification by
climate feedbacks compared with the ZECMIP diagnostics.

The carbon contribution to the geometric ZEC, the nor-
malised atmospheric carbon, ATx(?), may be understood by
the changes in airborne fraction, AIa(¢)/Iem(¢), which pro-
gressively decreases in time (Fig. 10c, d, black line and grey
shading; Tables S2 and S3). The dominant contribution to the
changes in airborne fraction alters from being from the land-
borne fraction close to the time of net zero, Ay (¢)/Iem (), to
the oceanborne fraction on timescales greater than 50 years
after net zero, Alo(t)/Iem(¢) (Fig. 10c, d, green and blue
lines and shading respectively).

There is a much larger ensemble spread around the land-
borne and ocean borne responses than for the airborne frac-
tion, which implies that the changes in land and ocean carbon
sinks partly compensate for each other. This partial compen-
sation in carbon sinks is consistent with the coefficient of
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Figure 9. Geometric ZEC and its normalised components following the 1pctCO2 (left) and flat10 (right) experiment from the WASP simu-
lations: (a) the geometric ZEC from the surface temperature change divided by the value at net zero, AT (t')/ AT (tzg), including the median
(blue line), 1-sigma range (dark shading) and 95 % range (light shading) and bounds from ZECMIP (black dashed line); (b) the thermal con-
tribution from the normalised dependence of surface temperature on radiative forcing, AT (t')/ AF (t'); (¢) the radiative contribution from the
normalised dependence of radiative forcing on atmospheric carbon, AF(t")/AIx(t'); and (d) the carbon contribution from the normalised
change in atmospheric carbon inventory, Al (¢"). In each case, the normalisation is by the value of the variable at the time of net zero.

variation being larger for the landborne and oceanborne frac-
tions than the airborne fraction as diagnosed for ZECMIP
(Table 1). This reduced spread of the airborne fraction in
WASP is also partly due to how the WASP ensembles are
constructed with historic constraints on atmospheric carbon
being much narrower than the historic constraints for land
and ocean carbon.

In summary, the ZEC responses and their normalised con-
tributions are broadly similar in the diagnostics of the large
ensemble WASP and the smaller set of 9 Earth system mod-
els in ZECMIP. The WASP assessment reveals partial com-
pensation between changes in landborne and oceanborne
fractions, and a larger spread in the effect of the climate feed-
back and the possibility of climate amplification of the ZEC.

4 Discussion and conclusions

The Zero Emissions Commitment (ZEC) measures whether
there is an increase or decrease in global mean surface tem-
perature after carbon emissions cease at the time of net zero.
This temperature change after net zero represents a transient
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response to past carbon emissions. The climate response af-
ter emissions cease relative to the pre-industrial era may then
be viewed in terms of (i) the global temperature rise associ-
ated with the amount of cumulative carbon emissions since
the pre industrial, as measured by the Transient Climate Re-
sponse to Cumulative CO, Emissions (TCRE), plus (ii) the
subsequent transient temperature change due to prior carbon
emissions, as measured by the Zero Emissions Commitment.
There are a wide range of climate processes that affect the
ZEC and the transient climate response after net zero involv-
ing radiative forcing and the global cycling of carbon and
heat. Gaining insight as to the relative importance of these
different carbon and thermal processes in determining the
ZEC is challenging due to their complexity and the effect of
carbon and climate feedbacks (Palazzo Corner et al., 2023).
In order to gain mechanistic insight as to the controls of
the ZEC, a normalised framework is introduced that formally
compares the relative importance of thermal, radiative and
carbon drivers for the ZEC. This framework draws upon two
fundamental balances: the top of the atmosphere energy bud-
get (Gregory et al., 2004), representing how the planet warms
in response to radiative forcing; and how carbon emissions

Biogeosciences, 22, 7167-7186, 2025
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Figure 10. Temporal evolution of thermal and carbon variables affecting the geometric ZEC for the 1pctCO2 (left) and flat10 (right) ex-
periments from the WASP simulations extending to 300 years after the time of net zero: (a, b) thermal contribution to the geometric ZEC
from the normalised temperature dependence on radiation, AT (t')/ AF (¢') (black line for median, grey shading for 95 % range), normalised
fraction of radiative forcing escaping to space, AR(t')/AF(t') = (1 — AN(t)/AF(¢’)) (blue line and shading) and normalised inverse cli-
mate feedback parameter A (¢’ y~1 (orange line and pale shading); and (c, d) the partitioning of cumulative carbon emissions into the airborne
fraction (black line for median and grey shading for 95 % range), oceanborne fraction (blue line and shading) and landborne fraction (green
line and shading) for time (year) relative to net zero. The ZECMIP bounds are included as dashed lines.

are partitioned between the carbon inventories of the atmo-
sphere, land and ocean (Jones et al., 2013). In our framework,
firstly, a geometric ZEC is defined that measures the frac-
tional zero emission commitment from the fraction of warm-
ing relative to the time of zero emissions. Secondly, the ge-
ometric ZEC is connected to the product of normalised ther-
mal, radiative and carbon contributions, which depend upon
respectively the dependence of surface temperature to radia-
tive forcing, the dependence of radiative forcing on atmo-
spheric carbon and the change in atmospheric carbon. Each
of these contributions may then be interpreted in terms of
underlying mechanisms: the thermal contribution connected
to the top of the atmosphere energy balance; the radiative
balance connected to the logarithmic dependence of radia-
tive forcing on atmospheric CO;; and the carbon contribution
connected to land and ocean carbon sinks.

Our normalised framework is applied to diagnostics of
(i) 9 Earth system models following the ZECMIP protocols
with a 1 % annual increase in atmospheric CO; (1pctCO2)
until a 1000 Pg C cumulative carbon emission (Jones et al.,
2019; MacDougall et al., 2020) and (ii) a large ensemble
of an efficient Earth system model (Goodwin et al., 2020),
which is applied to the same scenario and a scenario of
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a constant carbon emission (flatl10) over 100 years until
a 1000 Pg C cumulative carbon emission (Sanderson et al.,
2025). In both sets of diagnostics, the ZEC response is con-
trolled by a competition between a cooling from a carbon
contribution versus a warming from a thermal contribution.

The carbon contribution involves the effects of land and
ocean sinks in taking up carbon from the atmosphere. There
is a strengthening in the magnitude of the carbon contribution
with the ocean sink increasing in time and the land sink either
increasing at a higher or lower rate and eventually saturating
in time, affected by whether nitrogen cycling is included.

The thermal contribution involves the dependence of sur-
face temperature on radiative forcing. There is a strengthen-
ing in the thermal contribution with a larger fraction of the
radiative forcing warming the surface and a smaller fraction
being used for planetary heat uptake — this response is con-
sistent with a declining efficiency in global ocean heat up-
take and ventilation in time. The thermal contribution may
also be augmented by the effect of climate feedbacks that
can amplify the surface warming, such as from a decrease in
surface albedo or cloud albedo leading to an increase in solar
absorption.
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Applying our normalised framework to the ZECMIP di-
agnostics reveals that relative importance of the different
drivers for the inter-model spread of the geometric ZEC:

1. The inter-model spread in the geometric ZEC is pri-
marily controlled by the inter-model spreads in the
normalised thermal contribution and normalised atmo-
spheric carbon concentration, rather than that of the nor-
malised radiative forcing dependence on atmospheric
CO; (Table 1b);

2. The inter-model spread of the normalised contribu-
tion to the warming dependence on radiative forcing
is mainly determined in ZECMIP by the inter-model
spread in the fraction of radiative forcing returned to
space rather than that of the inverse climate feedback
(Table 1¢);

3. The inter-model spread of the airborne fraction is
mainly determined by the inter-model spread of the
landborne fraction, rather than the oceanborne fraction
(Table 1c).

These inter-model differences in the ZEC responses and con-
tributions for ZECMIP may be understood in terms of de-
tailed differences in the changes in the carbon and thermal
contributions:

1. for the carbon contribution, some models (CESM2,
CNRM-ESM2) have the land sink strengthening in time
and always dominating over the ocean, while other
models (ACCESS-ESM1.5, UKESM1) have the land
sink eventually saturating due to nitrogen limitation and
the ocean sink dominating — the former response leads
to a strengthening in the magnitude of the carbon con-
tribution and acts to give a negative ZEC (Fig. 4, green
line; Fig. 5);

2. for the thermal contribution, some models (CESM2,
NorESM2-LM) have planetary heat uptake and the ra-
diative response declining in time after net zero, while
other models (CNRM-ESM2, UKESM1) have the plan-
etary heat uptake declining and the radiative response
remaining nearly constant in time (Fig. 4, red line;
Fig. 6); — the latter response leads to a more marked
strengthening in the thermal contribution and acts to
give a positive ZEC;

3. the resulting ZEC response varies with these compet-
ing contributions (Fig. 4), for example, a negative ZEC
for NorESM2-LM is due to a large carbon uptake by the
land and ocean, a positive ZEC for CNRM-ESM2 is due
to a strong thermal contribution, while the positive ZEC
for UKESMI is due to a strong thermal contribution be-
ing reinforced by a more modest land carbon uptake.

There are caveats and approximations in our ZECMIP anal-
ysis. The ZEC is a small signal:noise problem, and diagnos-
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ing this signal from Earth system models has inherent uncer-
tainty (Borowiak et al., 2024). The ZECMIP diagnostics fo-
cus on a single model realisation and there are errors associ-
ated with how representative a single realisation is compared
to a set of realisations by the same model. Our estimate of the
radiative forcing from atmospheric CO, is based on a sim-
ple logarithmic closure and there are more accurate closures
that may be applied. The estimate of the climate feedback is
diagnosed from the radiative response from the energy bal-
ance at the top of the atmosphere divided by the changes in
global surface temperature; this diagnostic is noisy on an in-
terannual timescale. The Earth system models have inherent
limitations in their representation of climate and carbon pro-
cesses, especially involving uncertainties in cloud feedbacks,
relatively coarse representation of ocean ventilation and a
range of different land closures for carbon uptake. Finally,
the ZECMIP analysis by design only includes the radiative
forcing effects of atmospheric CO;, while in reality there
are additional radiative forcing effects from other greenhouse
gases and aerosols.

To partly address the above caveats, diagnostics of a large
ensemble of an efficient Earth system model (WASP) are
also examined for 2 different scenarios (1pctCO2 and flat10).
Their ensemble median responses for the ZEC and its contri-
butions are broadly similar for both scenarios and to those
of ZECMIP. The larger ensemble spread in WASP reveals a
partial compensation between changes in the landborne and
oceanborne fractions, as well as the ocean carbon sink dom-
inating on longer centennial timescales. The larger ensem-
ble spread in WASP also reveals a wider range in the cli-
mate feedback parameter and how its temporal variation can
lead to an amplification of surface warming and contribut-
ing to a positive ZEC. This difference suggests that the lim-
ited number of ZECMIP models may not be fully sampling
the possible climate feedback responses compatible with his-
toric warming. The efficient Earth system model does though
show less variability in the heat uptake response, which may
be due to a limitation that its ocean circulation is unchanging
with time.

In summary, our normalised framework provides a for-
mal comparison of the different thermal, radiative and car-
bon contributions to the ZEC, and so provides mechanistic
insight as to why there are different temperature responses
from Earth system models after carbon emissions cease. Key
processes are: whether the land carbon sink eventually sat-
urates in time or continues to grow like the ocean sink af-
ter emissions cease, and whether the radiative response re-
turning radiative forcing back to space declines in time or
whether that radiative response remains nearly constant in
time after emissions cease, linked possibly to strengthening
climate feedbacks. Gaining this process insight as to why the
Earth system models have a wide spread in their warming
response after net zero is important for policy makers, since
the combination of the climate metrics, the ZEC and TCRE,

Biogeosciences, 22, 7167-7186, 2025



7184 R. G. Williams et al.: A normalised framework for the ZEC

affects estimates of how much carbon may be emitted before
exceeding a warming target.

Appendix A

Table A1 displays the diagnostics for the individual 9 Earth
system models making up ZECMIP at 50 years after net zero
for the ZEC, the geometric ZEC and the thermal, radiative
and carbon contributions.

Table A1l. Climate model response post emissions at 50 years (40-59 year average) after net zero: (a) Zero Emission Commitment (ZEC),
AT (t) — AT (tzg), and geometric ZEC, AT (t)/ AT (tzg), where A is the change since the pre-industrial era and Arzg is the temperature
change at net zero; (b) Normalised changes in the land and ocean carbon inventories, Al and Algp; (¢) normalised contributions to the
geometric ZEC, AT /AF is the thermal contribution, A F'/ Al is the radiative contribution and A/, is the atmospheric carbon contribution;
(d) normalised contributions to the thermal contribution, AR/ F is the fraction of radiative forcing escaping to space and 171 is the inverse
of the climate feedback parameter. Model mean X, inter-model standard deviation oy and coefficient of variation oy /X are included.

(a) ZEC metrics (b) normalised carbon changes

ZEC geometric ZEC ‘ airborne fraction landborne fraction  oceanborne fraction

Model AT(t) — AT (ize) (K) AT (@)/AT(tzg) | AIA(0)/lem(tzE)  AIL(1)/lem(1ZE) Alp(t)/lem(tzE)
ACCESS-ESM1.5 0.00 1.0 0.46 0.20 0.34
CanESMS5 —0.12 0.94 0.33 0.43 0.24
CESM2 —0.29 0.87 0.38 0.35 0.27
CNRM-ESM2 0.05 1.03 0.39 0.40 0.21
GFDL-ESM2 —-0.27 0.79 0.31 0.40 0.29
MIROC-ESL2 —0.09 0.93 0.37 0.35 0.28
MPI-ESM-2-LR —-0.23 0.87 0.36 0.36 0.28
NorESM2-LM —0.30 0.78 0.35 0.34 0.31
UKESM1 0.28 1.11 0.43 0.27 0.30
X + oy —0.11+0.19 0.93+£0.11 0.38 £0.05 0.34£0.07 0.28 £0.04
ox/xX 0.12 0.12 0.21 0.13

(c) norm. contrib. to geometric ZEC ‘ (d) thermal contribution to geometric ZEC

thermal radiative carbon fraction of forcing inverse climate

norm. norm. norm. returned to space feedback

Model AT ()/AF(t) AF(t)/AIx(1) AIp(t) | norm. AR(t)/AF(t) norm. }L(t)_l

ACCESS-ESM1.5 1.19 1.06 0.79 1.17 1.02

CanESMS5 1.34 1.10 0.64 1.33 1.00

CESM2 1.17 1.10 0.67 1.28 0.91

CNRM-ESM2 1.36 1.09 0.69 1.47 0.92

GFDL-ESM2 1.11 1.10 0.65 1.23 0.90

MIROC-ESL2 1.21 1.08 0.72 1.14 1.06

MPI-ESM-2-LR 1.16 1.09 0.69 1.19 0.96

NorESM2-LM 1.09 1.11 0.64 1.14 0.96

UKESM1 1.38 1.07 0.75 1.33 1.05

X toy 1.22+£0.11 1.09+£0.02 0.69+0.05 1.25+£0.11 0.98 £0.06

ox /X 0.09 0.01 0.07 0.09 0.06
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