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Abstract

Owing to their short runtime compared to Earth system models (ESMs), as well as the difficulty
for the latest ESMs from the Coupled Model Intercomparison Project Phase 6 (CMIP6) to repro-
duce historical warming and the so-called ‘hot model problem’, constrained reduced-complexity
climate models (‘emulators’) are increasingly used to produce global warming projections from
emissions scenarios. Emulators are often calibrated on idealised abrupt CO, quadrupling experi-
ments from CMIP6, particularly the global surface temperature response over time to an imposed
radiative forcing. Such CMIP6 experiments tend to be run for 150 years, which is not sufficient

to reveal the full equilibrium response to an imposed climate forcing. Here we show that, when
longer experiments are available for emulator calibration, the long-term climate warming pro-
jections increase, particularly for 2100, by up to 0.70 (0.42—0.93, 25th to 75th percentile) °C in

the median under a high emissions scenario; peak global warming in a high overshoot scenario

is higher by 0.24 °C (0.14-0.31 °C). Corresponding long-term thermosteric sea level rise (SLR) is
consequently higher, by 0.45 (0.22-0.52, 25th to 75th percentile) m in 2500. This result, consistent
across calibrations from 17 ESMs, has implications for climate change mitigation strategies, as it is
likely that even more stringent emissions reductions would be required to limit long-term warm-

ing and SLR than previously thought.

1. Introduction

Reduced-complexity climate models and climate
model emulators have found utility in fields such as
economics (Nordhaus 1991) and integrated assess-
ment modelling (Kikstra et al 2022, Riahi et al
2022) for decades, but are increasingly used to make
inferences about physical climate change (Forster
et al 2021), particularly in response to future emis-
sions projections (Lee et al 2021). Emulators are
typically calibrated to the large-scale behaviour of
more complex climate models (Meinshausen et al
2011, Dorheim et al 2024, Sandstad et al 2024),
and often constrained against observations such as
global mean surface temperature (GMST) (Smith
et al 2024, Tsutsui and Smith 2024), to ensure that

© 2026 The Author(s). Published by IOP Publishing Ltd

the climate projections they produce are plausible.
Within the Sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC),
it was identified that many of the GMST outputs from
the ensemble of ESMs contributing to CMIP6 did
not correspond well with historical observations and
were warmer than expected in the future, in many
cases due to high rates of recent warming (Flynn and
Mauritsen 2020, Hausfather et al 2020, Lee et al 2021,
Smith and Forster 2021). The ensemble of CMIP6
models tended to show higher equilibrium climate
sensitivity (ECS) than those in the previous CMIP5
ensemble (Zelinka et al 2020), with several above the
‘very likely’ upper bound of 5 °C assessed by the IPCC
ARG (Forster et al 2021). This led to warmer projec-
tions than expected from future emissions scenarios
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(Tebaldi et al 2021), and caused the IPCC to base
their future warming assessments on lines of evidence
that, for the first time, did not include unadjusted
CMIP model results (Lee et al 2021). Climate emulat-
ors such as the two-layer energy balance model (EBM;
Held et al 2010, Winton et al 2010, Geoffroy et al
2013a) that model the response of the near-surface
and deep ocean warming to a radiative forcing over
time, became an important line of evidence to assess
future warming and sea-level rise (Fox-Kemper et al
2021, Lee et al 2021, Kopp et al 2023).

The EBM is usually calibrated to the response
of the abrupt-4xCO, experiment (Cummins et al
2020, Geoffroy et al 2013b, Smith et al 2021b, 2024,
Tsutsui and Smith 2024), which has been a staple
diagnostic experiment across CMIP generations since
CMIP5 (Taylor et al 2012), with variants going back
to the 1979 Charney assessment of ECS (Charney
et al 1979). In this experiment, the atmospheric con-
centration of CO, is abruptly quadrupled above pre-
industrial levels and the model run for typically
150 years (Eyring et al 2016). This allows for estim-
ates of the climate feedback, effective radiative forcing
(due to CO,), and ECS to be obtained from ESMs
(Gregory et al 2004). Noting that there is often an
increase in climate sensitivity over time in ESMs due
to a forced ‘pattern effect’ of sea surface temperat-
ure distributions (Andrews et al 2015), introducing
a parameter representing the efficacy of deep-ocean
heat uptake allows for different effective climate feed-
back strengths in the short and longer term (Geoffroy
etal 2013a), and more accurately simulates the warm-
ing profiles of most ESMs (Dai et al 2020).

However, 150 years is not long enough for the cli-
mate state to reach an equilibrium (Rugenstein et al
2019, 2020), which may take thousands of years and
is governed by the characteristic response timescale
of the deep ocean (Li and Jarvis 2009, Yang and Zhu
2011). Therefore, in 150-year abrupt-4xCO, experi-
ments, ECS is typically estimated by a regression of
the annual mean GMST against top-of-atmosphere
radiative imbalance (N) and taking the intercept at
N = 0 (and since ECS is defined as the warm-
ing from a doubling of CO, rather than a quad-
rupling, this value is divided by two). This linear
regression-derived value is known as the effective cli-
mate sensitivity (EffCS) (Andrews et al 2018). Owing
to the forced pattern effect, climate sensitivity typ-
ically increases over time, and performing the same
regression calculation for longer model runs typically
yields higher EffCS values (Rugenstein et al 2020).

Although 150 years is not long enough to resolve
the long-term response of ESMs, due to data avail-
ability the climate emulation community often uses
EBMs calibrated on the 150-year abrupt-4xCO,
experiment and apply these results to scenario for-
cings spanning the historical and future period which
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is much longer than 150 years (for example, 1750
or 1850 to 2300 or 2500). Therefore, such emulat-
ors may perform sufficiently well over the histor-
ical period (less than two calibration timeframes for
1750—2025), but struggle to resolve time horizons
much longer when considering both GMST (Jackson
et al 2022) and sea-level rise (Malagén-Santos et al
2025). This can be concluded by noting that the char-
acteristic timescales of the slowest response mode of
three-layer model calibrations typically increase with
increasing length of abrupt-4xCO, training data (sup-
plementary figure S4).

A climate modelling protocol, longRunMIP
(Rugenstein et al 2019), calls for abrupt-4xCO, exper-
iments to be run for longer time periods, a sugges-
tion also endorsed by Fredriksen et al (2025). Dai
et al (2020) showed that for three participating mod-
els in longRunMIP, using 150 years to calibrate a
two-layer EBM resulted in substantially cooler long-
term projections for abrupt-4xCO; experiments than
using 1000 years, which was much closer to the res-
ults obtained using all available years in each model
(around 5000). In this paper we calibrate a three-
layer EBM to these longer timeframe experiments,
collated from longRunMIP and other initiatives, and
show that future warming and sea-level rise in climate
scenarios tends to be higher in longer three-layer cal-
ibrations relative to 150 year calibrations. We also
compare the 150 year response between two- and
three-layer models, finding that projections are not
systematically affected by increasing from two to three
layers. We discuss the implications for 21st century
climate projections and beyond using these models.

2. Method

2.1. Two- and three-layer EBMs

A widely used climate model emulator is the k-layer
EBM that projects the change in top-of-atmosphere
energy imbalance N and temperature anomalies in
each ocean layer Ty, ... Ty as a response to an
imposed radiative forcing F. The formulation here
largely follows the stochastic k-layer EBM described
by Cummins et al (2020), from which we drop the
stochastic components. The GMST anomaly is taken
to be equivalent to the temperature of the uppermost
layer (T;) given the substantially larger heat capacity
of the near-surface ocean layer compared to the atmo-
sphere and land surface (von Schuckmann et al 2020).
The so-called deep ocean heat uptake efficacy factor e
is implemented to model the delayed response of the
deep ocean warming that increases climate sensitivity
over time (Geoffroy et al 2013a, Cummins ef al 2020).

The two-layer EBM can be written as

dr
Cthl :F—:‘ilTl —€K2<T1 —Tz)
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dT
Cthz =ry (Th — T7)

and the three-layer EBM as

dT
ClT; :F—/QlTl ) (T1 — Tz)
dT
CZT; = R (T] — Tz) — ER3 (Tz — T3)
dT
C3T; = k3 (T, —Ts)

In both cases C;, k; (i = 1, ..., k) represent the heat
capacity and heat transfer coefficients of each ocean
layer respectively. k; can also be expressed as —A,
where A is the climate feedback parameter.

The relationship between top-of-atmosphere
energy imbalance N and GMST T is governed by

N:F*H1T1+(1*€)/€k(Tk_1*Tk).

The calibration of the k-layer EBM is performed using
non-linear least squares with L2 regularisation on
characteristic timescales. For a k-layer model there
are 2k + 2 free parameters to fit (k;, ..., K Ci,
«ovs Ci Fyxcoo, €). In the calibration data from the
abrupt-4xCO, experiments, the model has visibility
of only the N and T state variables. The assump-
tion of a constant (but a priori unknown) forcing of
F=Fyxcoz over all times t > 0 is imposed as abound-
ary condition.

2.2. Impulse response form and climate sensitivity

metrics

The k-layer EBM formulation is mathematically
equivalent to a ky-order impulse response model
(IRM) using k thermal boxes characterised by their
response coefficients g;; and characteristic timescales
7; (Fredriksen and Rypdal 2017, Tsutsui 2017, Leach
etal 2021). The partial contributions Sj;(¢) to the total
temperature change T;(¢) in physical layer i and for
thermal box j can be written in the form

_ qiiF (t) — S; (t)
dt Tj

ds; ()

and

From here on we focus on the near-surface layeri =1,
and drop the subscript i.

The characteristic timescales 7; can be interpreted
as the response timescales of k independent modes,
where the longest timescale 7 is the projection of
the deep ocean mode on the surface temperature. The
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response coefficients g; define the strength of the con-
tribution of each mode onto the near-surface temper-
ature T1.

From the impulse response formulation, the con-
ventional climate sensitivity metrics of ECS and tran-
sient climate response (TCR) can be derived. The ECS
is defined as the long-term equilibrium temperature
anomaly following a doubling of CO,. The ECS we
calculate is the true equilibrium value that would be
obtained when the EBM is run for a sufficiently long
time, rather than a regression-based EffCS (Gregory
etal 2004, Andrews et al 2018) typical of ESM-derived
estimates. ECS is estimated from the EBM parameters
as

Fyxco,
2/{1

ECS =
and equivalently from the IRM parameters as

Fyxco,

k
ECS = 72 : q]',
j=1

where the division by two scales the forcing from a
quadrupling to a doubling of CO,, under the assump-
tion of a perfectly logarithmic relationship between
CO; concentration and radiative forcing.

The TCR is not a true TCR as estimated from
70 years of a compound 1% per year CO, increase
experiment as is typically performed in ESMs (termed
IpctCO,; Eyring et al (2016)), but can be approxim-
ated from the IRM parameters (Jiménez-de-la-Cuesta
and Mauritsen 2019) as

k

_ Fixco, Tj -L
TCR= =223 g (1= 5 (1-¢ 7))

j=1

where D = log(2)/log(1.01) =~ 69.7 yr, the time taken
to reach a doubling of CO; following a rate of 1% per
year compound increase. The approximate and ‘true’
TCR values derived from a IpctCO, experiment using
an EBM-based simple climate model are very similar,
as demonstrated in Smith et al (2024).

2.3. Longrunmip data

We use 17 ESMs that contributed abrupt-4xCO,
runs to longRunMIP and CMIP6 (Eyring et al 2016,
Rugenstein et al 2019), providing between 500 and
5900 years of data (see supplementary table S1 for
models and experiment lengths), using the CMIP
variable names tas (global mean surface air temper-
ature) and r¢mt (net radiation imbalance at the top
of atmosphere). tas corresponds to T} and rtmt to N
in the EBM framework. Following recommendations
in the longRunMIP protocol, neither tas nor rtmt is
de-drifted, as the models are verified to be in approx-
imate radiative and thermal equilibrium at the start
of the experiment, and many models did not run a
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parallel pre-industrial control run for as long as the
abrupt-4xCO, experiment that would be necessary to
properly apply any dedrifting method (Zehrung et al
2025).

We calibrate a three-layer EBM to the full length
of each model’s available abrupt-4xCO, run, plus
the first 150, 300, 500, 900, 1000, 1800, 2000, 3000,
4000, and 5000 years of output for models running
at least this number of years. In addition, we calib-
rate a two-layer EBM for the first 150 years of data,
for comparison with the three-layer response over the
same period. The first 150 years is in line with the
CMIP abrupt-4xCO, time horizon, and we use suc-
cessively longer periods to determine the additional
information obtained from extra data. All models
ran for at least 500 years, and all but two ran for at
least 999 years, which is why this study prioritises
the 900 year results. Calibrated parameters for each
model, calibration length and number of layers are
provided in the extended data table 1, as well as their
impulse-response function forms which are math-
ematically equivalent (Leach et al 2021, Nicholls and
Lewis 2021). In general, we observe that the character-
istic timescale of the deep ocean (the longest timescale
in the three-time constant impulse response form)
increases with the number of available calibration
years. This is expected, as the true equilibrium time
of the deep ocean is estimated to be many centuries
(Li and Jarvis 2009), with little response over the first
150 years of the response (Tsutsui 2017), and shorter
calibration periods such as 150 years are unable to
resolve timescales several times larger than the calib-
ration data.

2.4. Scenario forcing data

To estimate the climate response to historical and
future emissions in each ESM, we drive the EBM
calibrations with the effective radiative forcing time
series provided by the IPCC AR6 WGI (Smith
et al 2021a, 2021b) spanning the historical period
(1750—2019) and eight shared socioeconomic path-
ways coupled with representative concentration path-
ways for 2020—2500. For the analysis in figure 3,
we focus mainly on ssp119 (1.5 °C aligned), ssp245
(approximately current policies), ssp534-over (high
overshoot and reversal) and ssp585 (very high emis-
sions). We also produce projections from ssp126,
ssp370, ssp434 and ssp460, which, in combination
from the other four SSPs, we use for analysis of global
warming level (GWL) crossing times in figure 4. We
disregard the fact that the IPCC forcing time series
does not necessarily correspond to what each model
would ‘see’, given the differing responses of ESMs to
forcings arising from their radiative transfer paramet-
erisations and meteorology (Smith et al 2020), and
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as evaluating each model’s scenario forcing response
is not part of the longRunMIP protocol. This also
renders meaningful comparisons of EBM to ESM data
impossible for these scenarios. We do not constrain
the EBM outputs to match historical climate obser-
vations, but use GMST and SLR projections relative
to0 2020 to evaluate the differences in projected future
warming between different calibration lengths.

2.5. GWL crossing times

The crossing time of different GWLs under each scen-
ario is evaluated by defining the 2015—2024 GMST
anomaly as 1.24 °C relative to pre-industrial follow-
ing the Indicators of Global Climate Change (Forster
etal 2025), and evaluating the central year of a 20 year
mean that crosses each given GWL following the logic
of IPCC AR6 (Lee et al 2021). This is done separ-
ately for projections of all five Tier 1 and three of the
four Tier 2 SSP scenarios (Meinshausen et al 2020;
excluding ssp370-lowNTCEF): ssp119, ssp126, ssp245,
ssp370, ssp585, ssp434, ssp460, and ssp534-over.

2.6. Calculation of thermosteric sea level rise (SLR)
We convert ocean heat uptake of energy to the corres-
ponding level of thermosteric SLR using the conver-
sion factor of 0.0975 m YJ~! found by Ramme et al
(2025).

3. Results

Firstly, we find consistently higher ECS values when
training the three-layer EBM on abrupt-4xCO, exper-
iments of increasing length (figure 1; see Method
for our calculation of ECS). Overall, 16 of 17 ESMs
show higher ECS values when training on all avail-
able data (between 500 and 5900 years; see supple-
mentary table S1 and extended data table 1), with
14 of the 15 ESMs with 900+ years of data featur-
ing higher ECS when trained on 900 years as com-
pared to 150 years. In both cases, HadGEM?2 is the
outlier showing a reduced ECS with longer training
length. HadGEM2’s abrupt-4xCO, emulation using
shorter calibrations is poor (substantially too warm;
supplementary figure S1), suggesting the full response
is inadequately captured in the first 150 years. To facil-
itate comparison between consistent sets of models
when analysing data of 900 years or more, the two
models with runs shorter than 900 years, NorESM2-
LM and GFDL-ESM4, are dropped from the multi-
model analysis.

We can run the calibrated EBMs with radiat-
ive forcing time series from emissions scenarios to
make future climate projections. Figure 2 shows the
difference in historical and future GMST traject-
ories (20 year rolling average) across 8 scenarios
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ECS against Training length for 3-layer fit (17 ESMs)

CCSM3
CESM104
CESM2
CNRMCM61
ECHAM5MPIOM
FAMOUS
GFDL-CM2.1pl
GFDL-ESM4
GISSE2R
HadCM3L
HadGEM2
IPSL-CM6A-LR
IPSLCM5A
MIROC32
MPIESM11
MPIESM12
NorESM2-LM
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dashed line) to enable visualisation of the full data.
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Training length (years)

Figure 1. Calculated ECS values determined from a three-layer energy balance model (EBM) for 17 ESMs as a function of the
length of the abrupt-4xCO;, data used to train each EBM. Note that the horizontal scale changes at 1000 years (vertical grey

between different calibration lengths and number of
layers in the EBM (see supplementary figure S2 for
the actual GMST anomaly responses). Differences
in the historical period are minimal, with calibra-
tions generally varying by substantially less than a
few tenths of a degree throughout. However, this
historical behaviour contrasts markedly with the
future projections, which differ markedly between
calibration approaches. While increasing the EBM
from two to three layers (solid lines) has little sys-
tematic effect, increasing the three-layer calibration
length from 150 to 300 (dashed lines) or 900 (dotted
lines) years increases temperature projections in the
medium-term, particularly around 2100, and gener-
ally (though with some exceptions) also in the long
term. Across the wide range of scenarios, we consist-
ently find higher mid-term warming upon extending
the calibration (dotted, dashed lines).

In figure 3, we compare different future warm-
ing and thermosteric SLR projections relative to 2020
for four climate scenarios. We find little systematic
effect on warming across periods when increasing

from two to three EBM layers in the 150 year fit (solid
bars, figure 3), and slightly higher near-term warm-
ing when extending the three-layer EBM training data
from 150 to 300 years (hatched bars, figure 3). In
contrast, we find large increases in warming when
extending the training data from 300 to 900 years in
the three-layer EBM (cross-hatched bars, figure 3).
This suggests that 300 years of data is insufficient to
capture the full response to the abrupt-4xCO, forcing.
Projections of thermosteric SLR are slightly higher on
multi-century timescales when extending from two to
three layers or from 150 to 300 years of training data
(figure 3), due to the higher accumulation of ocean
heat during periods of positive temperature anom-
alies. Substantial rises in SLR projections occur when
shifting to the 900 year three-layer fit, consistent with
the greater GMST anomalies.

The warmer projections when using longer train-
ing data affect key properties of future temperat-
ure trajectories (figure 4). When we base climate
projections under eight SSP scenarios to the same
recent warming estimate (see Methods), long-term
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Figure 2. Effect of EBM training length and number of layers of time series of GMST responses to radiative forcing for each SSP
(using the same forcing for each case; see Method) for each ESM. Data is the 20 year rolling average from 1750 to 2500. Note that
the 900 year comparisons are not available for GFDL-ESM4 and NorESM2-LM (Methods).

GWLs are reached earlier. Crossing times for higher
GWLs consistently occur several years earlier when
using 900 years of calibration data in the three-
layer model compared to 150 years; 1.5 °C and
2 °C crossing times are up to 2 years earlier in
the median response, though some ESM calibra-
tions see shifts of several years (figure 4(a)). We
find that magnitudes of peak warming in over-
shoot (ssp119 and ssp534-over) scenarios are more

substantially affected, with the very low-emissions
sspl19 scenario 0.07 °C (25th to 75th percentile:
0.06 °C—-0.09 °C) warmer when increasing from 150
to 900 years in a three-layer EBM, and ssp534-over
warmer by 0.24 °C (0.15 °C-0.31 °C) (figure 4(b)).
Increasing from 150 to 300 or 900 years of data in
the three-layer model results in increased peak warm-
ing under both overshoot scenarios in almost all
ESMs.
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GMST, SLR cf 2020 (15 ESMs)
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Figure 3. Changes in GMST (top) and SLR (bottom) in 2050, 2100, 2300 and 2500 relative to 2020, in the ssp119, ssp245, ssp534-
over and ssp585 scenarios upon utilising different lengths of training data and numbers of layers in the EBM. Results are shown
comparing different EBM fits. Box-and-whisker plots show the median and interquartile range, and the minimum and maximum
values, across the 15 ESMs which ran 900-plus years of abrupt-4xCO; training data.
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Figure 4. Effect of different training lengths and EBM layers on the crossing time of various global warming levels (a) and on
peak warming (b). Crossing time differences are aggregated across eight SSP scenarios (see Method). Since the driving radiative
forcing time series are annually resolved and the EBM is run at an annual timestep, crossing time differences are integer years,
and are therefore shown as discrete data, with the median value shown in black. Marker sizes reflect the number of calibration-
scenario combinations exhibiting each change in crossing time. The number of crossing occurrences (ESM-SSP combinations)
in which each GWL is reached for each comparison is shown underneath. Variations in the level of peak warming in two over-
shoot scenarios are calculated, with box-and-whisker plots showing the median and interquartile range and the minimum and

4, Discussion and conclusions

Our main finding is that calibrating climate emulat-
ors on 150 years of model data is insufficient to cap-
ture the long-term response to forcing, with more
stable climate parameters when using more data. In
particular, we find higher values of climate sensitivity

and deep-ocean response timescale when calibrating
an EBM to longer time series. Using the 150 year
period leads to low-biased estimates of GMST, par-
ticularly during the 21st century, and of sea-level rise
during the longer term. We also find that the CMIP7
recommendation of running abrupt-4xCO, experi-
ments for 300 years (Dunne et al 2025) does little to
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resolve this problem, with simulations calibrated on
900 years of data showcasing higher temperatures and
SLR projections.

We therefore recommend that, ideally, abrupt-
4xCO, experiments be performed for 1000 years to
more appropriately resolve the long-term thermal
responses of the climate system and better calibrate
climate model emulators. Additionally, the instabil-
ity of the calibrated response even on timescales of
thousands of years (with substantial changes in ECS
and projections when increasing past 1000 years; see
figure 1 and supplementary figures S1, S4) motivates
the simulation of multi-millennial runs, where com-
puting power permits.

We find in addition that adding a third layer tends
to improve the performance of the EBM on both
short and long timescales compared to the two-layer
model, as the extra layer in the model can in prin-
ciple resolve both short-term and long-term dynam-
ics. The three-layer fit results in lower root-mean-
square errors taken across the full period in 63% of
cases, and in 67% of cases when considering the final
100 years of the simulation (figure S3). However, no
systematic change in the magnitude of GMST occurs
when using this extra layer.

Using a three-layer EBM with longer calibration
time series increases the estimate of peak warming
under overshoot scenarios in all 15 ESMs tested com-
pared to the use of a shorter experiment. This has
policy relevance as the impacts of overshoot scen-
arios, and their compliance with global climate tar-
gets, depend on their level of peak warming (Riahi
et al 2022). We also find that the year in which
global warming thresholds are crossed is robustly
brought a year or two sooner for policy-relevant
GWLs.

Further work is needed to understand the mech-
anisms for, and full implications of, this depend-
ence on the calibration length. While the stability
of emulation parameters is improved when using
900 years, which we focus on due to the shrink-
ing number of ESMs with available data beyond this
length, individual ESMs show continued variation in
their calibration for longer training periods. The res-
ults shown here use the individual EBM parameters
taken from each ESM, projecting forward the associ-
ated responses using the EBM. One line of inquiry to
explore is the connection to the ‘hot model’ problem;
since the ESM-dependent projections warm when
more years are available to calibrate the model, this
discrepancy may be partially resolved using longer
training data. It should also be noted that as mod-
els focused on global, smoothed temperatures, these
EBMs cannot explicitly represent changes in higher-
resolution processes such as ENSO under climate
forcing.

Emulators play a key role in connecting diverse
research areas, including between IPCC Working
Groups (Kikstra et al 2022), and will continue to
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do so in the near future. It is imperative to bet-
ter understand their behaviour, and how this con-
nects to their calibration data. Using more EBM cal-
ibration data, and thereby better capturing the long-
term response to forcing, produces climate responses
to plausible scenarios on relevant timescales which
are significantly warmer, with higher SLR on multi-
century scales, all else being equal.
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