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Abstract
Climate simulations of the industrial era typically start in 1850, using the first fifty years as a
baseline for ‘pre-industrial’ climate. However, the period immediately prior to 1850 is of partic-
ular interest due to early human influence and heightened volcanic activity, the latter of which
led to cooler global temperatures than those observed in the subsequent historical period. In
this study, we present a suite of Earth system model simulations (using UKESM1.1) that start in
1750 and span the entire industrial period. We compare these simulations to a new instrumental
observation-based dataset, GloSATref, which provides global surface air temperature variations
from 1781 onwards. We investigate the climatic changes during the early industrial period, separ-
ating the effects of natural and anthropogenic forcings. Model-simulated early-19th-century tem-
perature patterns show substantial cooling relative to the long-term mean, particularly in low latit-
udes, which agree well with observed patterns. We find significant long-term differences between
simulations initialized in 1750 and 1850, with lasting effects well into the 20th century, consist-
ent with differences in vegetation and the substantial ocean cooling driven by high volcanic activ-
ity in the 1750 simulations. Our results indicate that an earlier start to historical simulations could
lead to more representative climate simulations over the historical period, and deepen our under-
standing of early anthropogenic warming, natural climate variability, and the climate responses to
future volcanic eruptions.

1. Introduction

Over the past few decades, substantial resources have
been dedicated to generating model simulations of
the past, which can be compared to observed changes
in climate. Most simulations are run over the so-
called ‘historical’ period, typically covering the period
from 1850 to the present (Taylor et al 2012, Eyring
et al 2016). These simulations have been widely
used in various analyses to evaluate climate models

and understand the causes of past climate changes
(Bindoff et al 2014, Eyring et al 2021). The choice
to start in 1850 is pragmatic, as it marks the period
when instrumental surface temperature observations
became more widely available.

However, it has long been realized that there
was likely an earlier human influence from fossil
fuel burning and land-use change, which produced
greenhouse gas emissions and caused significant
changes to albedo and other surface characteristics
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(Tett et al 2007, Lamarque et al 2010, Schurer et al
2013, Abram et al 2016). The amount of global warm-
ing from a pre-industrial state is particularly signi-
ficant, as it serves as the baseline for the UNFCCC
to assess global temperature changes and set interna-
tionally agreed goals (Schleussner et al 2016). Due to
the start dates of observational datasets and model
simulations, the pre-industrial period has typically
been represented by the late 19th century. This choice
was supported by the Sixth Assessment Report (AR6)
of the Intergovernmental Panel on Climate Change
(IPCC), which used 1850–1900 as an approximate
baseline from which changes from the pre-industrial
period were expressed (Chen et al 2021). However,
the IPCC also estimated that anthropogenic warm-
ing before this period was between 0.0◦C and 0.2◦C
(Chen et al 2021). This estimate was based on vari-
ous lines of evidence, including instrumental obser-
vations, forcing information, and model simulations,
as discussed in Hawkins et al (2017) and Schurer
et al (2017). Nonetheless, the exact value remains
uncertain, and the IPCC only assessed this range with
medium confidence. Thus, new lines of evidence are
still needed.

To complement the historical model experiments,
other simulations have been run covering periods
further back in time, often under the framework of
the Paleoclimate Modelling Intercomparison Project
(PMIP; e.g. Braconnot et al 2012, Kageyama et al
2018). These include simulations covering the entire
last millennium (Schmidt et al 2012, Jungclaus et al
2017), which have primarily focused on understand-
ing pre-industrial changes caused by natural forcings
and internal variability. This has ensured that there
is a community-agreed, common set of boundary
conditions for the entire last 2000 years, which are
available to run climate simulations of this period.
Analyses of these PMIP simulations have highlighted
the important role of volcanic eruptions in the cli-
mate of this period (Schurer et al 2014, Otto-Bliesner
et al 2016), which caused periods of global surface
cooling and long-term changes to ocean temperature
(Gleckler et al 2006), sea ice (Miller et al 2012), and
modes of variability such as the Atlantic meridional
overturning circulation (AMOC; Pausata et al 2015,
Swingedouw et al 2017).

One of the coldest periods of the last millennium
occurred in the early 19th century, caused by sev-
eral large volcanic eruptions, most notably Mount
Tambora in 1815 (PAGES2K 2013, Raible et al 2016,
Brönnimann et al 2019b). This period of volcanism
was much stronger than anything in the subsequent
historical period. The historical experiments, typic-
ally beginning in 1850, thusmiss an important oppor-
tunity to study this volcanically active period and
potentially introduce biases by neglecting its long-
term effects (e.g. Gregory et al 2013). Examining this
era could enhance our understanding of Earth system

responses and better prepare us for the potential cli-
mate effects of future volcanic eruptions.

Although some instrumental observations extend
back to the 17th century (e.g. HadCET; Parker et al
1992), existing observation-based, globally gridded
datasets of surface temperature begin in 1850 or
later (Gulev et al 2021), limited by the availability of
sea surface temperature (SST) measurements, which
are blended with air temperature measurements over
land and ice to create the global record. Recently, a
new dataset, GloSATref (Morice et al 2025), has been
constructed by the UK Global surface air temperat-
ure (GloSAT) project. It combinesmarine air temper-
atures with land station data to extend the observed
period back to the late 18th century.

Here we present new simulations starting in 1750
using UKESM1.1, a state-of-the-art Earth System
Model (Mulcahy et al 2023), which is suitable to
explore the implications of extending the histor-
ical period back into the 18th century. In the
next section, we will introduce the UKESM1.1
model configuration and experiment simulations
(section 2.1), along with the GloSATref observational
dataset (section 2.2). We will then present our res-
ults (section 3), analyzing the new control and his-
torical simulations, and comparing them with the
new observational dataset. Finally, we will discuss our
findings more broadly, offering suggestions for how
the community might further explore some of the
questions raised (section 4).

2. Model Simulations and Observational
Dataset

2.1. UKESM1.1 simulations
The climate model used in this study is UKESM1.1,
an updated configuration of the UKESM1.0 cli-
mate model described in Sellar et al (2019, 2020).
UKESM1.1 is the UK’s state-of-the-art Earth system
model, which integrates an atmosphere-land-ocean-
sea ice model with terrestrial and ocean biogeochem-
istry, and a comprehensive aerosol and chemistry
scheme. UKESM1.1 builds on UKESM1.0 with sev-
eral modifications, including improvements to the
dry-deposition scheme (Hardacre et al 2021) that
reduce a known bias in aerosol forcing (Dittus et al
2020, Mulcahy et al 2020) as discussed in Mulcahy
et al (2023). UKESM1.1 has been used to run the
standard suite of CMIP6 experiments, including the
Diagnostic, Evaluation andCharacterization ofKlima
experiments (Eyring et al 2016). For this study, we
focus on a standard pre-industrial control (piCon-
trol) simulation with constant 1850 forcing, and an
ensemble of six historical simulations (1850–2014)
initialized from the piControl experiment (histor-
ical). UKESM1.1 has a relatively high climate sens-
itivity, with an effective climate sensitivity of 5.27 K
and a transient climate response of 2.64 K (Mulcahy
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Figure 1. (a) Global mean surface air temperature (GSAT, ◦C) for the UKESM1.1 piControl simulations, with constant forcing
at 1750 (black) and 1850 (red; see Mulcahy et al 2023) values, showing interannual variability (thin lines) and the 30 yr run-
ning mean (thick lines). Horizontal dashed lines show the control simulation GSAT means of 13.75◦C and 13.84◦C, respect-
ively. Circle markers indicate the control simulation years from which the subsequent historical simulations are initiated (see
section 2.1.2). (b) Map of the difference in SAT between the piControl1850 and piControl1750 simulations, with stippling indicat-
ing significance (via two-sample K–S test at the 5% level). The right-hand panel shows the zonal means of the control run differ-
ences in SAT, with the ensemble mean in black and the spread in grey.

et al 2023). The additional model simulations ana-
lysed in this study are described below (sections 2.1.1
and 2.1.2) and summarized in the supplementary
table S1.

2.1.1. 1750 piControl simulation
To initialize our transient simulations in 1750, a ‘spin-
down’ simulation was performed to provide initial
conditions in equilibriumwith the 1750 climate. This
simulation is analogous to the standard piControl
simulation, which serves as the starting point for his-
torical simulations from 1850. The spindown sim-
ulation branched from the standard piControl but
held anthropogenic forcings constant at 1750 values
(where available).

Specifically, the forcingsmodified were anthropo-
genic aerosol emissions (Hoesly et al 2018), green-
house gas concentrations (Meinshausen et al 2017),
and the extent of land used for agriculture, which
was also set to 1750 values (Hurtt et al 2020), with

the remaining land area controlled by the dynamic
vegetation scheme (TRIFFID). As no CMIP6 values
were available for ozone and nitrogen deposition,
these were held constant at the 1850 values. Natural
forcings (volcanic and solar) were identical to the
long-term average values used in the 1850 piCon-
trol, as specified in Eyring et al (2016). Therefore,
the only difference between the two control simu-
lations was the difference in anthropogenic forcings
between 1750 and 1850. We refer to this new simu-
lation as piControl1750 and the standard piControl as
piControl1850 for clarity.

2.1.2. Historical simulations (1750–2014)
Six historical all-forcing simulations spanning
the period 1750–2014 were spawned from the
piControl1750 simulation, branching at regular inter-
vals as indicated in figure 1(a). For the period 1750–
1849, the forcings mainly follow those recommended
for the CMIP6 past1000 experiment (Jungclaus et al
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2017), including volcanic (Toohey and Sigl 2017),
solar (the 14C SATIRE-based reconstruction: Vieira
et al 2011, Wu et al 2017), greenhouse gas emis-
sions (Meinshausen et al 2017) and land-use changes
(Hurtt et al 2020). In the CMIP6 past1000 simula-
tions, anthropogenic aerosols were kept at constant
1850 values, but in our setup, we use time-varying
values from the dataset used for CMIP6 historical
simulations, extending back to 1750 (Hoesly et al
2018). This approach closely follows that of Marshall
et al (2024), although we implement volcanic for-
cing using aerosol optical property concentrations, as
described in Sellar et al (2019), rather than volcanic
emissions.

For the period after 1850, the simulations use
the same forcings to the CMIP6 historical simula-
tions (1850–2014) described in Mulcahy et al (2023).
Consequently, the only difference between the two
sets of simulations lies in their initial conditions. Our
new experiments are referred to as historical1750 to
distinguish them from the standard historical simu-
lations, which are referred to as historical1850.

To isolate the impact of natural forcing during the
early industrial period—dominated by volcanic erup-
tions and a small contribution from solar variability
(Schurer et al 2014, Jungclaus et al 2017)— four addi-
tional simulations were started from the same initial
conditions as the first four historical1750 simulations.
In these simulations, referred to as historicalANT1750,
the natural forcings are held constant at piControl
values from 1750–1850, while after 1850 the forcings
are identical to those in the historical1850 simulations.
Thus, any differences from the historical simulations
will be solely due to the absence of natural forcing
variability between 1750–1850.

2.2. GloSATref observational dataset
Although gridded global temperature datasets are
typically limited to start in 1850 due to the availab-
ility of SST observations, earlier records of air tem-
perature from ships (Freeman et al 2017) and land-
based observations (Brönnimann et al 2019a) exist.
However, these early observations are sparse, and
constructing a homogeneous surface air temperature
(SAT) record presents several challenges (Kent and
Kennedy 2021,Wallis et al 2024). TheGloSATref data-
set (Morice et al 2025) is the first to combine land
and ocean air temperature observations. It uses the
analysis methods used by Morice et al (2021) for the
HadCRUT5 Analysis dataset, with a Gaussian pro-
cess model extending the coverage to also provide
temperature anomalies for those grid cells that do
not contain an observation, but for which avail-
able observations from further afield are informat-
ive. It extends the SAT record back to the 1780s,
although the early part of the record has substan-
tial uncertainty and limited geographical coverage.

Comparisons between GloSATref and existing SST-
based datasets for global mean temperature show
broad consistency, with some differences. Notably,
from 1885–1915GloSATref is consistently cooler than
the other datasets, and after 1950 the warming trend
in GloSATref is slightly lower than in the SST-based
datasets (Morice et al 2025).

3. Results

3.1. Comparing the 1750 and 1850 piControl
climatologies
The only difference between the two piControl simu-
lations (the existing piControl1850 and the new sim-
ulation piControl1750) is the change in anthropo-
genic forcings between these dates (see section 2.1.1,
table S1). Since the period around 1750 has been
suggested as a good approximation for a true pre-
industrial climate (Hawkins et al 2017), the difference
in climate between the two simulations should reflect
the early anthropogenic effect before 1850. Given the
lengths of the two simulations (461 years and over
1000 years, respectively), we can calculate a precise
global-mean SAT (GSAT) increase of 0.09◦C by aver-
aging over the full simulation periods (figure 1(a)).
The GSAT is also 0.09◦C higher than piControl1750
in the 1850–1900 mean calculated from the average
of the six historical1750 ensemble members. Assuming
piControl1750 represents a ‘true’ pre-industrial cli-
mate, this provides an estimate of the early industrial
warming, typically overlooked when using the 1850–
1900 mean.

The spatial pattern of this difference (figure 1(b))
shows that the early anthropogenic effect caused
warming for much of the globe, but this is not the
case everywhere. Notable exceptions include the east-
ern parts of North America, much of Europe, and
East Asia. In these regions, pronounced simulated
vegetation changes occurred during this period (see
Supplementary figures S5–S11), with natural vegeta-
tion converted into agricultural land, including crops
(figure S5(b)) and pasture (figure S6(b)). This pat-
tern is consistent with a previous study by Boysen et al
(2020), which investigated the effect of deforestation
inCMIP6models, finding that deforestation of boreal
regions causes a zonal mean cooling in the extratrop-
ics around 40◦N, primarily due to changes in albedo.
This result was observed in the majority of models
they investigated, including UKESM, and the pattern
closely matches that shown in figure 1(b).

In contrast, parts of India that have undergone the
greatest vegetation changes show slightlymorewarm-
ing than the global mean, consistent with model sim-
ulations that suggest deforestation in tropical regions
can cause warming due to changes in evapotran-
spiration (Claussen et al 2001). Additionally, there is
likely an effect from the early increase in anthropo-
genic aerosols, which may have contributed to some
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Figure 2. Annual global mean surface air temperature, shown for (a) the two sets of UKESM1.1 historical simulations, starting
in 1750 (black) and 1850 (red; see Mulcahy et al 2023); and (b) the UKESM1.1 historical1750 simulations (black) compared with
the new GloSATref observational data (green), as anomalies referenced to 1850–1900, with the model simulations masked to
the time-evolving observational coverage for 1790–2021. The individual UKESM1.1 model ensemble members (thin lines, six
members per experiment) and the ensemble mean (thick lines) are shown, along with shaded confidence interval (2.5–97.5th
percentile range). The shaded rectangles in (a) show the interannual spread (2.5–97.5th percentile range) of internal variability
calculated from the associated piControl simulations. (c) Global mean stratospheric aerosol optical depth (Toohey and Sigl 2017).

of the regional cooling simulated from 1750 to 1850
(Carslaw et al 2017). The northern Arctic regions
show more warming than the global mean, possibly
due to Arctic amplification, sea ice loss and a slightly
strengthened AMOC (figure S17).

3.2. The transient historical simulations
The evolution of GSAT in the historical1750 simu-
lations is shown in figure 2(a). A striking feature
is the large cooling during the early 19th century,
with the ensemble mean GSAT lower than the 1850–
1900 mean for much of the period from 1810 to
the mid-1840s. This cooling is due to a series of

large volcanic eruptions in 1808–9 (unknown), 1815
(Tambora), 1822 (Galanggung), 1831 (uncertain)
and 1835 (Cosiguina) (Schurer et al 2014, Raible et al
2016, Brönnimann et al 2019b). The volcanic activity
is reflected in the time series of global stratospheric
aerosol optical depth (AOD) shown in figure 2(c).
This substantial cooling is also seen in the GloSATref
observational dataset (figure 2(b); green), with the
coolest temperatures corresponding to the volcanic
periods of the 1810s and 1830s. Previous studies
(Brohan et al 2012, Schurer et al 2013) have generally
found that model simulations overestimate the cool-
ing compared to sparse instrumental observations or
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Figure 3. Decadal mean surface air temperature anomalies from the GloSATref observational dataset (top row; 1811–1820, 1821–
1830, 1831–1840 & 1841–1850), and the UKESM1.1 model ensemble mean of the six historical1750 simulations for the same
decades (bottom row), plotted relative to the 1850–1900 climatology. Model simulations have been masked to the observational
coverage, and the grid boxes with crosses show where the decadal mean anomaly from all six ensemble members agree with the
sign of the ensemble mean.

proxy reconstructions. It is therefore notable that the
cooling in the historical1750 simulations is in better
agreement with this new observational dataset.

In figure 2(b), the model data (black) is first
masked to the observational coverage, enabling a con-
sistent comparison. An evaluation based on model
simulations shows that, even though geographic cov-
erage is severely limited in the early period, the avail-
able data still provide a reasonable estimate of the
true global mean (figure S1). One noticeable excep-
tion to this occurs during the cooling caused by the
Laki eruption of 1783. The impact of this eruption
is concentrated in the northern extratropics (see e.g.
Zambri et al 2019), where nearly all the observa-
tional data are located during this period. As a res-
ult, masking themodel data to observational coverage
accentuates the cooling. Additionally, because of the
sparse observational coverage, variability around the
mean (and hence the error in global mean estimates)
increases further back in time.

Maps showing the spatial distribution of temper-
ature anomalies for the key early decades (figure 3)
reveal similar patterns in both the GloSATref obser-
vations and model simulations. Both indicate wide-
spread cooler temperatures in the 1810s and 1830s,
and relatively warmer temperatures in the 1820s and
1840s. The large areas of model agreement, where all
6 simulations have the same sign for decadal mean
temperatures, highlight the key role that external
forcing—particularly volcanic forcing—plays in these
decades, dominating over the random influence of
internal variability. All data are masked to obser-
vational coverage (note this is where observations
are informative, even if not present in every grid
cell; recall section 2.2), which, as figure 3 shows, is
reasonably widespread even during this early period,
covering much of the Atlantic and Indian Oceans,

Europe, and by the 1840s, much of North America
and Asia.

The standard historical1850 simulations initialized
in 1850 from piControl1850 (see figure 1(a)) are also
shown in figure 2(a). These simulations use the exact
same model setup and forcings as our new simu-
lations, so they might be expected to follow a sim-
ilar evolution in GSAT over the common period.
However, there are clear and statistically significant
differences in the evolution of the two sets of experi-
ments (figure S2), with the simulations initialized in
1750 showing better agreement with observed global
mean surface temperature during parts of the late
19th and early 20th centuries (figures S3–S4). This,
in addition to biases in observational datasets (Chan
et al 2024, Sippel et al 2024), could potentially explain
a long-standing discrepancy between model simula-
tions and observational datasets during the early 20th
century (Hegerl et al 2018). The mean difference in
the early 20th century (1900–1930) far exceeds the
99th significance percentile (evaluated using samples
from piControl), suggesting this difference origin-
ates from the initial conditions. Given the duration
over which this difference persists, the most likely
sources are components of the Earth system with the
longest memory. Plausible candidates include land
surface vegetation and heat stored in the ocean. Maps
showing the spatial pattern for the difference during
two periods, 1850–1880 and 1900–1930, are shown in
figure 4.

The first 31-yr period (1850–1880, figure 4(a))
is cooler in the simulations initiated in 1850 than
those initiated in 1750 (p<0.05). This difference is
particularly pronounced over Eastern Europe and
the eastern US, regions with vegetation differences
that persist from the piControl simulations they
were initialized from. In these areas, the historical1850
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Figure 4. Difference in the annual global mean SAT, showing the UKESM1.1 historical1850 simulations minus the new
historical1750 simulations, for the periods: (a) 1850–1880, and (b) 1900–1930. The right-hand panels show zonal means of the
control run differences in SAT, ensemble mean in black and spread grey.

simulations show more grass (figure S7), whereas the
historical1750 simulations havemore trees (figures S8–
S9). A noticeable difference in vegetation is also
observed across the high Arctic regions, with more
shrubs (figure S10) and less bare soil (figure S11)
in the historical1850 simulations. These differences
could at least partly explain the observed pattern
(figure 4(a)). In the second 31 yr period (1900–1930,
figure 4(b)), the historical1850 simulations are warmer
than the historical1750 simulations (p<0.01), with
warmer conditions simulated across the majority of
the globe. The pattern observed in this period is dis-
tinctly different from that in the 19th century, sug-
gesting that the source of the difference likely differs
from that of the earlier period.

Changes in ocean heat content due to pre-1850
natural forcing are shown in figure 5, highlighting
the long-term impact of the series of volcanic erup-
tions in the early 19th century. Significant cooling is
experienced throughout the upper and lower layers of

the ocean, with some impacts persisting for decades.
The cool anomaly descends through the ocean layers
around Antarctica during the post-eruption period
(figures S12–S13). The results in figure 5 suggest
that the influence of pre-1850 volcanic forcing per-
sists into the early 20th century and could, at least
partly, explain the discrepancies observed in figures 4
and S1.

The historical1750 simulations are substantially
cooler throughout the middle and deep ocean rel-
ative to the piControl1850 and historical1850 simula-
tions (figure S14). This highlights the importance
of initial conditions, as the colder temperatures in
the piControl1750 simulation persist throughout the
entire simulation. Figures S15 and S16 show that even
after 800 yr, the ocean in the piControl1750 simulation
is still adjusting to the change in forcing from 1850 to
1750. Had we started from initial conditions where
the entire ocean was in equilibrium, the volume-
averaged ocean heat content would be lower, and

7
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Figure 5. The effect of early natural forcing (1750–1850) on the ocean. Time series of the historical1750 simulations minus
historicalANT1750 simulations, showing the difference in: the GSAT top panel); the ocean temperature anomaly at different
depths (middle panels); and the AMOC, defined as the maximum meridional streamfunction in the Atlantic (bottom panel).
Light blue lines depict individual ensemble members, and darker blue lines show the ensemble mean. The largest volcanoes dur-
ing the 1750–1850 period are indicated by red vertical lines.

consequently, the differences in the deep ocean caused
by the choice of starting year (shown in figure S14),
would likely be even larger.

As suggested by previous studies (e.g. Pausata
et al 2015, Swingedouw et al 2017), we also examine
the effect of the volcanic eruptions on the AMOC.
In agreement with Iwi et al (2012), we find a small
increase in the AMOC following periods of strong
volcanism, with the AMOC reaching a local max-
imum around 1840 (figure S18). The increasing trend
from 1750 to the middle of the 19th century is

highly significant (p<0.01) when compared to equi-
valent samples taken at random from piControl1750
(figures S19a and S19c). Therefore, at the start of
the traditional ‘historical’ period, these results sug-
gest that the AMOC is likely in a positive state
(figure S19b), with implications for the subsequent
climate. This finding is consistent with observed tem-
peratures that show warmer conditions in the sub-
polar gyre region during much of the 19th century
(Caesar et al 2018, Morice et al 2025). Comparisons
with the historicalANT1750 simulations suggest this
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behavior can be linked to volcanic activity (figure 5),
in agreement with Schurer et al (2023) who analyzed
single-forcing simulations in an earlier version of the
UK climate model (HadCM3).

4. Discussion and conclusions

Our transient simulations reinforce previous studies
that have highlighted the significant impact of vol-
canic eruptions on the climate of the early 19th cen-
tury, particularly in causing cooler conditions dur-
ing the 1810s and 1830s (Hegerl et al 2019). We
have also analyzed a new observational dataset that
provides a broadly consistent picture of SAT changes
during these decades, contrasting with earlier work
that relied on sparser observational or proxy data and
found less observed cooling than in simulations. Our
analysis of ocean temperatures shows that cooling
from these eruptions persisted well into the latter part
of the 19th century and beyond, particularly in the
deep ocean.

We find highly significant differences in surface
climate between simulations initialized in 1750 and
those initialized from a piControl simulation in equi-
libriumwith 1850 conditions. Three key factors likely
contribute to the memory of the initial conditions
well into the 20th century. First, the ocean heat con-
tent differs based on the starting point—the ocean in
equilibrium with 1750 is cooler than that in equilib-
rium with 1850—and this is compounded by cooling
from large volcanic eruptions. These eruptions also
affect ocean circulation through the AMOC, which
could further influence the climate during the his-
torical period. Lastly, initial vegetation differences
between 1750 and 1850 continue to impact vegetation
in our simulations throughout the 20th century.

Our results highlight potential issues with starting
simulations from piControl simulations that assume
the Earth system is in equilibrium with present
conditions, when in reality, it is under constant
change (Gregory et al 2013). Our findings, there-
fore, have implications for standard historical exper-
iments, which typically start in 1850, as specified
by CMIP. If the decision were made to start sim-
ulations 100 or even 50 yr earlier, this would lead
to different—and potentially improved—simulations
(see figures S3–S4), although further analysis using
simulations from multiple climate models would be
required to confirm this. If historical simulations are
to start in 1850, an alternative approach to at least par-
tially mitigate this issue could be to begin the simula-
tions from initial conditions preferentially chosen to
be cooler, with a relatively strong AMOC.

Further motivation for starting simulations at
least 50 yr earlier is provided by the recent release
of the GloSATref dataset, covering the period from
1781 onward. Understanding multi-decadal variabil-
ity is crucial if we are to provide reliable projections of

future climate. Studying past variability is an import-
ant component of this, best achieved by comparing
observed and modeled climate. This period, there-
fore, presents an ideal opportunity to extend the avail-
able time period by approximately 40%. This is espe-
cially true for understanding multi-decadal Atlantic
variability, which has reasonable early observational
coverage (figure 3), and for which there is signi-
ficant interest in the causes of changes (e.g. Zhang
et al 2019). Equally important is the opportunity this
period offers to study the effect of large volcanic erup-
tions, which we have found can influence the climate
for many decades. These eruptions are, therefore, a
vital aspect of the climate system to understand if we
are to fully prepare society for the possibility of sim-
ilar volcanic episodes occurring in the future (Bethke
et al 2017).

The amount of anthropogenic warming that
occurred before 1850 is still a contentious topic, with
the IPCC estimating a range for pre-1850 anthropo-
genic warming with only medium confidence. In this
study, we introduce a novel model setup involving
two piControl simulations, which enables us to cal-
culate this quantity with a high level of precision. The
derived GSAT difference of 0.09◦C is consistent with
the IPCC range [0.0◦C to+0.2◦C] for the anthropo-
genic component, lending confidence to their assess-
ment. However, it is clear that this difference is not
uniform (recall figure 1(b)), as the anthropogenic dif-
ference in SAT between 1750 and 1850 varies spatially,
mainly due to vegetation changes. It is important to
note that the climate represented by our piControl1750
does not correspond to any specific time period, since
it does not account for changes in natural variab-
ility, which can lead to considerable climate differ-
ences even in the absence of human forcing (see
Schurer et al 2017). Additionally, while 1750 is con-
sidered a good approximation of the pre-industrial
climate (Hawkins et al 2017), anthropogenic land-
use changes had already begun long before this date
(e.g. Kaplan et al 2009, Malhi 2018, and also shown
in figures S5–S6), suggesting that human influence on
the climate was likely already underway.

In this article, we have highlighted the benefits
of starting historical model simulations at least 50 yr
earlier. Further simulations driven by single forcings
or combinations of forcings would help disentangle
the impact of different factors such as changes in land
use, anthropogenic aerosols, greenhouse gases, and
the effects of the initial conditions and model drift.
Only one state-of-the-art Earth System Model has
been used to perform these experiments to date, and
we encourage others to consider similar approaches.
Future modeling intercomparison projects may also
consider preparing forcing files which extend back
to 1750 as standard, so that these types of simula-
tions can be more easily implemented. We would
also recommend the development of a clear experi-
mental protocol for extended historical simulations,
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like those presented in this paper, to facilitate com-
parisons between results from different models.

Data availability statement

Data from the 6 historical 1750 ensembles mem-
bers for a comprehensive number of monthly vari-
ables are available here: https://dx.doi.org/10.5285/
9487085a6a3d4ca1aafa7c569e840d2a. All other new
model variables and derived variables analysed in the
paper are available here: https://dx.doi.org/10.5285/
1d2b498e981f4bcfb46c1f3c5923b122.
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