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The pre-industrial Holocene provides the backdrop for the emergence of civilisations and the starting point 
of anthropogenic climate change. Several reconstructions show an early Holocene warming that was followed 
by cooling for several thousand years before Industrialisation. In contrast climate simulations show warming 
throughout the Holocene. Whilst reconstructed trends over ocean can be reconciled with warming through either 
seasonality or uncertainties, a consistent explanation for cooling trends over some land areas is missing. We 
present a suite of transient Holocene climate model simulations with a coupled general circulation model and 
show that a widespread mid- to late-Holocene cooling emerges over some regions of the northern hemisphere 
with the inclusion of anthropogenic land-use. This is mostly because in regions of prescribed late Holocene 
deforestation, the simulated early to mid-Holocene is characterised by a lower albedo than the late Holocene. 
Whilst this cooling through time can quantitatively explain some regional aspects of the reconstructions, the 
model-data agreement remains imperfect, and differences between reconstructions also hinders the evaluation. 
Moreover, model-dependency in the response of several feedbacks, particularly sea-ice, but potentially also 
clouds, means that it is difficult to uniquely attribute Holocene temperature evolution to specific factors. Future 
work should aim to derive a consensus-signal including uncertainties from the available proxy data which could 
be used to fingerprint simulations covering a range of plausible feedback strengths.
1. Introduction

The Holocene epoch encompasses 11,700 years of relatively stable 
climate since the end of the last glacial period. This is the environ-

ment in which agriculture and the first civilisations evolved (Roberts, 
2014; Scott, 2017). It is the natural background state from which the 
climate system is shifting away under human influence (Schurer et al., 
2017). The Holocene climate evolved under mostly gradual changes in 
climatic forcings (Roberts, 2014). The resultant changes in surface tem-

peratures can be used to characterise the pre-industrial climate state 
and hence provide the context for future change (Schurer et al., 2017). 
The variations are also relevant to aspects of human history (Fagan, 
2005), yet the feedbacks and responses are not fully understood. In par-

ticular, it remains to be shown whether the temperature peaked early 
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in a ‘Holocene thermal maximum’ (HTM) (Marcott et al., 2013; Kauf-

man et al., 2020), or has been gradually rising, as predicted with most 
climate models (Liu et al., 2014). Resolving this debate will address the 
reliability of climate model simulations on long timescales (Liu et al., 
2014; Bader et al., 2020; Thompson et al., 2022).

Although regional reconstructions over several decades (e.g. Crow-

ley and North, 1991; Roberts, 2014; Wanner et al., 2008) have sup-

ported the paradigm of early Holocene peak warmth, Marcott et al. 
(2013) produced the first quasi-global and quantitative temperature re-

construction. This shows a long-term cooling up until the Industrial 
Revolution (Marcott et al., 2013). Although there are important sea-

sonal variations in Earth’s orbit over this time, the best estimates of 
radiative forcing suggest that the climate should have warmed because 
of retreating ice-sheets (Smith et al., 2011) and rising greenhouse gas 
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Table 1

Selected data-model comparisons of Holocene temperature change.

Study Model ECS* (◦C) Forcing Dynamic 
Vegetation

Target palaeo climate 
reconstruction

Agreement 
between 
simulation 
and selected 
reconstruc-

tion

Notes

Marsicek et al. (2018) CCSM3 2.1 orbit ghg sea-level Y Marsicek et al. (2018) Y -

Liu et al. (2018) CCSM3 2.1 orbit dust N Marcott et al. (2013) - Dust longwave effects not 
included. Timeslice 
simulations.

Bader et al. (2020) MPI-ESM1.2 2.8 orbit ghg solar ozone 
volcanic ALU

Y Marsicek et al. (2018) Y No change in ice-sheets.

Bova et al. (2021b) CCSM3 2.1 orbit ghg ice/sea-level Y Bova et al. (2021b) Y Reconstruction empirically 
corrected.

Thompson et al. (2022) CESM1.2 3.6 orbit ghg ice/sea-level 
vegetation

N temp12k Y Prescribed vegetation. 
Timeslice simulations.

This study HadCM3BB-M2.1d 3.0 orb ghg ice/sea-level 
solar volcanic ALU

Y multiple Mixed Sea-ice response too weak?

* Equilibrium climate sensitivity values (ECS) from Renoult et al. (2023) and Hopcroft and Valdes (2015) for HadCM3.
levels (Bereiter et al., 2015). Transient climate model simulations of 
the Holocene (Liu et al., 2014) largely reflect this in showing a 1 ◦C 
warming during the Holocene. This model-data disagreement has been 
termed the ‘Holocene temperature conundrum’ (Liu et al., 2014).

A recent compilation of pollen reconstructions from Europe and 
Eastern North America shows that this early to mid Holocene warmth 
was confined to the ocean proxy records (Marsicek et al., 2018). How-

ever, a synthesis of land and marine records that integrates some of 
these pollen records shows a much stronger early Holocene thermal 
maximum (Kaufman et al., 2020). Subsequent analyses of the marine 
component which dominates the reconstructed warming in the Tem-

perature 12k database (temp12k), suggest that either seasonality (Bova 
et al., 2021b) or uncertainties and a lack of spatial coverage (Osman et 
al., 2021) are responsible for differences with model simulations. Else-

where much of Asia and most of Western North America has warmed 
throughout most if not all the Holocene (Herzschuh et al., 2023a,b; 
Zhang et al., 2022). Importantly, both the magnitude and spatial dis-

tribution of Holocene temperature anomalies varies between different 
reconstructions (e.g. Bartlein et al., 2011; Marsicek et al., 2018; Kauf-

man et al., 2020; Herzschuh et al., 2023b; Zhang et al., 2022), meaning 
there is not yet a consensus.

A few climate modelling studies have reproduced some aspects of 
early Holocene warmth. We discuss these examples in the following 
and provide a summary of key examples in Table 1.

One proposed explanation for the existing model-data discrepancies 
is that reduced dust from the ‘green’ Sahara during the early- to mid-

Holocene caused a significant warming of the North Atlantic (Liu et 
al., 2018). However, the model used by Liu et al. (2018) did not in-

clude longwave radiative effects of dust (LWRE). More comprehensive 
models that include LWRE show a range of responses to an idealised 
greening (Pausata et al., 2016; Hopcroft and Valdes, 2019; Thompson 
et al., 2019). This range is most likely due to the fact that dust-radiation 
interactions are sensitive to the dust scattering and absorption coeffi-

cients used in models and to the size-distribution of dust particles, since 
smaller particles mostly cause scattering (hence cooling) and larger par-

ticles tend to absorb at longer wavelengths leading to warming (e.g. 
Miller et al., 2014; Albani and Mahowald, 2019). When prescribed in 
one Earth System model, a Holocene greening of both the Sahara and 
Arabia with up to date dust particle properties causes a relatively small 
net-radiative effect across the North Atlantic (see figure 4 by Hopcroft 
and Valdes, 2019) which means that the impact on sea-surface tempera-

tures may be small. Accordingly, in Holocene simulations with idealised 
high and low dust, Thompson et al. (2022) found that the effect of dust 
2

on global climate was much smaller than that due to changes in vegeta-
tion. However, dust-cloud interactions are expected to have a significant 
impact in palaeoclimates (Sagoo and Storelvmo, 2017; Thompson et al., 
2019), and their role during the Holocene remains to be investigated in 
detail.

The altered vegetation study by Thompson et al. (2022) shows that 
a global early to mid-Holocene warm phase could have been caused by 
changes in the distribution of vegetation as they induce a global signal 
that is consistent with temp12k by replacing large regions of grasslands 
and open-land globally with forest. This highlights the potential for 
vegetation feedbacks on climate at the global scale (Claussen, 2009). 
However, uncertainties remain because of the idealized nature of the 
vegetation changes that have been imposed by Thompson et al. (2022).

In transient simulations Bader et al. (2020) showed that Arctic sea-

ice anomalies could enhance early to mid-Holocene warming caused by 
stronger summer insolation at this time. Summer reductions in sea-ice 
extent persist into winter in their model, leading to an annual-mean 
warming signal. This process was also identified in some other models 
by Park et al. (2019). As the summer insolation subsequently declined, 
Arctic sea-ice would have covered a larger area, cooling the wider re-

gion and providing an explanation for some of the trends in mid-latitude 
surface temperature reconstructions (Bader et al., 2020). The strength 
of this Arctic sea-ice feedback is model-dependent (Park et al., 2019; 
Bader et al., 2020) and the spatial footprint does not correlate particu-

larly well with Northern extra-tropical climate reconstructions (Park et 
al., 2019), a point we return to below.

An important additional forcing of Holocene climate could have 
arisen through early land-use (He et al., 2014; Smith et al., 2016). Ar-

chaeological evidence shows that agriculture commenced in the early 
Holocene in many regions of the globe (ArchaeoGLOBE Project Mem-

bers, 2019; Ellis, 2021), leading by 4 kyr BP, to a globally unprece-

dented acceleration in the rate of change in natural vegetation (Trond-

man et al., 2015; Mottl et al., 2021) and in lake sediment accumulation 
rates (which suggest a widespread deforestation) (Jenny et al., 2019). 
The spatial intensity of early human land-use is contested (Klein Gold-

ewijk et al., 2011; Kaplan et al., 2011; Klein Goldewijk et al., 2017). 
Thus, a widespread alteration of the land-surface by humans in re-

cent millennia is plausible (Ellis, 2021) but remains controversial (Klein 
Goldewijk et al., 2011; Pongratz et al., 2008; Harrison et al., 2020).

The emerging, more complex view of Holocene temperature evolu-

tion (Herzschuh et al., 2023a,b; Cartapanis et al., 2022; Zhang et al., 
2022) together with additional forcing by volcanoes and land-use and 
feedbacks from natural vegetation and sea-ice among other processes 
have yet to be fully evaluated in the context of Holocene temperature 

conundrum. Here we describe a suite of transient coupled climate model 
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Fig. 1. Timeseries of relevant variables used in forcing the Holocene climate simulations. a) Annual mean insolation over the northern tropics, mixing ratios of b) 
CO , c) CH and d) N O, e) sea-level contributions from ice-sheets and f) area of anthropogenic land-use.
2 4 2

simulations and evaluate the relative importance of forcings and feed-

backs over this time interval.

2. Methods

We performed a suite of transient coupled general circulation model 
simulations covering the last 10,000 years. We use the coupled gen-

eral circulation model HadCM3BB-M2.1aD (Valdes et al., 2017) which 
has been widely used to study past (e.g. Singarayer and Valdes, 2010; 
Hunter et al., 2019; Roberts and Hopcroft, 2020), present (Stott et 
al., 2000) and future (Murphy et al., 2004) climate and is among the 
best models of its generation (Reichler and Kim, 2008). HadCM3’s 
atmospheric general circulation model has a horizontal resolution of 
3.75×2.5◦ (longitude-latitude) with 19 unequally spaced vertical lev-

els and the ocean has a horizontal resolution of 1.25×1.25◦ with 20 
vertical levels. The land surface is a tiled patchwork of land-cover 
types including fully dynamic vegetation (Cox, 2001). HadCM3 (Valdes 
et al., 2017) is used here in a new configuration (-BB: with updated 
model parameters) that interactively reproduces the greening of the Sa-

hara during the Holocene through changes to the convection scheme 
(Hopcroft et al., 2021) and the parameterisation of dynamic vegeta-

tion (Hopcroft and Valdes, 2021). Although the model has been super-

seded by more recent Hadley Centre configurations, these models are 
orders of magnitude slower than HadCM3. HadCM3’s computational ef-

ficiency and relatively skillful climatology therefore make it a suitable 
choice for multi-millennial simulation lengths needed to study the time-

dependence of Holocene climate.

All HadCM3 simulations here have been driven with calculated 
changes in Earth’s orbit (Berger, 1978), variations in the major green-

house gases reconstructed from ice-core records (Bereiter et al., 2015; 
Loulergue et al., 2008; Schilt et al., 2010; Köhler et al., 2017) and a re-

construction of ice-sheets and sea-level (Argus et al., 2014; Peltier et al., 
3

2015). Ocean salinity follows the ‘melt-uniform’ scenario of Ivanovic et 
al. (2016). At each timestep a global freshwater flux is calculated such 
that any difference between the simulated globally-averaged salinity 
and that implied by the ice-sheet reconstruction is redistributed over 
the volume of the ocean model. Initially the solar constant is fixed at 
1361 Wm−2 and volcanic eruptions are not considered. Land-use is set 
to zero globally and variations in tropospheric aerosols are not con-

sidered. This simulation is initialised from the 10 kyr BP state of a 
transient deglaciation simulation with HadCM3B-M2.1d (Valdes et al., 
2017) which was run from 23 kyr BP to 10 kyrBP following the PMIP 
deglaciation protocol described by Ivanovic et al. (2016). A 10,000 
year simulation from 10 kyr BP with orbital, greenhouse gas and ice-

sheet forcings is labelled ORB+GHG+ICE (Hopcroft and Valdes, 2021). 
From this simulation four further simulations were branched, incre-

mentally adding forcings due to variations in solar irradiance (Vieira 
et al., 2012) (+SOLAR), volcanic eruptions (Sigl et al., 2022) (+SO-

LAR+VOLC) and anthropogenic land-use (ALU). We evaluated a low 
(+SOLAR+VOLC+ALU(HYDE) Klein Goldewijk et al., 2017) and a high-

intensity land-use reconstruction (KK10) (+SOLAR+VOLC+ALU(KK10): 
Kaplan et al., 2011). These simulations are analysed with respect to the 
hydroclimate of northern Africa by Hopcroft and Valdes (2022).

More details about the volcanic aerosols are provided in the Support-

ing Information. Areas of anthropogenic crop and pasture are imposed 
in the model as a fractional area of disturbed land in which only grasses 
are allowed to develop. This disturbance mask is updated every 500 
model years up until 500 yr BP after which it was updated at 200 and 
100 years BP. The KK10 land-use is left constant at CE 1850 values from 
CE 1850-1950 as this reconstruction does not cover the later period. The 
different forcings are compared in Figs. 1 and S1.

Currently it remains an open question on the true intensity of palaeo-

land-use (Harrison et al., 2020). This is because the conversion of pop-

ulation densities to land-use area through time are highly uncertain 
(Klein Goldewijk et al., 2011, 2017), among other uncertainties. KK10 

predicts a more gradual increase in land-use over time, so that the spa-
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Table 2

Forcing configuration for the Holocene transient HadCM3 simulations.

Simulation Orbit1 GHG2 Ice & sea-level3 Solar4 Volcanic5 Land-use6,7 Start date (year BP)

ORB+GHG+ICE B78 Ice-core ICE-6G - - - 10,000

+SOL B78 Ice-core ICE-6G Vieira et al. - - 10,000

+SOL+VOLC B78 Ice-core ICE-6G Vieira et al. HolVol - 9,000

+SOL+VOLC+ALU(KK10) B78 Ice-core ICE-6G Vieira et al. HolVol KK10 8,500

+SOL+VOLC+ALU(HYDE) B78 Ice-core ICE-6G Vieira et al. HolVol HYDE3.2 8,500

1 B78: Berger (1978).
2 Ice-core: Bereiter et al. (2015); Loulergue et al. (2008); Schilt et al. (2010); Veres et al. (2013); Köhler et al. (2017).
3 ICE-6G: Argus et al. (2014); Peltier et al. (2015).
4 Vieira et al.: Vieira et al. (2012).
5 HolVol v1.0: Sigl et al. (2022).
6 KK10: Kaplan et al. (2011).
7 HYDE3.2: Klein Goldewijk et al. (2017).
tial footprint is much larger earlier in the Holocene. Land use at CE 
1800 varies between 1769 Mha in HYDE3.2 to 2940 Mha in KK10. Sim-

ilarly looking at cropland area in CE 1700, HYDE3.2 predicts 293 Mha, 
compared to other estimates of 264-405 (Houghton et al., 1983; Ra-

mankutty and Foley, 1999; Pongratz et al., 2008; Klein Goldewijk et 
al., 2017).

Pollen-inferred land-cover (Trondman et al., 2015) is one of the few 
independent ways to validate these estimates. Over Europe this compar-

ison shows that the upper-bound KK10 reconstructed from population-

based method (Kaplan et al., 2017) underestimates open-land compared 
with the pollen-based estimate. Consistent with this, a more qualita-

tive comparison between a synthesis of archaeological data and the 
lower-bound HYDE3.2 reconstructed from population-based method 
(Klein Goldewijk et al., 2017) suggests that HYDE3.2 may underes-

timate land-use globally in the millennia preceding Industrialisation 
(ArchaeoGLOBE Project Members, 2019).

The potential human-induced fluxes of CO2, CH4 and N2O are im-

plicitly included in the ice-core greenhouse gas records used in all 
simulations. Therefore, only the biophysical land-use effects are dis-

cussed in the following. The five simulations are compared in Table 2

and further details are provided in Supporting Information Text S1. We 
compare our modelling approach with previous studies in Table 1.

2.1. Calculation of radiative forcing and feedbacks

We calculate the radiative forcing over the Holocene based on the 
changes in Earth’s orbit, mixing ratios for CO2, CH4 and N2O, ice-

sheet extent and orography, reconstructed variations in solar irradiance 
(Vieira et al., 2012), stratospheric aerosol optical depth due to volcanic 
eruptions (Sigl et al., 2022) and anthropogenic land-use. The radiative 
forcing due to orbital variations (f𝑂) is given by:

𝑓𝑂(𝑡) = Δ𝑆(𝑡) ↓𝑇𝑂𝐴 (1 − 𝛼𝑝(𝑡0)), (1)

where 𝛼𝑝 is the planetary albedo for the present day (t0) and S↓𝑇𝑂𝐴(t) 
is the incoming solar radiation at the top of the atmosphere at time t 
before present and Δ implies the change from the present-day values. 
We use simulated monthly-mean S↓𝑇𝑂𝐴 and 𝛼𝑝. The radiative forcing 
due to solar irradiance variations (f𝑆 ) is calculated in a similar manner 
as:

𝑓𝑆 (𝑡) =
Δ𝑆⊙(𝑡)

4
(1 − 𝛼𝑝(𝑡0)), (2)

where S⊙(t) is the solar constant at time t before present and Δ implies 
the change from the present-day value.

Greenhouse gas radiative forcing is calculated using validated poly-

nomial approximations of the results from line-by-line radiative transfer 
calculations (Etminan et al., 2017). The radiative forcing due to ice-

sheets follows an approach used before (Hopcroft and Valdes, 2015). 
4

The short-wave (SW) component is estimated using the Approximate 
Partial Radiative Perturbation Method (APRP) (Taylor et al., 2007) ap-

plied to monthly model outputs. The APRP is also used to calculate 
radiative effects arising from land-use. APRP constructs a simplified 
representation of the land-surface and atmospheric column in each grid-

box based on monthly-mean cloud cover and radiation diagnostics for 
the surface and top of the atmosphere for both all-sky and clear-sky 
conditions. This is used to derive the radiative effects due to changes in 
cloud-cover, surface properties and non-cloud atmospheric constituents 
and is shown to reproduce more detailed radiative kernel methods to 
within around 15% (Taylor et al., 2007). The long-wave emission due 
to orographic change over ice-sheets is calculated from monthly model 
outputs as:

𝑓 𝑙𝑤
𝑖𝑐𝑒

= 𝜎𝜖

[
𝑇 4
𝑜𝑟𝑜𝑔

− 𝑇 4
]
, (3)

𝑇𝑜𝑟𝑜𝑔 = 𝑇 − 𝜆Δℎ, (4)

where 𝜖 is emissivity and is assigned a value of 0.85 for ice, 𝜎 is 
the Stefan-Boltzmann constant and T are the monthly-mean simulated 
surface air temperatures in the pre-industrial simulation. T𝑜𝑟𝑜𝑔 is the 
temperature field corrected for elevation changes (Δℎ) due to palaeo 
ice-sheet elevation change. T𝑜𝑟𝑜𝑔 is calculated using a relatively conser-

vative lapse rate 𝜆=6.5 Kkm−1.

The radiative forcing due to land-use induced changes in surface 
albedo is also estimated using monthly model outputs and the APRP 
method and is based on the anomalies between simulations with and 
without prescribed land-use. This was calculated at 100-year intervals 
using 50-year mean climatologies. The radiative forcing due to volcanic 
eruptions is calculated by multiplying the global-mean stratospheric 
aerosol optical depth by -19 Wm−2 (Gregory et al., 2016). The short-

wave feedback effects for the land-surface, clouds and clear-sky are also 
calculated using the APRP method described above.

3. Results

3.1. Existing palaeo-temperature reconstructions

The marine compilation by Marcott et al. (2013) (M13) shows peak 
temperatures occurring at the beginning of the Holocene. This signal 
is mostly driven by records from the North Atlantic (Marsicek et al., 
2018). Over land, Marsicek et al. (2018) (M18) reconstructed a warm-

ing up until around 4000 years before present (yr BP) followed by 
around 0.4 K of cooling based on pollen records. A global synthesis 
(temp12k) incorporates some of this pollen database with other terres-

trial, ice-core and the M13 records and also shows a two-phase evolu-

tion (Kaufman et al., 2020), but with a much stronger warming early 
in the Holocene referred to as the Holocene thermal maximum (HTM), 
see Fig. 2. An expanded pollen dataset (Herzschuh et al., 2023a,b, H22) 
confirms the results from M18 over Europe. However, the temperature 

trends are opposite in Western North America and in many regions of 
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Fig. 2. Comparison of extra-tropical surface temperature reconstructions for the Holocene (coloured lines) and the differences between them (black lines). a) Marine 
(Marcott et al., 2013, M13) and terrestrial (Marsicek et al., 2018, M18) reconstructions, b) Terrestrial M18 versus temp12k (Kaufman et al., 2020) and c) temp12k

compared to the arithmetic average of M13 and M18.
Asia where there is essentially no early Holocene warmth. This implies 
that the conundrum is not global.

As temp12k, M18 and H22 share much of the same source data over 
the extra-tropical continents it is important to understand the reasons 
for these differences. In Fig. 2 we show that temp12k is very similar to 
a blend of the M13 (ocean-dominated) and M18 (land-only) reconstruc-

tions. From the marine records, M13 imparts a strong cooling signal 
which is only partially offset by the warming over land in M18. A simple 
average of the two reconstructions is very nearly equal to temp12k for 
the northern hemisphere mid-latitudes. Thus, despite the large amount 
of overlap in data between M18 and temp12k, they differ substantially. 
H22 show that blending the Legacy1.0 (from Herzschuh et al., 2023a) 
with the ocean component of temp12k results in a much weaker mid-

Holocene warming than in temp12k, but this is also masking sometimes 
opposing temperature trends in different continental regions.

The potential for a seasonal bias in Holocene temperature recon-

structions has long been recognised (e.g. Liu et al., 2014, and references 
therein). A potential seasonal bias in the marine component of M13 and 
temp12k has been modelled empirically by Bova et al. (2021b) (B21) 
for tropical sites although their approach has generated much debate 
(Zhang and Chen, 2021; Bova et al., 2021a; Laepple et al., 2022; Bova 
et al., 2022). B21’s correction transforms the 0.5 K cooling signal in 
temp12k to a continuous warming trend that is in agreement with cli-

mate simulations with CCSM3 (Bova et al., 2021b). A statistically-based 
palaeoclimate assimilation of a global marine dataset (using forward 
models rather than calibrated palaeo-temperatures) has also shown a 
warming throughout the Holocene (Osman et al., 2021). The main rea-

son identified are uncertainties in key records that show the strongest 
early Holocene warmth and spatial gaps in the ocean reconstructions. 
Another reanalysis using calibrated temperatures shows the opposite 
but with only a modest early Holocene peak (Erb et al., 2022), poten-

tially highlighting the importance of the model-based prior information 
in the data-assimilation methodology (e.g. Annan et al., 2022).

If marine reconstructions are biased by either seasonality (B21) or 
by uncertainties (Osman et al., 2021), then it is very likely that much 
5

of the Earth System has been gradually warming over the last 10,000 
years, in agreement with climate model simulations. The contrasting 
trends over different land areas potentially point to regional forcing 
or circulation trends, which are unlikely to be explained by seasonal 
biases in reconstructions because unlike marine and aquatic records that 
mostly track peak seasonal warmth (e.g. Lorenz et al., 2006; Samartin et 
al., 2017), terrestrial records are thought to register integrated growing 
season conditions (Marsicek et al., 2018; Herzschuh et al., 2023a,b).

3.2. Transient climate model simulated temperature changes

In Fig. 3 the simulated surface air temperatures in the five simula-

tions are compared with reconstructions of Holocene temperatures. The 
results are plotted as deviations from the pre-industrial. The modelled 
trends are sampled from the gridcells that correspond with the site loca-

tions in each of the reconstructions, as shown in lower panels of Fig. 3.

All three simulations without land-use show a long-term warming 
by approximately 1.2 ◦C which is slightly larger in amplitude than with 
previous simulations with other models (Smith and Gregory, 2012; Liu 
et al., 2014; Bader et al., 2020) or data-model assimilation (Osman 
et al., 2021). HadCM3 has a higher climate sensitivity (around 3 K) 
than many models used before in transient Holocene simulations (e.g. 
CCSM3 is around 2.5 K) and it includes dynamic vegetation which can 
act to amplify warming over land (see below). The simulated temper-

atures stabilise in the last two millennia as polar regions begin to cool 
under reducing annual mean (and Boreal summer) insolation. The in-

clusion of variations in solar irradiance and volcanic eruptions do not 
appreciably alter the long-term temperature trend.

The forcing by anthropogenic land-use mitigates warming in the 
final millennia of the simulations, especially over Europe to some ex-

tent in Eastern North America and Asia. With the more intense KK10 
land-use the simulated temperatures stabilise at around 5000 years BP 
over northern mid-latitudes (Fig. 3a) and then declines from around 
3000 years BP. The HYDE3.2 land-use simulation begins to cool very 
slightly after around 3000 years BP over NH mid-latitudes but with 
a much smaller magnitude than indicated by the M18 pollen-based 
estimate (Marsicek et al., 2018). The no-land-use and HYDE3.2 simu-
lations begin to exceed the uncertainty range of the M18 reconstruction 



Quaternary Science Reviews 319 (2023) 108322P.O. Hopcroft, P.J. Valdes, B.N. Shuman et al.

Fig. 3. Simulated and reconstructed surface air (a,b,d-g) and sea-surface (c) temperatures. Reconstructions by a) M18 Marsicek et al. (2018), b) temp12k Kaufman 
et al. (2020), c) B21 Bova et al. (2021b) and d)-g) regional reconstructions by Herzschuh et al. (2023b, 2022). The model outputs have been averaged only at the 
gridcells where there are sites from each reconstruction. The spatial masks applied to the simulations are shown below each timeseries.
(Fig. 1a) by around 4000 years BP and show too much warming in 
all regions except western North America up to the present day. The 
HYDE3.2 land-use slightly improves the comparison, but the warming 
is still too great in comparison with M18 (Fig. 3a)). With the more in-

tense land-use reconstructed in KK10 the simulation remains mostly 
within the reconstruction 95% limits for almost the entire time period 
in Fig. 1a, and shows a cooling over the last three thousand years in 
agreement with this reconstruction.

The temp12k reconstruction (Kaufman et al., 2020) shows a gradual 
Holocene cooling from around 6.5 kyr BP which is not matched by any 
of the simulations (Fig. 3b). The model-data agreement is very slightly 
improved with the inclusion of the more intense KK10 land-use, but 
only after 3 kyr BP after which the rate of cooling in the reconstruction 
and the model (KK10) are approximately equal. The simulations with-

out land-use or with the HYDE3.2 land-use show a long-term warming 
during the early- and mid-Holocene which is not in agreement with the 
reconstruction.

The regional components of H22 are compared in the lower panels of 
Fig. 3. Over Europe as described above, the KK10 simulation produces 
a long-term cooling towards the present day after a period of relatively 
stable temperatures that is in agreement with the record, although the 
early Holocene warmth in the reconstruction is not fully captured by the 
model. Over western North America the modelled and reconstructed 
trends are reasonably similar with a modest warming of 1 C mostly 
6

in the early Holocene when ice-sheets were retreating in east of the 
continent. Over eastern North America the more extreme KK10 land-

use brings the simulation closer to the H22 reconstruction but, as with 
Asia, the simulations warm too much during the early to mid-Holocene.

The simulated sea-surface temperature (SST) trends show a warming 
by around 0.7 K for the sites used by B21. The B21 ‘corrected’ an-

nual mean reconstruction shows around half this magnitude of warming 
(Fig. 3c). The original temp12k reconstruction at these sites shows sub-

stantial cooling by around 0.5 K, which is not seen in any of the present 
model simulations or earlier studies with a different model (Liu et al., 
2014; Bova et al., 2021b). It is only in the last 1000 years that the simu-

lations without land-use or with the HYDE3.2 land-use begin to exceed 
the 95% uncertainty limit of the ‘corrected’ reconstruction. Although as 
described above KK10 cools over mid-latitudes, here at the tropical ma-

rine locations, this simulation continues to warm gradually. However, 
this warming is muted relative to the other simulations. In this way the 
KK10 temperatures remain within the reconstructed uncertainty limits 
(Fig. 3c) throughout the reconstruction time interval.

Recently, Zhang et al. (2022) showed that northern hemisphere 
pollen records indicate a stable seasonality throughout the Holocene. 
In Fig. 4 we show the change in seasonality of the simulated temper-

ature. In contrast to the pollen-inferred stable seasonality, all of the 
simulations analysed here show a significant reduction in temperature 
seasonality in the northern hemisphere extra-tropics which follows the 

trend in insolation seasonality. This is consistent with the results from 
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Fig. 4. Simulated change in the seasonality of surface air temperature (JJA minus DJF) averaged over mid-latitude land of the northern hemisphere (a), southern 
hemisphere (b), and ocean mid-latitudes in the northern hemisphere (c) and southern hemisphere (d). The gridcells averaged are shown by the masks under each 
panel.
the TRACE-21k simulation analysed by Zhang et al. (2022). This model-

data discrepancy highlights the differential trends in seasons which may 
be at the root of the Holocene conundrum, since the model simulations 
resemble evolving insolation, whereas the reconstructions indicate a 
more complex response of the system. This warrants further investi-

gation.

One additional feature that is evident in the comparisons in Figs. 3

and 4 is that no single model simulation is able to reconcile all (or even 
most) of the different reconstructions. This is also seen in a comparison 
of simulated precipitation and reconstructions. The modelled annual-

mean precipitation and precipitation minus evaporation are higher 
during the mid-Holocene than the pre-industrial over northern mid-

latitudes. This is the opposite of a recent compilation by Routson et al. 
(2019) who argued for dryer mid-latitudes in the early to mid-Holocene. 
In contrast, pollen-based reconstructions show wetter conditions across 
much of Eurasia but the opposite over North America (Bartlein et al., 
2011, 2017; Herzschuh et al., 2023b). Thus, just as for temperature, 
disagreements between reconstruction and between some of these and 
simulations are evident. Further evaluation of the hydrological cycle is 
beyond the scope of this work, but would very likely benefit from the 
inclusion of water isotopes in the model which is the subject of ongo-

ing development. Taken together these mismatches show that either the 
model is missing some critical combination of forcings and feedbacks, 
or that the reconstructions are not consistent with each other. If the 
latter is true then inter-reconstruction divergences need to be better un-

derstood before the Holocene temperature conundrum can be resolved.

3.3. Model-data comparison for the mid-Holocene

Spatial patterns of temperature change for the mid-Holocene (6 kyr 
BP) are shown in Fig. 5 and Fig. S2. This comparison identifies sig-

nificant differences between the three reconstructions and the data-

model assimilation of last glacial to Holocene climate (LGMR: Osman 
et al., 2021) where the latter shows opposite anomalies over Eurasia 
and North America. The only feature common to all three reconstruc-

tions is a warming centred over central and north eastern Europe and 
eastern North America. Elsewhere Bartlein et al. (2011) and H22 both 
show some evidence for cooler conditions in much of Asia and western 
North America. The H22 reconstruction is more spatially coherent than 
the compilation of Bartlein et al. (2011). In many locations H22 and 
temp12k show differing sign of change. Potential reasons for these dif-

ferences are discussed by H22. Over land, the LGMR data assimilation 
shows a cooling over North America and warming over all of Eura-
7

sia throughout the Holocene (Fig. S2). This pattern differs substantially 
from all of the other reconstructions and model simulations. This warm-

cool North America-Eurasia pattern affects all Holocene time-slices in 
LGMR but the cause of this signal is unclear.

Without land-use none of the simulations show any warming over 
Europe or eastern North America (Fig. 5d). In the HYDE3.2 simulation 
(Fig. 5e) there is a weak signal that is only around half the magnitude 
of the reconstructed anomaly. The KK10 simulation is able to reproduce 
the magnitude of warmer conditions over Europe and thereby reconcile 
the differential spatial anomalies evidence in the reconstructions. The 
absence of the land-use effect (Smith et al., 2016) is probably why ex-

isting model simulations show a poor correlation with reconstructions 
regardless of whether they simulated warmer or cooler Arctic during the 
mid-Holocene (Park et al., 2019). Elsewhere, the simulations are gen-

erally overly cool although the disagreement among the records makes 
firm conclusions difficult. The inclusion of more intense land-use miti-

gates this cooling over much of the Northern Hemisphere (Smith et al., 
2016) but does not fully reconcile the model with the data.

The simulated warming over Europe in the HYDE3.2 and KK10 sim-

ulations is predominantly a response to deforestation (shown in Figs. S1 
and S3) which causes the surface albedo to increase by around 0.05 as 
more open landscapes are generally higher in albedo than forested re-

gions (Fig. 6). In the HYDE3.2 simulation this albedo increase and the 
associated cooling signal are much weaker.

3.4. Holocene radiative forcing and response

To better understand the simulated responses, the radiative forcing 
was calculated (see Methods). The individual timeseries are compared 
with the simulated global mean temperature trends in Fig. 7 for the 
period from 10 kyr BP to present. The gradual change in orbit results in 
a global-mean increase in radiative forcing of around 0.1 Wm−2 over the 
past 10 kyr (Fig. 7a). Regionally there is a redistribution of insolation 
from the high latitudes to the tropics (Park et al., 2019; Bader et al., 
2020). Over the poles annual-mean insolation reduced by 3.5 Wm−2

between 10 kyr BP and the present day. Over the mid-latitudes (30-

60◦N) insolation remained approximately constant and it increased by 
around 1.0 Wm−2 over tropics.

Between 10-6 kyr BP greenhouse gas radiative forcing does not vary 
much, but rising sea-level and waning ice-sheets induce a radiative forc-

ing increase of approximately 0.8 Wm−2 (Fig. 7b). After this, CO2 and 
CH4 begin to rise and dominate the global mean radiative forcing, while 
the contribution from N2O remains small. The forcing due to recon-

structed variations in solar irradiance are modest and are mostly smaller 

than ±0.2 Wm−2 (Fig. 7c). Volcanic eruptions show an early Holocene 
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Fig. 5. Reconstructed and simulated annual-mean temperature anomalies during the mid-Holocene (6±0.5 kyr BP with respect to the pre-industrial (0-1000 yr BP). a) 
Bartlein et al. (2011) reconstruction, b) temp12k (Kaufman et al., 2020) reconstruction, c) Legacy1.0 (Herzschuh et al., 2023a,b) reconstruction, d) the +SOL+VOLC 
simulation, e) the +SOL+VOLC+ALU(HYDE) simulation and f) the +SOL+VOLC+ALU(KK10) simulation. For the simulated anomalies, the stippling indicates where 
the difference between the two time periods is significant at the 95% level according to a two-sided Student’s t test.
period of enhanced activity (Fig. 7d) but otherwise show a highly vari-

able forcing through time.

The radiative forcing due to anthropogenic land-use is the only forc-

ing other than insolation over the Arctic with a negative trend over the 
Holocene (Fig. 7e). Averaged globally, the KK10 reconstruction causes 
a 0.5 Wm−2 reduction in radiative forcing which mostly occurs dur-

ing the last 3000 years (Fig. 7d). The HYDE3.2 reconstruction shows 
a much smaller impact (Figs. 7e). The figure shows differences rela-

tive to the late Holocene pre-industrial and so differences between the 
two scenarios cause the land-use forcings to diverge at earlier times. 
In all simulations except KK10 and HYDE3.2, the total radiative forc-

ing (Fig. 7f) increases until the end of the simulation. In the HYDE3.2 
simulation the negative land-use forcing causes a departure from the 
simulations without land-use from around 1500 years BP. From around 
3 kyr BP in the KK10 simulation there is a gradual forcing reduction 
that continues until the onset of Industrialisation.

The simulated global mean temperature response (Fig. 7g) shows a 
close correspondence with the global RF and implies an Earth System 
sensitivity (ESS) of around 4 K for a doubling of CO2 but it should be 
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remembered that the land use forcing is very regionally variable. This 
ESS value is caused by feedbacks due to clouds, other atmospheric con-

stituents such as water vapour, the cryosphere and vegetation. In all of 
the simulations except the KK10, land-surface changes due to dynamic 
vegetation and changes in snow-cover act to amplify simulated warm-

ing in the extra-tropics (Fig. 8). The simulations show a more open 
vegetation distribution in the early- to mid-Holocene in mid-latitudes 
(40-60◦N) of central Asia and North America (Fig. S3), but little north-

wards expansion of the tree-line, in agreement with palaeo-botanical 
data from North America (Williams, 2002; Williams et al., 2009) and 
the Arctic (Bigelow et al., 2003) but not elsewhere. There is also no 
significant contraction of the grasslands in mid-latitudes over Eurasia 
(Binney et al., 2017). The more open canopy in mid-latitudes allows 
snow to produce a more comprehensive coverage of the canopy during 
the winter months. The resultant cooling is supported by the B11 re-

construction shown in Fig. 5 (Bartlein et al., 2011) but agreement with 
H22 or temp12k is less clear.

Over the tropics, dynamic vegetation induces the opposite feed-

back mostly in response to the simulated desertification of the western 
Sahara at around 6 kyr BP (Hopcroft and Valdes, 2021, 2022). The 

simulated early to mid-Holocene green Sahara causes a regional cool-
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Fig. 6. Simulated change in surface albedo 6.5 ka BP minus 0 ky BP for a) ORB+GHG+ICE, b) +SOLAR+VOLC, c) +SOLAR+VOLC+LU(KK10), and d)+SO-

LAR+VOLC+LU(HYDE).

Fig. 7. Estimated difference in radiative forcings over the Holocene with respect to the late Holocene pre-industrial. These are arising from variations in a) Earth’s 
orbit around the Sun (Berger, 1978), b) greenhouse gas mixing ratios (black) and ice-sheets (blue), c) solar irradiance (Vieira et al., 2012), d) volcanic eruptions (Sigl 
et al., 2022) smoothed with a 10-year running-average, e) anthropogenic land-use (Kaplan et al., 2011; Klein Goldewijk et al., 2017), and f) the sum of contributions 
due to orbit, GHGs and ice (blue) and incrementally adding solar irradiance (red), volcanic eruptions (cyan) and land-use relative (green or brown), all relative to 
the mean over the last 500 years. g) Simulated time-series of global mean surface air temperature (◦C) for the same combinations of forcings as shown in f), both 
9

smoothed with a 10-year running-mean.
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Fig. 8. a)-c) Global-mean short-wave (SW) radiative effects in HadCM3 calculated with the Approximate Partial Radiative perturbation method (APRP). APRP was 
applied every 100 years using repeated 50-year climatologies. The clear-sky timeseries for the three simulations that include volcanic eruptions show substan-

tial anomalies due to variations in the 50-year mean values of the volcanic stratospheric aerosol optical depth. d)-f) anomalies of the three SW components in 
ORB+GHG+ICE at 6 kyr BP relative to 0 kyr.
ing in HadCM3 (Fig. 5). This is because, despite the darker land surface 
arising from the expansion of vegetation cover, the expansion of the 
rainfall systems into this region produces more cloud cover and in-

creases latent heat fluxes which both act to cool the surface (as shown 
in Fig. 8d) and e)). This monsoon-cooling relationship is a robust result 
across GCM simulations of the Holocene (Braconnot et al., 2007; Brier-

ley et al., 2020). The end of the green Sahara could therefore cause 
a modest warming signal that is possibly abrupt (de Menocal et al., 
2000). A small step-increase in temperature does in fact occur around 
5.5 kyr BP in the M18 reconstruction, but this does not contribute to 
a reversal of the overall warming trend in that reconstruction. Such a 
step-increase is not evident in the globally averaged simulation results. 
10

HadCM3 shows the opposite impact of Sahara greening to the simu-
lations described Thompson et al. (2022) in which a prescribed 100% 
vegetated Sahara and Arabia induces a global warming that halves the 
magnitude of the discrepancy with the temp12k reconstruction as com-

pared with the Holocene simulations employing present-day vegetation.

Averaged globally (Fig. 8), the strongest feedback in HadCM3 is due 
to short-wave effects from clouds. The cloud feedback acts to amplify 
warming with a strength of 0.7 Wm−2 over the course of the Holocene. 
The land-surface and clear-sky feedbacks are approximately half this 
magnitude and both also act to amplify warming. In the simulation 
with KK10 land-use the natural vegetation feedback is more than com-

pensated for by the land-use forcing which leads to a net negative 
contribution to the radiation budget (Fig. 8a). Changes over the oceans 

are much smaller in magnitude, mostly because HadCM3 does not pro-
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Fig. 9. Comparison of northern hemisphere summer (JJA) 6kyr and pre-industrial Arctic sea-ice cover (%) as simulated with a) CCSM3 in TRACE-21k (Liu et 
al., 2014), b) MPI-ESM (Dallmeyer et al., 2022) c) HadCM3: +SOL+VOLC, d) HadCM3: +SOL+VOLC+ALU(HYDE3.2), and e) HadCM3: +SOL+VOLC+ALU(KK10). 
Coloured shading shows 6kyr minus pre-industrial cover, the black contours indicate 6kyr BP 10-50% ice margins, and markers show the locations of marine cores 
showing perennial (black triangles) and seasonally-free (red triangles) early to mid-Holocene conditions (from de Vernal et al., 2021).
duce a significant change in sea-ice (Fig. S4). Recent evidence suggests 
that the central Siberian sector of the Arctic was seasonally ice-free 
during the early to mid-Holocene (de Vernal et al., 2021). HadCM3 
simulates very little change in sea-ice cover here and so most probably 
underestimates the strength of sea-ice feedbacks (Wadhams, 2016).

In Fig. 9 we compare the JJA mid-Holocene Arctic sea-ice cover 
anomalies in three of the HadCM3 simulations with existing model sim-

ulations from TRACE21 Liu et al. (2014) and MPI-ESM1.2 Dallmeyer 
et al. (2021). JJA-averages are chosen to enable the identification of 
potential seasonally ice-free conditions. All models show a decline in 
JJA sea-ice cover which is consistent with northern hemisphere sum-

mer orbital forcing. Only MPI-ESM shows a mid-Holocene sea-ice cover 
that is consistent with the study of de Vernal et al. (2021) who found 
that sites in the Eastern Arctic were seasonally-ice free but sites closer 
to Greenland remained perennially ice-covered. Their site locations are 
shown by black versus red markers in Fig. 9. The contours lines of 6kyr 
BP sea-ice coverage (shown in black) show that only MPI-ESM correctly 
captures the transition between the perennial and seasonal sea-ice cover 
zones. HadCM3 also simulates a thinning of the sea-ice, particularly 
in the KK10 simulation and this is in the correct location in the east-

ern sector of the Arctic, but the sea-ice is still too thick with perennial 
cover that reaches very close to the Eurasian coastline much like in the 
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TRACE simulation. These two models do not therefore agree well with 
the records of de Vernal et al. (2021). It is unclear whether this dis-

agreement between models is due to differences in the sea-ice schemes, 
for example because in HadCM3 meltponds are parameterised rather 
than directly represented or because of other differences in the over-

all strength of seasonal polar amplification. In future work, simulations 
forced with different distributions of sea-ice could help to clarify the 
potential importance of sea-ice in Holocene climate. This is the subject 
of ongoing work.

4. Discussion

Reconstructions of Holocene climate show either a limited warm-

ing or a cooling until Industrialisation. Since much of the simulated 
warming is driven by the increase in atmospheric carbon dioxide, this 
raises the question of whether the reconstructed temperature change 
could be used to constrain or learn about the climate sensitivity of the 
Earth System. A very high climate sensitivity (ECS) value e.g. > 5 K has 
been found in some recent Earth System Models Meehl et al. (2020). 
We can speculate about how such a model would perform were it in-

tegrated for the Holocene as in this study. For an ECS of around 5 K 
(i.e. S𝐶𝑂2

= 5/3.7= 1.35 K/Wm−2), the peak warming in the KK10 
scenario (at 4 kyr BP) could be as much as 1.3 K instead of around 

0.9 K in HadCM3. Regional variations would also be amplified and it is 
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very likely that model-data comparisons shown in Fig. 3 would be sig-

nificantly degraded with a higher ECS. Conversely, a lower ECS value 
may improve the model-data agreement especially considering the less-

intense land-use scenario. The ECS value in HadCM3 is around 3 K 
which is lower than the ESS (Earth System sensitivity) value of 4 K cal-

culated herein. The HadCM3 ECS value is comparable to the central 
estimates from the uncertainty distribution on ECS derived from multi-

ple lines of evidence (Sherwood et al., 2020).

The Holocene Arctic cooling mode identified in MPI-ESM by Bader 
et al. (2020) is likely to be important for understanding Holocene tem-

perature changes. We did not find a strong signature of this process in 
HadCM3. This could mean that the process itself is model dependent, 
possibly because of varying complexity in the schemes used to repre-

sent melt-ponds or the accumulation of snow on sea-ice. The spatial 
footprint of the Arctic warming mode is also an important constraint, 
but it is not clear that models that simulate a warmer Arctic during the 
mid-Holocene are in better agreement with spatially distributed tem-

perature reconstructions (Park et al., 2019) and it may be that land-use 
forcing discussed above is also required. More recent Hadley Centre 
models (HadGEM2-ES and HadGEM3-GC3.1) both show warmer condi-

tions in the Arctic in response to increased summer insolation (Williams 
et al., 2020). The CMIP5 model HadGEM2-ES also simulates warmer 
conditions over Europe and eastern North America in good agreement 
with reconstructions (e.g. Bartlein et al., 2011; Herzschuh et al., 2023b). 
However, this response is not driven by sea-ice but arises because of a 
simulated expansion of forest cover (see Fig. S5).

The above analysis of HadGEM2 lends some additional support to 
the role of land-use forcing in the spatial climate anomalies during this 
time period. However, in both of the land-use scenarios imposed, the 
HadCM3 simulations presented here still have discrepancies with the 
available reconstructions. This calls for further improvements in the 
modelling of Holocene climate. An obvious candidate is the cryosphere 
where further work is required to understand the sea-ice feedback. 
Emerging reconstructions (e.g. de Vernal et al., 2021; Axford et al., 
2021; Detlef et al., 2023) show that sea-ice in the Arctic in particu-

lar was strongly impacted by climatic conditions in the early to mid-

Holocene and HadCM3 fails to replicate this. Other factors to be consid-

ered include the wider sensitivity of models to orbital forcing (beyond 
the sea-ice response), and the initial conditions particularly in the ocean 
which have not been evaluated in detail.

Although not directly considered here, another potential conse-

quence of anthropogenic land-use is the impact on atmospheric green-

house gas levels, particularly carbon dioxide (Ruddiman et al., 2016). 
The early anthropocene hypothesis suggests that more intense early 
land-use globally altered the natural course of atmospheric constituents 
and thereby prolonged the current interglacial (Ruddiman and Thom-

son, 2001; Ruddiman, 2003; Kaplan et al., 2011; Ruddiman, 2013; 
Ruddiman et al., 2020). This has proven controversial and has not 
been supported by modelling of the methane (Singarayer et al., 2011) 
or by carbon isotope modelling (e.g. Elsig et al., 2009; Stocker et al., 
2017) and is hindered by uncertainties around the magnitude of an-

thropogenic, peatland and oceanic carbon fluxes (e.g. Brovkin et al., 
2019). Further refining our understanding of Holocene climate requires 
a better understanding of the drivers of atmospheric CO2 and CH4 but 
this beyond the scope of the present study.

If there were a robust target for Holocene temperature evolution, 
such differences between models could be evaluated so that competing 
representations of the climate system are benchmarked against long-

term climate trajectory. This would allow the strength of key feedbacks 
(i.e. the Earth System Sensitivity, ESS) to be effectively inferred from 
palaeoclimate information. Whether the sum of these effects, i.e. the 
Earth System sensitivity (ESS) could be meaningfully constrained by the 
Holocene temperature record will depend on the uncertainties and the 
spatial coverage of the records. For example, sea-ice feedbacks would 
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likely require a well-resolved record of high-latitude climate through 
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time, whereas uncertainties in cloud feedbacks are probably more im-

portant over low-latitude ocean regions (Sherwood et al., 2020).

However, while some of the forcings are relatively well known, such 
as arising from Earth’s orbital variations or greenhouse gases, others 
are subject to much wider uncertainties. Bayesian statistical inference 
provides a natural way to integrate the uncertainties in both the forc-

ings and the palaeoclimate reconstructions (Rougier, 2007). In Bayesian 
methods each is represented as time-dependent probability distribu-

tions that account for the varying knowledge through time and for 
the relative uncertainty levels. The result is a conditioned probability 
distribution on the feedback strengths (or Earth System Sensitivity). 
Incorporating water isotopes and other physical variables like precip-

itation or even direct simulation of proxies (Dee et al., 2015; Osman 
et al., 2021) could provide valuable additional constraints in such a 
model.

5. Conclusions

The temperature history of the Holocene is determined by a range 
of forcings and feedbacks. Many of these are relatively small in am-

plitude. Although the previously fundamental disagreement between 
model simulations and reconstructions of Holocene temperature has 
been reduced (Marsicek et al., 2018; Bova et al., 2021b; Osman et 
al., 2021), there is no widely accepted explanation for the divergent 
trends between land and ocean and different reconstructions disagree 
on the regional temperature amplitudes. Our simulations show that an-

thropogenic land-use could provide an important additional regional 
forcing with a negative trend on millennial timescales. The regional ex-

pressions could help to explain divergent temperature trends in some 
parts of the globe whilst allowing for a warming over in other loca-

tions (Bova et al., 2021b; Osman et al., 2021). However, further work 
is required to understand model-data discrepancies in some regions and 
to quantify whether differences between models could be benchmarked 
against reconstructions.
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Model output generated in this study is available for further analysis 
from http://www .bridge .bristol .ac .uk /resources /simulations.

The Bartlein et al. 2011 Bartlein et al. (2011) climate reconstruc-

tion is available from pmip3.lsce.ipsl.fr. The KK10 Kaplan et al. (2011)

land use is available from https://doi .org /10 .1594 /PANGAEA .871369. 

HYDE3.2 data is available from https://doi .org /10 .17026 /dans -25g -
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gez3. Solar irradiance data is available from https://doi .org /10 .
17617 /1 .5U. The HolVol reconstruction of Holocene volcanic erup-

tions is available from https://doi .pangaea .de /10 .1594 /PANGAEA .
928646. Temp12k is available from www .ncdc .noaa .gov /paleo /study /
27330 and https://doi .org /10 .25921 /4RY2 -G808. The Marsicek et al. 
2018 Marsicek et al. (2018) reconstruction is available at https://

doi .org /10 .1038 /nature25464. The Bova et al. 2021 Bova et al. (2021b)

reconstruction is available from https://doi .org /10 .1038 /s41586 -020 -
03155 -x The LGMR assimilation is available from: https://www .ncei .
noaa .gov /pub /data /paleo /reconstructions /osman2021. HadGEM2-ES 
simulations are available from the Earth System Grid Federation: 
https://esgf -node .llnl .gov /projects /cmip5.

Acknowledgements

POH is supported by a University of Birmingham Fellowship. 
HadCM3 simulations were performed on the University of Birming-

ham’s BEAR facility http://www .bear .bham .ac .uk. All analyses use 
NCAR Command Language http://dx .doi .org /10 .5065 /D6WD3XH5.

Appendix A. Supplementary material

Supplementary material related to this article can be found online 
at https://doi .org /10 .1016 /j .quascirev .2023 .108322.

References

Albani, S., Mahowald, N., 2019. Paleodust insights into dust impacts on climate. J. Cli-

mate 32, 7897–7913.

Annan, J., Hargreaves, J., Mauritsen, T., 2022. A new global climate reconstruction for 
the last glacial maximum. Clim. Past 18, 1883–1896.

ArchaeoGLOBE Project Members, 2019. Archaeological assessment reveals Earth’s early 
transformation through land use. Science 365, 897–902.

Argus, D., Peltier, W., Drummond, R., Moore, A., 2014. The Antarctica component of 
postglacial rebound model ICE-6G_C (VM5a) based on GPS positioning, exposure age 
dating of ice thicknesses, and relative sea level histories. Geophys. J. Int., ggu140.

Axford, Y., de Vernal, A., Osterberg, E., 2021. Past warmth and its impacts during the 
Holocene thermal maximum in Greenland. Annu. Rev. Earth Planet. Sci. 49, 279–307.

Bader, J., Jungclaus, J., Krivova, N., et al., 2020. Global temperature modes shed light on 
the Holocene temperature conundrum. Nat. Commun. 11, 4276.

Bartlein, P., Harrison, S., Izumi, K., 2017. Underlying causes of Eurasian midcontinental 
aridity in simulations of mid-Holocene climate. Geophys. Res. Lett. 44.

Bartlein, P.J., Harrison, S., Brewer, S., Connor, S., Davis, B., Gajewski, K., Guiot, J., 
Harrison-Prentice, T., Henderson, A., Peyron, O., Prentice, I., Scholze, M., Seppa, H., 
Shuman, B., Sugita, S., Thompson, R., Viau, A., Williams, J., Wu, H., 2011. Pollen-

based continental climate reconstructions at 6 and 21 ka: a global synthesis. Clim. 
Dyn. 37 (3–4), 775–802.

Bereiter, B., Eggleston, S., Schmitt, J., et al., 2015. Revision of the EPICA Dome C CO2 
record from 800 to 600 kyr before present. Geophys. Res. Lett. 42, 542–549.

Berger, A., 1978. Long-term variations of daily insolation and quaternary climatic 
changes. J. Atmos. Sci. 35, 2362–2367.

Bigelow, N., Brubakr, L., Edwards, M., Harrison, S., Prentice, I., Anderson, P., Adreev, A., 
Bartlein, P., Christensen, T., Cramer, W., Kaplan, J., Lozhkin, A., Matveyeva, N., et 
al., 2003. Climate change and Arctic ecosystems: 1. Vegetation changes north of 55N 
between the last glacial maximum, mid-Holocene, and present. J. Geophys. Res. 108 
(D19), 8170.

Binney, H., Edwards, M., Macias-Fauria, M., et al., 2017. Vegetation of Eurasia from the 
last glacial maximum to present: key biogeographic patterns. Quat. Sci. Rev. 157, 
80–97.

Bova, S., Rosenthal, Y., Liu, Z., et al., 2021a. Reply to: non-trivial role of internal climate 
feedback on interglacial temperature evolution. Nature 600, E4–E6.

Bova, S., Rosenthal, Y., Liu, Z., et al., 2021b. Seasonal origin of the thermal maxima at 
the Holocene and the last interglacial. Nature 589, 548–553.

Bova, S., Rosenthal, Y., Liu, Z., et al., 2022. Reply to: concerns of assuming linearity in 
the reconstruction of thermal maxima. Nature 607, E15–E18.

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Peterchmitt, J.-Y., Abe-

Ouchi, A., Crucifix, M., Driesschaert, E., Fichefet, T., Hewitt, C., Kageyama, M., Kitoh, 
A., Laine, A., Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes, P., Weber, S., 
Yu, Y., Zhao, Y., 2007. Results of PMIP2 coupled simulations of the mid-Holocene 
and last glacial maximum part 1: experiments and large-scale features. Clim. Past 3, 
261–277.

Brierley, C., Zhao, A., Harrison, S., et al., 2020. Large-scale features and evaluation of the 
PMIP4-CMIP6 midHolocene simulations. Clim. Past 16, 1847–1872.

Brovkin, V., Lorenz, S., Raddatz, T., et al., 2019. What was the source of the atmospheric 
13

co2 increase during the Holocene? Beogeosciences 16, 2543–2555.
Quaternary Science Reviews 319 (2023) 108322

Cartapanis, O., Jonkers, L., Moffa-Sanchez, P., Laccard, S., de Vernal, A., 2022. Com-

plex spatio-temporal structure of the Holocene thermal maximum. Nat. Commun. 13, 
5662.

Claussen, M., 2009. Late quaternary vegetation-climate feedbacks. Clim. Past 5, 203–216.

Cox, P., 2001. Description of the TRIFFID Dynamic Global Vegetation Model. Hadley 
Centre, Met Office, Technical Note 24.

Crowley, T., North, G., 1991. Paleoclimatology. OUP, New York/Oxford.

Dallmeyer, A., Claussen, M., Lorenz, S., Sigl, M., Toohey, M., Herzschuh, U., 2021. 
Holocene vegetation transitions and their climatic drivers in MPIESM1.2. Clim. 
Past 17, 2481–2513.

Dallmeyer, A., Kleinen, T., Claussen, M., Weitzel, N., Cao, X., Herzschuh, U., 2022. The 
deglacial forest conundrum. Nat. Commun. 13, 6035.

de Menocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L., Yarusinsky, 
M., 2000. Abrupt onset and termination of the African Humid Period: rapid climate 
responses to gradual insolation forcing. Quat. Sci. Rev. 19, 347–361.

de Vernal, A., Hillaire-Marcel, C., et al., 2021. Natural variability of the Arctic Ocean sea 
ice during the present interglacial. Proc. Natl. Acad. Sci. 117 (42), 26069–26075.

Dee, S., Emile-Geay, J., Evans, M., et al., 2015. PRYSM: an open-source framework for 
PRoxY SystemModeling, with applications to oxygen-isotope systems. J. Adv. Model. 
Earth Syst. 7, 1220–1247.

Detlef, H., O’Regan, M., Stranne, C., et al., 2023. Seasonal sea-ice in the Arctic’s last ice 
area during the early Holocene. Commun. Earth Environ. 4 (86).

Ellis, E., 2021. Land use and ecological change: a 12,000-year history. Annu. Rev. Environ. 
Resour. 46, 1–33.

Elsig, J., Schmitt, J., Leuenberger, D., Schneider, R., Eyer, M., Leuenberger, M., Joos, F., 
Fischer, H., Stocker, T., 2009. Stable isotope constraints on Holocene carbon cycle 
changes from an Antarctic ice core. Nature 461, 507–510.

Erb, M., McKay, N., Steiger, N., et al., 2022. Reconstructing Holocene temperatures in 
time and space using paleoclimate data assimilation. Clim. Past 18, 2599–2629.

Etminan, M., Myhre, G., Highwood, E., Shine, K., 2017. Radiative forcing of carbon 
dioxide, methane, and nitrous oxide: a significant revision of the methane radiative 
forcing. Geophys. Res. Lett. 43, 12614–12623.

Fagan, B., 2005. The Long Summer: How Climate Changed Civilisation. Granta, London, 
UK.

Gregory, J., Andrews, T., Good, P., et al., 2016. Small global-mean cooling due to volcanic 
radiative forcing. Clim. Dyn. 47, 3979–3991.

Harrison, S., Gaillard, M.-J., Stocker, B., et al., 2020. Development and testing scenarios 
for implementing land use and land cover changes during the Holocene in Earth 
system model experiments. Geosci. Model Dev. 13, 805–824.

He, F., Vavrus, S., Kutzbach, J., et al., 2014. Simulating global and local surface tem-

perature changes due to Holocene anthropogenic land cover change. Geophys. Res. 
Lett. 41, 623–631.

Herzschuh, U., et al., 2022. Reversals in temperature-precipitation correlations in the 
Northern Hemisphere extratropics during the Holocene. Geophys. Res. Lett. 49 (22), 
e2022GL099730.

Herzschuh, U., et al., 2023a. LegacyClimate 1.0: a dataset of pollen-based climate recon-

structions from 2594 Northern Hemisphere sites covering the last 30 kyr and beyond. 
Earth Syst. Sci. Data 15, 2235–2258.

Herzschuh, U., Bohmer, T., Chevalier, M., et al., 2023b. Regional pollen-based Holocene 
temperature and precipitation patterns depart from the Northern Hemisphere mean 
trends. Clim. Past 19, 1481–1506.

Hopcroft, P., Valdes, P., 2015. How well do simulated last glacial maximum tropical 
temperatures constrain equilibrium climate sensitivity? Geophys. Res. Lett. 42 (13), 
5533–5539.

Hopcroft, P., Valdes, P., 2019. On the role of dust-climate feedbacks during the mid-

Holocene. Geophys. Res. Lett. 46, 1612–1621.

Hopcroft, P., Valdes, P., 2021. Paleoclimate-conditioning reveals a North Africa land-

atmosphere tipping point. Proc. Natl. Acad. Sci. 118 (45), e2108783118.

Hopcroft, P., Valdes, P., 2022. Green Sahara tipping points in transient climate model 
simulations of the Holocene. Environ. Res. Lett. 17, 085001.

Hopcroft, P., Valdes, P., Ingram, W., 2021. Using the mid-Holocene ‘greening’ of the 
Sahara to narrow acceptable ranges on climate model parameters. Geophys. Res. 
Lett. 48 (6), e2020GL092043.

Houghton, R., Hobbie, J., Melillo, J., et al., 1983. Changes in the carbon content of terres-

trial biota and soils between 1869 and 1980: a net release of co2 ot the atmosphere. 
Ecol. Monogr. 53, 236–262.

Hunter, S., Haywood, A., Dolan, A., Tindall, J., 2019. The HadCM3 contribution to 
PlioMIP Phase 2. Clim. Past 15, 1691–1713.

Ivanovic, R., et al., 2016. Transient climate simulations of the deglaciation 21-9 thou-

sand years before present (version 1) - PMIP4 Core experiment design and boundary 
conditions. Geosci. Model Dev. 9, 2563–2587.

Jenny, J.-P., et al., 2019. Human and climate global-scale imprint on sediment transfer 
during the Holocene. Proc. Natl. Acad. Sci. 116 (46), 22972–22976.

Kaplan, J., et al., 2017. Constraining the deforestation history of Europe: evaluation of 
historical land use scenarios with pollen-based land cover reconstructions. Land 6 
(91).

Kaplan, J., Krumhardt, K., Ellis, E., et al., 2011. Holocene carbon emissions as a result of 
anthropogenic land cover change. Holocene 21 (5), 775–791.

Kaufman, D., McKay, N., Routson, C., Erb, M., Datwyler, C., et al., 2020. Holocene global 

mean surface temperature, a multi-method reconstruction approach. Sci. Data 7, 201.

https://doi.org/10.17026/dans-25g-gez3
https://doi.org/10.17617/1.5U
https://doi.org/10.17617/1.5U
https://doi.pangaea.de/10.1594/PANGAEA.928646
https://doi.pangaea.de/10.1594/PANGAEA.928646
http://www.ncdc.noaa.gov/paleo/study/27330
http://www.ncdc.noaa.gov/paleo/study/27330
https://doi.org/10.25921/4RY2-G808
https://doi.org/10.1038/nature25464
https://doi.org/10.1038/nature25464
https://doi.org/10.1038/s41586-020-03155-x
https://doi.org/10.1038/s41586-020-03155-x
https://www.ncei.noaa.gov/pub/data/paleo/reconstructions/osman2021
https://www.ncei.noaa.gov/pub/data/paleo/reconstructions/osman2021
https://esgf-node.llnl.gov/projects/cmip5
http://www.bear.bham.ac.uk
http://dx.doi.org/10.5065/D6WD3XH5
https://doi.org/10.1016/j.quascirev.2023.108322
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9BF6BCC199D396CA353594FC338AB99Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9BF6BCC199D396CA353594FC338AB99Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibDD6A9B99D7CC6D3C13346C1412D69EAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibDD6A9B99D7CC6D3C13346C1412D69EAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE47387C7A6416B16BD55626D02A5A1F6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE47387C7A6416B16BD55626D02A5A1F6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE1FD924C9682D424484AE3425FE962BBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE1FD924C9682D424484AE3425FE962BBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE1FD924C9682D424484AE3425FE962BBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE7A4B3BD5DEFAA8045D767A002EA6B4Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE7A4B3BD5DEFAA8045D767A002EA6B4Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE904AED0AD0F7A877383957A5699F8F9s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE904AED0AD0F7A877383957A5699F8F9s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC062B54641DC9CC82FC6F4FB6E06029Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC062B54641DC9CC82FC6F4FB6E06029Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C6F855C36C604D317C35D094757EB45s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C6F855C36C604D317C35D094757EB45s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C6F855C36C604D317C35D094757EB45s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C6F855C36C604D317C35D094757EB45s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C6F855C36C604D317C35D094757EB45s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib48E2B18042869C0496DC3DA20BA17F7Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib48E2B18042869C0496DC3DA20BA17F7Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib2E3349D7191601BF78FB48C3B23F270As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib2E3349D7191601BF78FB48C3B23F270As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0FAF958990A44A8C43984939EBFF8063s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0FAF958990A44A8C43984939EBFF8063s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0FAF958990A44A8C43984939EBFF8063s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0FAF958990A44A8C43984939EBFF8063s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0FAF958990A44A8C43984939EBFF8063s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC2EFE703FD8CC247ADFC0363F3B3C810s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC2EFE703FD8CC247ADFC0363F3B3C810s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC2EFE703FD8CC247ADFC0363F3B3C810s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib851DF50189B783A4CF3B789241263A7As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib851DF50189B783A4CF3B789241263A7As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib04E6E53ABEC935277951DEEA92C25726s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib04E6E53ABEC935277951DEEA92C25726s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib366B3EA3746D1F334AE56C80745E6BDBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib366B3EA3746D1F334AE56C80745E6BDBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE05252F994E364838BD6CC85F2A8DD5As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibF92EF6E0DA931F66DB57BF8426C79CB0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibF92EF6E0DA931F66DB57BF8426C79CB0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibF97AB8E83B6F5AE79926D2D663EB46A1s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibF97AB8E83B6F5AE79926D2D663EB46A1s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib921CA2D3B3776605CA31FE719466676Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib921CA2D3B3776605CA31FE719466676Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib921CA2D3B3776605CA31FE719466676Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE2FA9E18676E96D426BE201B04F52D26s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib365BD5F03D6AC9A2DC65C10002EE246Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib365BD5F03D6AC9A2DC65C10002EE246Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib7EA72ADE84E6AA156DDD9E9A0FC92A40s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib582F09CE386324752B770ECADBA7002Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib582F09CE386324752B770ECADBA7002Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib582F09CE386324752B770ECADBA7002Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA9C0AE4DAF99495BB7030BA4383AB67Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA9C0AE4DAF99495BB7030BA4383AB67Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6A826EA3F7258AD0CE9A047195119E3Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6A826EA3F7258AD0CE9A047195119E3Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6A826EA3F7258AD0CE9A047195119E3Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD7F3DB10551F59AFB732C7E2A6A0FAB8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD7F3DB10551F59AFB732C7E2A6A0FAB8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib001E895FFF08C1FCFC65AB7AF32173C8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib001E895FFF08C1FCFC65AB7AF32173C8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib001E895FFF08C1FCFC65AB7AF32173C8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib67ED9F2699594887C44F197079ACBD82s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib67ED9F2699594887C44F197079ACBD82s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib904B997A6AEAAEAB8BB7883E2D884616s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib904B997A6AEAAEAB8BB7883E2D884616s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC4D3945AFA3528A661350B8ABA9AF8AFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC4D3945AFA3528A661350B8ABA9AF8AFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC4D3945AFA3528A661350B8ABA9AF8AFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9C19CDBA11BFC7B55C5DA3E7A787B688s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9C19CDBA11BFC7B55C5DA3E7A787B688s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3F8E84E2AB039BDF6474FC21BBD665D8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3F8E84E2AB039BDF6474FC21BBD665D8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3F8E84E2AB039BDF6474FC21BBD665D8s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibEF4726045CEB470B7678808521BF3740s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibEF4726045CEB470B7678808521BF3740s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib599DD31DE3E74EB3D78CDB23CB374431s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib599DD31DE3E74EB3D78CDB23CB374431s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib531D792698964234DEFF71CC1AF4E155s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib531D792698964234DEFF71CC1AF4E155s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib531D792698964234DEFF71CC1AF4E155s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD1D12FA867300988C12838C9D1BFDFEDs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD1D12FA867300988C12838C9D1BFDFEDs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD1D12FA867300988C12838C9D1BFDFEDs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1DC3AA35FAD52ACF3480BE01CD243808s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1DC3AA35FAD52ACF3480BE01CD243808s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1DC3AA35FAD52ACF3480BE01CD243808s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1C9D9E519556797C389429656469D7B2s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1C9D9E519556797C389429656469D7B2s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1C9D9E519556797C389429656469D7B2s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC87B181295E4791D72A064036B5822D4s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC87B181295E4791D72A064036B5822D4s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC87B181295E4791D72A064036B5822D4s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F352108C86BFD60F8B0230D8109A675s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F352108C86BFD60F8B0230D8109A675s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F352108C86BFD60F8B0230D8109A675s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibFB3A6AA58CF87F113D4F83FA644806FCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibFB3A6AA58CF87F113D4F83FA644806FCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA8A73AF753652D5FCF0CC24DBA589C9Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA8A73AF753652D5FCF0CC24DBA589C9Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9AA95ACF8E1517BE2024558044F00D84s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9AA95ACF8E1517BE2024558044F00D84s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib7521450AC7DF0DE67B31F2C553748948s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib7521450AC7DF0DE67B31F2C553748948s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib7521450AC7DF0DE67B31F2C553748948s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib89DC43DEAE60EE1ACBB7D4FE2F8534F7s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib89DC43DEAE60EE1ACBB7D4FE2F8534F7s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib89DC43DEAE60EE1ACBB7D4FE2F8534F7s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8B3E54D9ECEF661DF6AA1D7CBED57AE6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8B3E54D9ECEF661DF6AA1D7CBED57AE6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD7C7C1E16F17B0814C078BD64A24D322s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD7C7C1E16F17B0814C078BD64A24D322s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD7C7C1E16F17B0814C078BD64A24D322s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib439E4F28A47DA232FFBDE84AD56AFDAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib439E4F28A47DA232FFBDE84AD56AFDAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib44F9C7E3C9CB98D80669633492FB1DB6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib44F9C7E3C9CB98D80669633492FB1DB6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib44F9C7E3C9CB98D80669633492FB1DB6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib907492649834D010324A8A74D868F023s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib907492649834D010324A8A74D868F023s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE654D7E10F4C40B17057F0566A7E3E61s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE654D7E10F4C40B17057F0566A7E3E61s1


Quaternary Science Reviews 319 (2023) 108322P.O. Hopcroft, P.J. Valdes, B.N. Shuman et al.

Klein Goldewijk, K., Beusen, A., Doelman, J., Stehfest, E., 2017. Anthropogenic land use 
estimates for the Holocene - HYDE 3.2. Earth Syst. Sci. Data 9, 927–953.

Klein Goldewijk, K., Beusen, A., Drecht, G., de Vos, M., 2011. The HYDE 3.1 spatially ex-

plicit database of human-induced global land-use change over the past 12,000 years. 
Glob. Ecol. Biogeogr. 20, 73–86.

Köhler, P., Nehrbass-Ahles, C., Schmitt, J., Stocker, T., Fischer, H., 2017. A 156 kyr 
smoothed history of the atmospheric greenhouse gases CO2, CH4, and N2O and their 
radiative forcing. Earth Syst. Sci. Data 9 (1), 363–387.

Laepple, T., Shakun, J., He, F., Marcott, S., 2022. Matters arising: concerns of assuming 
linearity in the reconstruction of thermal maxima. Nature 607, E12–E14.

Liu, Y., Zhang, M., Liu, Z., et al., 2018. A possible role of dust in resolving the Holocene 
temperature conundrum. Sci. Rep. 8, 4434.

Liu, Z., et al., 2014. The Holocene temperature conundrum. Proc. Natl. Acad. Sci. 111, 
E3501–E3505.

Lorenz, S., Kim, J.-H., Rimbu, N., Schneider, R., Lohmann, G., 2006. Orbitally driven inso-

lation forcing on Holocene climate trends: evidence from alkenone data and climate 
modeling. Paleoceanography 21, PA1002.

Loulergue, L., Schilt, A., Spahni, R., Masson-Delmotte, V., Blunier, T., Lemieux, B., 
Barnola, J.-M., Raynaud, D., Stocker, T., Chappellaz, J., 2008. Orbital and millennial-

scale features of atmospheric CH4 over the past 800,000 years. Nature 453, 383–386.

Marcott, S., Shakun, J., Clark, P., Mix, A., et al., 2013. A reconstruction of regional and 
global temperature for the past 11,300 years. Science 339, 1198–1201.

Marsicek, J., Shuman, B., Bartlein, P., et al., 2018. Reconciling divergent trends and mil-

lennial variations in Holocene temperatures. Nature 554, 92–96.

Meehl, G., Senior, C., Eyring, V., et al., 2020. Context for interpreting equilibrium climate 
sensitivity and transient climate response from the CMIP6 Earth system models. Sci. 
Adv. 6, eaba1981.

Miller, R., Knippertz, P., Garcia-Pando, C., Perlwitz, J., Tegen, I., 2014. Impact of dust 
radiative forcing upon climate. In: Knippertz, P., Stuut, J.-B. (Eds.), Mineral Dust: 
A Key Player in the Earth System. Springer Science+Business Media, Dordrecht, 
pp. 327–357. Chapter 13.

Mottl, O., Flantua, S., Bhatta, K., et al., 2021. Global acceleration in rates of vegetation 
change over the past 18,000 years. Science 372, 860–864.

Murphy, J.M., Sexton, D.M.H., Barnett, D.N., Jones, G.S., Webb, M.J., Collins, M., 2004. 
Quantification of modelling uncertainties in a large ensemble of climate change sim-

ulations. Nature 430 (7001), 768–772.

Osman, M., Tierney, J., Zhu, J., et al., 2021. Globally resolved surface temperatures since 
the last glacial maximum. Nature 599, 239–244.

Park, H.-S., Kim, S.-J., Stewart, A., et al., 2019. Mid-Holocene Northern Hemisphere 
warming driven by Arctic amplification. Sci. Adv. 5, eaax8203.

Pausata, F., Messori, G., Zhang, Q., 2016. Impacts of dust reduction on the northward 
expansion of the African monsoon during the Green Sahara period. Earth Planet. Sci. 
Lett. 434, 298–307.

Peltier, W., et al., 2015. Space geodesy constrains ice age terminal deglaciation: the global 
ICE-6G_C (VM5a) model. J. Geophys. Res. 120, 450–487.

Pongratz, J., Reick, C., Raddatz, T., Claussen, M., 2008. A reconstruction of global agri-

cultural areas and land cover for the last millennium. Glob. Biogeochem. Cycles 22, 
GB3018.

Ramankutty, N., Foley, J., 1999. Estimating historical changes in global land cover: crop-

lands from 1700 to 1992. Glob. Biogeochem. Cycles 13, 997–1027.

Reichler, T., Kim, J., 2008. How well do coupled models simulated today’s climate? Bull. 
Am. Meteorol. Soc. 89, 303–311.

Renoult, M., Sagoo, N., Zhu, J., Mauritsen, T., 2023. Causes of the weak emergent con-

straint on climate sensitivity at the last glacial maximum. Clim. Past 19, 323–356.

Roberts, N., 2014. The Holocene: An Environmental History. Wiley and Sons, Chichester, 
UK.

Roberts, W., Hopcroft, P., 2020. Controls on the tropical response to abrupt climate 
changes. Geophys. Res. Lett. 47 (6), e2020GL087518.

Rougier, J., 2007. Probabilistic inference for future climate using an ensemble of climate 
model evaluations. Clim. Change 81, 247–264.

Routson, C., McKay, N., Kaufman, D., Erb, M., et al., 2019. Mid-latitude net precipitation 
decreased with Arctic warming during the Holocene. Nature 568, 83–87.

Ruddiman, W., 2003. The anthropogenic greenhouse era began thousands of years ago. 
Clim. Change 61 (3), 261–293.

Ruddiman, W., 2013. The Anthropocene. Annu. Rev. Earth Planet. Sci. 41, 45–68.

Ruddiman, W., Fuller, D., Kutzbach, J., et al., 2016. Late Holocene climate: natural or 
anthropogenic? Rev. Geophys. 54, 93–118.

Ruddiman, W., He, F., Vavrus, S., Kutzbach, J., 2020. The early anthropogenic hypothesis: 
a review. Quat. Sci. Rev. 106386. https://doi .org /10 .1016 /j .quascirev .2020 .106386.

Ruddiman, W., Thomson, J., 2001. The case for human causes of increased atmospheric 
CH4 over the last 5000 years. Quat. Sci. Rev. 20, 1769–1777.

Sagoo, N., Storelvmo, T., 2017. Testing the sensitivity of past climates to the indirect 
effects of dust. Geophys. Res. Lett. 44, 5807–5817.

Samartin, S., et al., 2017. Warm Mediterranean mid-Holocene summers inferred from 
fossil midge assemblages. Nat. Geosci. 10, 207–212.

Schilt, A., Baumgartner, M., Blunier, T., Schwander, J., Spahni, R., Fischer, H., Stocker, T., 
2010. Glacial-interglacial and millennial scale variations in the atmospheric nitrous 
oxide concentration during the last 800,000 years. Quat. Sci. Rev. 29, 182–192.

Schurer, A., Mann, M., Hawkins, E., et al., 2017. Importance of the pre-industrial baseline 
for likelihood of exceeding Paris goals. Nat. Clim. Change 7, 563–567.

Scott, J., 2017. Against the Grain: A Deep History of the Earliest States. Yale University 
Press, New Haven and London.

Sherwood, S., Webb, M., Annan, J., Armour, K., et al., 2020. An assessment of Earth’s cli-

mate sensitivity using multiple lines of evidence. Rev. Geophys. 58, e2019RG00678.

Sigl, M., Toohey, M.J., Cole-Dai, J., Severi, M., 2022. Volcanic stratospheric sulfur in-

jections and aerosol optical depth during the Holocene (past 11,500 years) from a 
bipolar ice core array. Earth Syst. Sci. Data 14, 3167–3196.

Singarayer, J., Valdes, P., 2010. High-latitude climate sensitivity to ice-sheet forcing over 
the last 120 kyr. Quat. Sci. Rev. 29 (1–2), 43–55.

Singarayer, J., Valdes, P., Friedlingstein, P., Nelson, S., Beerling, D., 2011. Late Holocene 
methane rise caused by orbitally controlled increase in tropical sources. Nature 470, 
82–85.

Smith, D., Harrison, S., Firth, C., Jordan, J., 2011. The early Holocene sea level rise. Quat. 
Sci. Rev. 30, 1846–1860.

Smith, M., Singarayer, J., Valdes, P., Kaplan, J., Branch, N., 2016. The biogeophysical cli-

matic impacts of anthropogenic land use change during the Holocene. Clim. Past 12, 
923–942.

Smith, R., Gregory, J., 2012. The last glacial cycle: transient simulations with an AOGCM. 
Clim. Dyn. 38, 1545–1559.

Stocker, B., Yu, Y., Massa, C., Joos, F., 2017. Holocene peatland and ice-core data con-

straints on the timing and magnitude of co2 emissions from past land use. Proc. Natl. 
Acad. Sci. 114 (7), 1492–1497.

Stott, P., Tett, S., Jones, G., et al., 2000. External control of 20th century temperature by 
natural and anthropogenic forcings. Science 290, 2133–2137.

Taylor, K., Crucifix, M., Braconnot, P., Hewitt, C., Doutriaux, C., Broccoli, A., Mitchell, 
J., Webb, M., 2007. Estimating shortwave radiative forcing and response in climate 
models. J. Climate 20, 2530–2543.

Thompson, A., Skinner, C., Poulsen, C., Zhu, J., 2019. Modulation of mid-Holocene 
African rainfall by dust-aerosol direct and indirect effects. Geophys. Res. Lett. 46, 
3917–3926.

Thompson, A., Zhu, J., Poulsen, C., et al., 2022. Northern Hemisphere vegetation change 
drives a Holocene thermal maximum. Sci. Adv. 8, eabj6535.

Trondman, A., Gaillard, M., Mazier, F., et al., 2015. Pollen-based quantitative reconstruc-

tions of Holocene regional vegetation cover (plant-functional types and land cover 
types) in Europe suitable for climate modelling. Glob. Change Biol. 21, 676–697.

Valdes, P., Armstrong, E., Badger, M., Bradshaw, C., Bragg, F., Crucifix, M., Davies-

Barnard, T., Day, J., Farnsworth, A., Gordon, C., Hopcroft, P., Kennedy, A., Lord, 
N., Lunt, D., Marzocchi, A., Parry, L., Pope, V., Roberts, W., Stone, E., Tourte, G., 
Williams, J., 2017. The BRIDGE HadCM3 family of climate models: HadCM3@Bristol 
v1.0. Geosci. Model Dev. 10, 3715–3743.

Veres, D., Bazin, L., et al., 2013. The Antarctic ice core chronology (AICC2012): an op-

timized multi-parameter and multi-site dating approach for the last 120 thousand 
years. Clim. Past 9, 1733–1748.

Vieira, L., Solanki, S., Krivova, N., Usoskin, I., 2012. Evolution of the solar irradiance 
during the Holocene. Astron. Astrophys. 531 (A6), 1–20.

Wadhams, P., 2016. A Farewell to Ice. OUP, Oxford.

Wanner, H., Beer, J., Butikofer, J., et al., 2008. Mid- to Late Holocene climate change: an 
overview. Quat. Sci. Rev. 27, 1791–1828.

Williams, C., Guarino, M.-V., Capron, E., et al., 2020. CMIP6/PMIP4 simulations of the 
mid-Holocene and Last Interglacial using HadGEM3: comparison to the pre-industrial 
era, previous model versions and proxy data. Clim. Past 16, 1439–1450.

Williams, J., 2002. Variations in tree cover in North America since the last glacial maxi-

mum. Glob. Planet. Change 35, 1–23.

Williams, J., Shuman, B., Bartlein, P., 2009. Rapid responses of the prairie-forest ecotone 
to early Holocene aridity in mid-continental North America. Glob. Planet. Change 66, 
195–207.

Zhang, W., Wu, H., Cheng, J., Geng, J., Li, Q., Sun, Y., Yu, Y., Lu, H., Guo, Z., 2022. 
Holocene seasonal temperature evolution and spatial variability over the Northern 
Hemisphere landmass. Nat. Commun. 13, 5334.

Zhang, X., Chen, F., 2021. Matters arising: non-trivial role of internal climate feedback on 
interglacial temperature evolution. Nature 600, E1–E3.
14

http://refhub.elsevier.com/S0277-3791(23)00370-0/bib607F0AC22CCDA86324E0C7A1542A901Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib607F0AC22CCDA86324E0C7A1542A901Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE3981C6F27DC8DBCFD5CEEAA61CA14D6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE3981C6F27DC8DBCFD5CEEAA61CA14D6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE3981C6F27DC8DBCFD5CEEAA61CA14D6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib2886D97C456716EED0C6091D152789C5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib2886D97C456716EED0C6091D152789C5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib2886D97C456716EED0C6091D152789C5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib975790901829154AC6147BD74C270CB9s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib975790901829154AC6147BD74C270CB9s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib26CB31AD5732D005DF3A1CF31D9BB2C0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib26CB31AD5732D005DF3A1CF31D9BB2C0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib712112BC8C76D2A8E87AB9ABB51A356Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib712112BC8C76D2A8E87AB9ABB51A356Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib36491FF9E8990D8B7DC761E9FDDD5DB3s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib36491FF9E8990D8B7DC761E9FDDD5DB3s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib36491FF9E8990D8B7DC761E9FDDD5DB3s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib65649DEEF360F4B20C80E4BC4EF9346Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib65649DEEF360F4B20C80E4BC4EF9346Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib65649DEEF360F4B20C80E4BC4EF9346Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib576D5610A0CEED83209185A9D35AFC0Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib576D5610A0CEED83209185A9D35AFC0Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC491DB059037CAE45E5CCBF4D5B34BC5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC491DB059037CAE45E5CCBF4D5B34BC5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0AF7C392EB8F3955F811E0C517CBB391s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0AF7C392EB8F3955F811E0C517CBB391s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0AF7C392EB8F3955F811E0C517CBB391s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F8E8F408B8F4BD226068F1A817C678As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F8E8F408B8F4BD226068F1A817C678As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F8E8F408B8F4BD226068F1A817C678As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6F8E8F408B8F4BD226068F1A817C678As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1A976C75D94DB08C05571C1762B4B376s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1A976C75D94DB08C05571C1762B4B376s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0F08EDCDDD54F12041E2FDDE3FACD004s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0F08EDCDDD54F12041E2FDDE3FACD004s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0F08EDCDDD54F12041E2FDDE3FACD004s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0BD2302F9F5B77BBCB04696527FB9C4Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0BD2302F9F5B77BBCB04696527FB9C4Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib125BFAAE7F1092556DB494D699F1AADFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib125BFAAE7F1092556DB494D699F1AADFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCBABA77E687DB789F3EFE2035999B490s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCBABA77E687DB789F3EFE2035999B490s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCBABA77E687DB789F3EFE2035999B490s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1E535FE32D9D94058984395F04653F11s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1E535FE32D9D94058984395F04653F11s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib57F2CFC58DE5AB9F3811564E83FB6DBCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib57F2CFC58DE5AB9F3811564E83FB6DBCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib57F2CFC58DE5AB9F3811564E83FB6DBCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C4F07B665DF8B90C246678AE5FD9972s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6C4F07B665DF8B90C246678AE5FD9972s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA461393EE2519E57C3475C35A87179E5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA461393EE2519E57C3475C35A87179E5s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9F2242645A28130F374C5ABE9B5FDF28s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9F2242645A28130F374C5ABE9B5FDF28s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD83D4961B25D6ACFDF100CD58206E73Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD83D4961B25D6ACFDF100CD58206E73Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib4CFD415EDB315164AD3B672B3BFEF396s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib4CFD415EDB315164AD3B672B3BFEF396s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib009B07112D71903968241C8504616B3As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib009B07112D71903968241C8504616B3As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib4E83CAB51690E949EEF000625E201250s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib4E83CAB51690E949EEF000625E201250s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8D6CAC393CD073DEDC7F415A3D1A1F58s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8D6CAC393CD073DEDC7F415A3D1A1F58s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib6292E39ABAC5E4D84DF9AE4765D288C9s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9F5AA5CC9F61A8362C19C06DE48E0DFFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib9F5AA5CC9F61A8362C19C06DE48E0DFFs1
https://doi.org/10.1016/j.quascirev.2020.106386
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1F36B1F0399127C7FA289B0089952B4As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib1F36B1F0399127C7FA289B0089952B4As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib922860D4ED609A565E23D4133582B219s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib922860D4ED609A565E23D4133582B219s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA9FEEAB055C2AA6ABDCB93C2D252146Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA9FEEAB055C2AA6ABDCB93C2D252146Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0725ABCE554AC91B2C2086892A02132Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0725ABCE554AC91B2C2086892A02132Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0725ABCE554AC91B2C2086892A02132Fs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD922ED4F1731430E9667A39CB13B8DD6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibD922ED4F1731430E9667A39CB13B8DD6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibFE542B3FD9624588EA6B01B57B1B758Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibFE542B3FD9624588EA6B01B57B1B758Cs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA672BA2232288D4D009D668E638BD0EBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA672BA2232288D4D009D668E638BD0EBs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib358EAA1F04682BE7AFF23B3C24BC8D8Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib358EAA1F04682BE7AFF23B3C24BC8D8Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib358EAA1F04682BE7AFF23B3C24BC8D8Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib56A457BCA28766ED416489D982D47D0Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib56A457BCA28766ED416489D982D47D0Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC48E1B8C7C8E05821538624C421E64BCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC48E1B8C7C8E05821538624C421E64BCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibC48E1B8C7C8E05821538624C421E64BCs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibDB46E85C1F7380EBD4130AEB82D21656s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibDB46E85C1F7380EBD4130AEB82D21656s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE212696960805DFF92060A7BDCCBB66s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE212696960805DFF92060A7BDCCBB66s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE212696960805DFF92060A7BDCCBB66s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib61C8A8582E1B631860CE49C44EBDF99Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib61C8A8582E1B631860CE49C44EBDF99Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCC4844C18A1402BC6736332F5DD2CC6Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCC4844C18A1402BC6736332F5DD2CC6Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCC4844C18A1402BC6736332F5DD2CC6Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE8606CFEEAA4F3E3916A390B5757FEAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibE8606CFEEAA4F3E3916A390B5757FEAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8F67AFFAD9DA63573B121DBAA496936Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8F67AFFAD9DA63573B121DBAA496936Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib8F67AFFAD9DA63573B121DBAA496936Ds1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA1C677900DCCBB85F3E0919E60D72871s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA1C677900DCCBB85F3E0919E60D72871s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibA1C677900DCCBB85F3E0919E60D72871s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib883F0CB48BB1378587F7728135644CE0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib883F0CB48BB1378587F7728135644CE0s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib575215DC85B526F6335181FF46B0ABAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib575215DC85B526F6335181FF46B0ABAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib575215DC85B526F6335181FF46B0ABAFs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib109F542D843A5ECA48117EFDC9BBDD85s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib109F542D843A5ECA48117EFDC9BBDD85s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib109F542D843A5ECA48117EFDC9BBDD85s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib109F542D843A5ECA48117EFDC9BBDD85s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib109F542D843A5ECA48117EFDC9BBDD85s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE0266DE962CEC99714519AE451EFFA6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE0266DE962CEC99714519AE451EFFA6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE0266DE962CEC99714519AE451EFFA6s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib05C7577C760857C67979CAFEFE9A222Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib05C7577C760857C67979CAFEFE9A222Bs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib694D0FAC1B321FB8A94F8442788B60A2s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCCFC99EE38F89FE1C7F3777640B23B66s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibCCFC99EE38F89FE1C7F3777640B23B66s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib01BF5933DE7A8A0A864E53A455935D7Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib01BF5933DE7A8A0A864E53A455935D7Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib01BF5933DE7A8A0A864E53A455935D7Es1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3A9D146A32852023277E7AD181C56C98s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3A9D146A32852023277E7AD181C56C98s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3C5C2725C0A54B5CC599BA78DD0D80FEs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3C5C2725C0A54B5CC599BA78DD0D80FEs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib3C5C2725C0A54B5CC599BA78DD0D80FEs1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE7EA957D8BE470A712DF15D7911D49As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE7EA957D8BE470A712DF15D7911D49As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bibAE7EA957D8BE470A712DF15D7911D49As1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0B532A63B440F7AA7829BAFD29FCFD94s1
http://refhub.elsevier.com/S0277-3791(23)00370-0/bib0B532A63B440F7AA7829BAFD29FCFD94s1

	Relative importance of forcings and feedbacks in the Holocene temperature conundrum
	1 Introduction
	2 Methods
	2.1 Calculation of radiative forcing and feedbacks

	3 Results
	3.1 Existing palaeo-temperature reconstructions
	3.2 Transient climate model simulated temperature changes
	3.3 Model-data comparison for the mid-Holocene
	3.4 Holocene radiative forcing and response

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Code and Data Availability
	Acknowledgements
	Appendix A Supplementary material
	References


