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M Check for updates

Recent global temperature reconstructions for the current interglacial period
(the Holocene, beginning 11,700 years ago) have generated contrasting trends.
This Review examines evidence fromindicators and drivers of global change, as

inferred from proxy records and simulated by climate models, to evaluate whether
anthropogenic global warming was preceded by along-term warming trend or by
global cooling. Multimillennial-scale cooling before industrialization requires extra
climate forcing and major climate feedbacks that are not well represented in most
climate models at present. Conversely, global warming before industrialization
challenges proxy-based reconstructions of past climate. The resolution of this
conundrum has implications for contextualizing post-industrial warming and for
understanding climate sensitivity to several forcings and their attendant feedbacks,
including greenhouse gases. Fromalarge variety of available evidence, we find
support for arelatively mild millennial-scale global thermal maximum during the
mid-Holocene, but more researchis needed to firmly resolve the conundrum and

to advance our understanding of slow-moving climate variability.

Theaverage temperature of the surface of the Earthis akeyindicator of
globalwarming and afocus of international agreements to limit climate
change. A global warming level of 1 °C relative to the late nineteenth
century has now been exceeded (Fig. 1a) and warming will probably
continue for centuries’. Along-term perspective on global meansurface
temperature (GMST), including warm periods during the history of the
Earth, is needed to contextualize this multicentury global warming?>.
Tothisend, the temperature history of the current interglacial period—
the Holocene, beginning 11.7 thousand years ago (ka)—is of particular
interestbecause it provides one measure of the climatic ‘safe operating
space’ for agriculture-based societies*. As such, natural variability in
GMST during the Holocene may be seen as a baseline against which
human influence on climate can be gauged”.

Evidence for reconstructing and understanding GMST changes is
more abundant for the Holocene, and especially the second half of
the Holocene, than for any other multimillennial period. Nevertheless,
studies of Holocene GMST have reached contrasting conclusions on
the millennial-scale temperature trends that occurred before indus-
trialization, confounding the long-term perspective onmodern global
warming. A landmark reconstruction of GMST showed peak warmth
during the mid-Holocene, when GMST reached about 0.8 °C higher than
that of the preindustrial period®. By contrast, early transient climate
modelling showed that GMST was around —0.5 °C colder during the
mid-Holocene compared with preindustrial temperature, followed
by continued warming’. This discrepancy between the late Holocene
global cooling trend inferred from proxy evidence versus the warm-
ing trend simulated by climate models is known as the ‘Holocene
temperature conundrum’’. The contradiction has challenged both
proxy-based palaeoclimate reconstructions and climate model simula-
tions. In response, subsequent studies have attempted to resolve the

conundrum by adjusting for possible weaknesses in the proxy data®,
adding plausible forcings to climate models®° or blending data and
models™*, all arriving at different conclusions about the cause of the
conundrum and its solution.

Even before the publication of these recent studies, inconsistent
proxy-based and model-based evidence, together with the relatively
small magnitude of Holocene climate change, hampered attempts to
definitively identify a global Holocene thermal maximum (HTM)®™,
Various regional HTMs, which occurred at different times in different
places between around 10 and 5 ka, especially at the middle and high
latitudes of the Northern Hemisphere, are robust features of tempera-
turereconstructions” 2 and climate model simulations® 2, Although
the timing and spatial pattern of regional HTMs afford insights into
the dynamical response to climate forcing, this Review focuses on
theglobal HTM as measured by GMST and determined by global-scale
climate forcings. Reconstructing GMST—the average temperature of
the planet as a whole—is challenging. Empirical evidence from low
latitudes and the Southern Hemisphere is generally limited, and only
some of the planet was probably warmer whereas other parts were
cooler during the global HTM™?***%_On the modelling side, none of
the 16 latest-generation global climate models that participated in the
recent CMIP6-PMIP4, 6-ka experiment? simulated GMST that exceeded
their preindustrial control runs. GMST at 6 ka in these models averaged
0.3 °C cooler than the preindustrial period (Fig. 1b), arguing against
aglobal HTM. Conversely, other models show that GMST responds
sensitively to various forcings (for example, refs. °*°), some of which
were not fullyimplemented in PMIP4 climate simulations.

In light of these contrasting results, we review major lines of evi-
dence relevant to reconstructing Holocene GMST. We bring together
evidence from proxy dataand model simulations to investigate global
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climateindicators, forcings and feedbacks from the perspectives of the

atmosphere, ocean and cryosphere, evaluating their overall consist-
ency (Fig. 2). We take amillennial-scale view, consistent with the typical
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Fig.1|GMST anomalies duringrecentglobal warming and the mid-Holocene
(6 ka)from proxiesand models. a, Global warming level of 1 °Crelative to
1850-1900 (ref."). b, Modelled temperature (CMIP6-PMIP4 multimodel mean)
for 6 karelative to preindustrial®. ¢, Blended proxy data and simulated
temperature (LGMR data assimilation) at 6 ka relative to 0.5 ka (ref. ™).

d, Modelled temperature (CESM1.2) with prescribed expanded vegetation

at 6 karelative to preindustrial®. e, Proxy records (Templ12k v1.0.2) for 6 ka
(6.5-5.5 kaminus 1-0 ka averages), with symbols representing annual, summer
and winter temperature (n=458,135and 11, respectively)*. Symbols representing
siteswith less extreme anomalies are in some cases obscured by those with
more extreme anomalies, both positive and negative. Plotted using Panoply
Data Viewer (NASA Goddard Institute for Space Studies, https://www.giss.nasa.
gov/tools/panoply/).

temporalresolution of proxy records. We focus onaddressing the heart
ofthe Holocene temperature conundrum: whether GMST decreased or
increased during the second half of the Holocene. Specifically, we com-
pare the millennium centred on 6 ka (hereafter, mid-Holocene, MH),
along-standing target for climate model-data comparisons®, with the
millennium that preceded the twentieth century (900-1900, hereafter,
last millennium, LM). We implement a consistent reference period,
when possible, by comparing both periods (MH and LM) with 1850-
1900, whichis considered representative of preindustrial conditions™.
We find that, despite the ever-growing volume and variety of data on
Holocene climate, important uncertainties remain. We conclude with
aperspective on research priorities to resolve these uncertainties.

Empirical evidence for the global HTM

Temperature reconstructions based on proxy data

Avariety of methods have been developed to reconstruct temperatures
before the advent ofinstrumental-based observations. These methods
rely on biological and physical changes that are preserved in natural
archives on the surface of the Earth, including sediments, glacier ice
and speleothems. The changes recorded inthese natural archives can
betranslated tosite-level temperature, serving as proxy records of past
climate, with important caveats (for example, ref. *?).

A global compilation of quality-controlled multiproxy records
from 470 terrestrial and 209 marine sites (Fig. 1e) was recently used
to reconstruct GMST for the Holocene (Temp12k)**** (Fig. 3i). This
reconstruction was based on five statistical methods, each with a dif-
ferent approach to averaging the globally distributed proxy records
and to characterizing various sources of uncertainty, including
proxy-inferred temperature, chronology and methodological choices.
For example, two methods first standardized the temperature variance
of aggregated proxy data and then restored it to a target, whereas
the other three methods used the native variance of the calibrated
proxy data. The median of this multimethod ensemble reconstruction
shows that the warmest 200-year-long interval before industrializa-
tion took place around 6.5 ka, when GMST is estimated to have been
0.7 °C warmer than the nineteenth century. The plausible range of
GMST estimates in this ensemble range from 0.3°t0 1.8 °C (5th to 95th
percentiles). A subsequent slightly expanded proxy data network
and an alternative reconstruction method shows an estimated GMST
of approximately 0.6 °C around 6.5 ka (ref. **). GMST averaged over
the millennium centred on 6 ka is lower than those of the warmest
centuries (Table1).

The Temp12k reconstruction is also similar to the first Holocene
GMST reconstruction based on both terrestrial and marine proxy
data*. That study used a smaller dataset (73 sites) and different pro-
cedures to estimate amaximum warmth of 0.8 °C + 0.3 °C (20) relative
to1850-1900 ataround 7 ka. Furthermore, these GMST reconstructions
are consistent with two others based on extensive compilations of
sea-surface temperature (SST) records alone'¥, both of whichshowa
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Fig.2|List of climate-system features and metrics discussed in this Review.
Elementsare arranged with global climate forcings at the top and global
climateindicators atthebottom.In between are climate feedbacks arranged
by the extent to which they are estimated to influence versusindicate global
climate during the HTM. Arrows show the direction of change during the HTM
relative to the last millennium. Bold text indicates high confidence in the
change; plaintextindicates lower confidence.

prominent global HTM and roughly 0.5-1 °C of cooling across the mid-
dleandlate Holocene, although ref. ! emphasizes that their proxy-only
reconstructionis hampered by sparse data coverage in some latitudi-
nal bands. The SST proxy data agree with a reconstruction of ground
temperature from globally distributed boreholes, which indicates
peak warming of about 1-2 °C at 6-7 ka relative to 1960-1991 (ref. *8).
Therelation between ground temperature and surface air temperature
is complicated, however, by the varying extent of insulating seasonal
snow cover®. Another recent reconstruction focused on a globally
distributed pollen-only dataset shows maximum temperatures extend-
ing from around 8 to 5 ka when GMST was roughly 0.5 °C above the
late Holocene minimum (1ka)?. The use of pollen for reconstructing
temperature during the late Holocene has been challenged because of
human effects that might decouple vegetation composition from the
associated climate interpretation*. Late Holocene cooling is not only
evidenced by pollen data, however; it is a prominent feature of other
terrestrial and marine proxy types*** (Fig. 3k,m). At the continental
scale, pollenrecords show that annual temperature over North America
and Europe cooled by at least 0.5 °C after 5.5 ka (ref. *?), consistent with
the early recognition of the ‘hypsithermal interval’, which was based
on pollen assemblages in Europe*. In contrast to these proxy-data
compilations that support the occurrence of a global HTM, earlier
reconstructions based on selected proxy types indicate that MH land
and ocean surface temperatures were indistinguishable from preindus-
trial climate®. Considering several lines of proxy-based evidence, the
Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) estimated, with medium confidence, that GMST aver-
aged over the warmest centuries of the global HTM was 0.2-1°C higher
than1850-1900 (ref. **).

Mountain glaciers

The size of mountain glaciersis sensitive to the temperature and dura-
tion of the melt season. For maritime and low-latitude glaciers, the melt
season can extend over most of the year*; at higher latitude, awarmer
and longer melt season factorsinto mean annual temperature such that
glacier size globally can be used to track GMST*¢. Moraines and other
dated glacial-geomorphic features can be used to estimate the timing
of glacier retreat and surface deposits derived from nonglacial sources
can be used to determine the ages of ice-free periods.

To summarize the global pattern of Holocene mountain glacier
history for this Review, we used a compilation of glacial-geomorphic
and geochronological data from 189 globally distributed glaciers®.
We derived a glacier extent index by assigning values to the qualita-
tive status of each glacier and then averaged these values in 100-year
intervals for four large-scale regions. This rudimentary summary of
relative glacier extent indicates that glaciers generally retracted to
their Holocene minimabetween 10 and 6 ka (Fig. 31). Glacier advances
were underway in mountains of both hemispheres between 5and 3 ka
(ref.*8), during the period referred to as the Neoglacial®. The general
patternoflessice during the MH and expanded ice during the LM also
appliestothe Greenlandice sheet® and possibly to the West Antarctic
Ice Sheet, which seems to have readvanced during the second half of
the Holocene®.

Ocean subsurface temperature

Approximately 91% of the heat energy generated by recent global warm-
ing hasbeen stored inthe ocean’. This heat exchange between the ocean
and atmosphere means that ocean heat content and GMST are strongly
related (for example, ref. *2). This correspondence was probably strong
at the millennial scale during the second half of the Holocene when
changes were relatively minor in ocean and ice-sheet volumes, land
surface area and ocean circulation. Marine proxy records of subsur-
face temperature generally show that the MH was warmer than the LM
(Fig.3). Forexample, several proxy records from diagnostic locations
in the equatorial Pacific and subtropical Atlantic Ocean indicate that
intermediate waters were2 + 0.5 °Cwarmer during the early Holocene
than during the preindustrial late Holocene, which exceeds the cool-
ing at the overlying surface®® (Fig. 3m). Although temporal resolution
is lower, a compilation of marine proxy records indicates that deep
ocean temperatures decreased by anaverage of about 0.5 °C following
an early Holocene maximum?® (Fig. 3m). Noble gas thermometry from
two Antarctic ice cores has been used to reconstruct the total heat
content of the global ocean®***, indicating that heat energy reached
amaximum during the early Holocene, followed by little change or
possibly slight cooling thereafter (Fig. 3n).

Common Era temperature

Many regional studies based on documentary and proxy evidence
show that the coldest decades and centuries of the past1to 2 kyr gen-
erally occurred between the fifteenth and nineteenth centuries, dur-
ing the period known as the Little Ice Age (LIA) (for example, ref. %).
Although the extent and timing of LIA cooling varied regionally, its
global-scale imprintis evident in compilations of multiproxy records
that together show a robust millennial-scale cooling trend of approx-
imately 0.1-0.2 °C per 1,000 years over the past 2 kyr from exten-
sive, quality-controlled marine®, terrestrial®” and global*® datasets.
This proxy-inferred cooling is supported by the global expansion of
glaciers®® and by temperature profiles measured in globally distrib-
uted boreholes®. From this perspective, the LIA is the extension of the
multimillennial cooling trend that followed the global HTM.

Summary of empirical evidence

The global HTM is apparent in several compilations of globally dis-
tributed terrestrial and marine proxy datasets, including compelling
evidence for global cooling over the Common Era before industri-
alization. Mountain glaciers worldwide generally retreated during
the early and middle Holocene and readvanced thereafter. Similarly,
subsurface ocean waters were probably warmer during the first half
of the Holocene than during the second.

Holocene climate forcings and feedbacks

The following sections are presented roughly in order of assumed
importance for influencing Holocene GMST.

Nature | Vol 614 | 16 February 2023 | 427
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Fig.3|Holocene climate forcings and feedbacks (left) and selected
reconstructions and proxy data (right). a, Annualinsolationat 60° N, 0°,60°S
and globally®’. b, Seasonal (JJA and DJF) insolation at 60° Nand 60° S (ref. ).

¢, NorthernHemisphereice cover*?. d, Sea-ice extent for the Arctic (percentage
of recordsindicating low sea-ice concentrationinref. %) and the Antarctic (flux
of seasaltsodiumatDome C*®). e, Total solarirradiance inferred from cosmogenic
isotope abundance!®. f, Volcanic SAOD and number of eruptions per decade
(three-decade running mean) inferred from sulfate aerosolsin polarice™.

g, Concentrations of atmospheric CO,and CH, in Antarctic ice cores.

h, LGMR" and Holocene dataassimilation (DA)'%; solid line and shading are the
meanand xlouncertainty. i, Templ2k GMST reconstruction®; solid line and
shadingare the medianand 90% range of ensemble members.j, Composites for
terrestrial proxy types from the Templ2k database®*: pollen, chironomids and
biomarkers (excluding alkenones); solid line and shading are the mean and 95%
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confidenceinterval. The spatial-temporal structure of each proxy typeis
examinedinref.?°.k, Asinjbut for marine proxy types: Mg/Ca, alkenones and
isotopes (isotope records are almost exclusively marine). 1, Mountain glacier
extentsummarized fromindividual glacier historiesinref. * averaged by
fourlatitudinal zones: Arctic (n =73), Eurasia (n = 54), low latitudes (n = 24)
and Southern Hemisphere (n =38). Relative size classified as: 3 =Holocene
maximum, 2 = advancing, 1=glacier present, -1=retreating, -2 = smaller than
twentieth century, averaged and 300-year smoothed. m, Reconstructed
temperature of global bottom water® and Indonesian Throughflow water,
whichislinked to North Pacific and Antarcticintermediate waters'.

n, Reconstructed total ocean heat content based on noble gases from

Dome C**and the West Antarctic Ice Sheet (WAIS)*. Red vertical bar indicates
mid-Holocene (6.5-5.5 ka); blue bar indicates last millennium (900-1900).
Avalues arechangesrelative to the 1850-1900 preindustrial reference period.



Table 1| Primary global climate forcings and indicators for the mid-Holocene and the last millennium

Mid-Holocene Last millennium Reference period Selected refs.
(6.5-5.5ka) (900-1900)
Climate forcing and feedbacks
Insolation, annual global (Wm™) 0 0 1850-1900 Laskar®'
Insolation, annual 60°N and 60°S (Wm™) 1.2 0.1 1850-1900 Laskar®
Insolation, annual 0°N/S (Wm™) -1.0 -0.1 1850-1900 Laskar®'
Insolation, JJA 60°N (Wm™) 21.9 1.0 1850-1900 Laskar®'
Atmospheric CO, (ppm) -25.3+1.3 -91+3.0 1850-1900 Koéhler®®
Atmospheric CH, (ppm) -0.23+0.01 -0.13+0.04 1850-1900 Kéhler®®
Radiative forcing, well-mixed GHG (Wm™) -0.76+0.03 -0.30+0.09 1850-1900 Kohler®®
Radiative forcing, total solar irradiancex0.13 (Wm™)? 0.01+0.03 -0.03+0.04 1850-1890 Wu'%®
Radiative forcing, volcanic SAODx20 (Wm™)® -0.04+0.40° -0.06+0.38° 1850-1900 Sigl™
Radiative forcing, volcanic frequency (no. per decade) 0.96 1M 1850-1900 Sigl™
Land-cover (vegetation) albedo Decreased Baseline LM Prentice”
Arctic sea-ice cover and albedo Decreased Baseline LM Stranne®
Antarctic sea-ice cover and albedo Decreased Baseline LM Wolff®®
Dust abundance (deposition) Decreased Baseline LM Albani”
GMST (°C)
Proxy-based, multistudy, IPCC-assessed range 0.2-1.0¢ 0.03+0.09° 1850-1900 Gulev*, PAGES 2k'*®
Multiproxy, multimethod Temp12k 0.47°,0.6 (0.3,1.5)f Not reviewed 1850-1900 Kaufman®®
Pollen only, LegacyClimate+Temp12k 0.48° Not reviewed 1ka Herzschuh®
SST proxy system models, scaled to GMST 0.75+0.17¢ Not reviewed 1850-1900 Osman"
SST proxies adjusted for local seasonal insolation -0.24° Not reviewed 1850-1900 Bova®
Data assimilation, SST proxies and time-slice model prior -0.14¢,-0.25" Not reviewed 1850-1900 Osman"
Data assimilation, Temp12k proxies and transient model prior  0.12¢, 0.20%' Not reviewed 1850-1900 Erb'
Simulated, CMIP6-PMIP4 multimodel mean’ -0.3+0.1 Not reviewed Preindustrial control Brierley®
Simulated, CESM1.2 with expanded vegetation’ 0.42+1.6 Not reviewed Preindustrial control Thompson®
Seasonal cycle as an analogue for climate variability <01 Not reviewed Preindustrial control Laepple™
Ocean subsurface temperature
Intermediate water Higher Baseline LM Rosenthal®®
Bottom water Higher Baseline LM Shakun®
Global ocean heat content Equivocal Baseline LM Baggenstos™
Ice volume and sea level
Global mountain glacier extent Smaller Larger Twentieth century Solomina**®
Greenland ice sheet Smaller Larger Twentieth century Briner®®
Antarctic ice sheet Equivocal Equivocal Twentieth century Jones'®
GMSL Equivocal Not reviewed Twentieth century Gulev*

2Total solar irradiance converted to effective radiative forcing using assessed scaling and adjustments of ref.'”’.

PSAOD converted to Wm™ using the scaling of ref.'”".
°Calculated using decadal averages.
YWarmest centuries between 7 and 6ka (very probable range), medium confidence.

°Difference between millennia centred on 6 and 0.5ka; added 0.03°C to adjust GMST of the last millennium to the 1850-1900 reference period, based on the reconstruction of the PAGES 2k

Consortium'®.

‘Warmest millennium in the ensemble median centred on 6.5ka (5th and 95th percentiles) relative to 1800-1900 (subtract 0.03°C to adjust to the 1850-1900 reference period).

9IDifference between 500-year smoothed maximum GMST at 5.2ka and 1.0ka.
"Ensemble trend between 7 and O.1ka.
'Data assimilation with assumed proxy uncertainties reduced by 20%.

iGlobal surface air temperature; the IPCC assessed global surface air temperature and GMST as differing by less than 10% (ref. **).

“Mean+10 of 16 models.

Orbital forcing

During the Holocene, the overall change in average annual global
insolation was minimal (—-0.01 W m™since the MH)®! (Fig. 3a), as the
deceasingtrend at high latitudes was balanced by the increasing trend
atlow latitudes. However, strong seasonal trends (Fig. 3b) drove feed-
backs that influenced GMST (for example, ref. ©). According to the
Milankovitch theory, global glacial periods are triggered as summer

insolation declines at northern high latitudes, increasing planetary
albedo through theice-albedo feedback. Summerinsolationat 60° N,
the latitude that represents alarge proportion of the Northern Hemi-
spherelandarea, reachedits Holocene maximuminsummer (JJA) and
began to decrease at around 10 ka (ref. ®"). However, slow-responding
components of the climate system continued to warm the surface of
the Earth. Remnants of Pleistocene ice sheets lingered until 9 ka in
Scandinavia® and until around 6.7 ka in North America®* (Fig. 1c). By
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the end of the first half of the Holocene, declining summer insolation
at 60° Nwas the overriding control on GMST. By the MH, summer (JJA)
insolation at this latitude had decreased by 8.4 W m~relative to its
Holocene peak but wasstill 21.9 W m™ higher than 1850-1900 (ref. ).

Theinfluence of insolation forcing on temperatureis evidenced by
trends in proxy-based reconstructions that correlate with local inso-
lation changes, both annually and seasonally. During the MH, annual
insolationat high latitudes in both hemispheres was higher than dur-
ing the LM, whereas the trend in the tropics was generally opposite
(Fig.3a). This caused thelatitudinal insolation gradientin the Northern
Hemisphere to steepen as reflected in the Temp12k dataset by nearly
flat temperature trends across the 30° N to 30° S latitude during the
past 10 kyr (ref.?), as well as by the steepening proxy-reconstructed
temperature gradient between the MH and the LM®, The role of local
insolation forcing is further evidenced by winter-dominated tem-
perature proxy records that correlate with local, winter insolation
changes. A cold-season warming trend from the MH to the LM has
been inferred from multiproxy geochemical indicators at northern
high latitudes®*, consistent with increasing winter (DJF) insolation
at60° N. Higher winter temperature at northern high latitudes during
the LM relative to the MH would have diminished the magnitude of the
HTM, but not overwhelmed it, consistent with the Milankovitch theory.
A contrasting view from a recent pollen-based reconstruction shows
that winter temperatures cooled across the Northern Hemisphere
following the MH™.

Single-forcing climate model experiments have been used to better
understand the cause of late Holocene warming simulated by most
climate models. Orbital-forcing-only runs by ref. ° using three transient
simulations over the past 20 kyr showed little GMST change. In one
model, however, GMST rose to about 0.2 °C above preindustrial at
around 6 ka. This model result agrees with another sensitivity experi-
ment of orbital forcing alone showing that, as obliquity decreases,
as it did after around 9 ka, GMST decreases in response to cloud and
seasonal sea-ice feedbacks™.

Finally, an innovative conceptual model of insolation-driven tem-
perature uses the modern seasonal cycle to relate insolation to local
temperatureresponse, thereby including nonlinearities analogous to
those that operate on orbital timescales. The model, which accounts
for fast feedbacks only, shows that GMST declined slightly (<0.1°C)
over the past 6 kyr. Including long-term processes would resultin a
stronger climate response.

Vegetation and dust

Changes in terrestrial vegetation and atmospheric dust during the
Holocene have been reconstructed from proxy records and their effects
on climate have beeninvestigated using models. Pollen-based vegeta-
tionreconstructions show that Saharan Africawas green during the MH
and that forest cover was more extensive regionally at middle and high
latitudes of the Northern Hemisphere than during the LM77, Arecent
transient simulation by an Earth system model captures the maintrends
inbiome shifts duringthe MH and places theminthe context of climate
dynamics”. These range shifts warmed the Northern Hemisphere land
surface by decreasingitsalbedo during summer, through sea-ice feed-
backs during autumn and winter, and through snow-albedo feedbacks
inspring”, collectively resulting in regional temperature changes simi-
larin magnitude to those caused by orbital forcing”. Early simulations
of 6-ka climate using amodel of intermediate complexity showed that
GMST increased by 0.9 °C when vegetation changes were included®.
Recent simulations using a CMIP6-class model® show that GMST was
roughly 0.4 °C higher than the preindustrial when vegetation expansion
isincluded (Fig.1d). The prescribed vegetation expansionin this model
probably represents the high end of the Holocene vegetation change
and, therefore, theresulting temperature response. When sampled at
the samelocations as the Temp12k proxy data network, the MH is even
warmer in the model than estimated by the proxy data. Furthermore,
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following the global HTM, anthropogenic land-cover change increased
surface albedo, causing an estimated 0.17 °C of global cooling’®.

The expansion of vegetation during the MH also reduced the source
area for mineral dust, consistent with proxy evidence for less atmos-
pheric dustloading during the MH than the LM”. This reduced dustiness
might have contributed to the global HTM mainly by decreasing the
scattering of solar radiation®°, although the simulated effect of dust
on GMST differs among climate models. One simulation shows that
removing all atmospheric dust causes a 0.3 °C decrease in GMST at
6 kacompared with the preindustrial control'®; however, the model did
notinclude important long-wave feedbacks. Those that do, generally
show limited effects®®"%,

Seaice

Retreating sea-ice extent decreases planetary albedo and allows heat
transfer fromthe oceanto theatmosphere, amplifyingglobal warming®*.
Most proxy recordsindicate that sea-ice cover was less extensive during
the MH compared with the LM across much of the Arctic Ocean®, but
notall®®, Sea-ice cover was also reducedin the Southern Ocean during
the MH and increased after®®® (Fig. 3d), although evidence s limited.
Climate modelsimulations for 6 ka (refs. **') and a transient Holocene
simulation®* show thatincreased insolation at northern highlatitudes
causesareductionin Arcticsea-ice cover and that the resulting warm-
ing extendsinto winter across the hemisphere. Several simulations of
changing sea-ice extent also show a remote-warming response that
extends to the extratropics and tropics through dynamical circula-
tion changes (for example, refs. *>*). Simulations also indicate that,
whenseaiceis less extensive than current conditions, GMST increases
in response (for example, refs. *%7), such as might have occurred
during the global HTM.

Greenhouse gases

The atmospheric concentration of well-mixed greenhouse gases
(GHGs) isaprimary control on GMST through the Cenozoic®® but GHG
changes during the preindustrial Holocene were relatively minor. Air
trappedin polar glacierice contains about 16 ppmless CO,duringthe
MH than during the LM*° (Fig. 3g and Table 1). By comparison, this is
less than atmospheric CO, build-up during the eight years between
2011 and 2019 (about 19 ppm)**. The concentration of CH, was also
lower during the MH than the LM. Together, the lower concentrations
of CO,, CH,and N,O caused an estimated reductionin radiative forcing
ofabout 0.46 W mduring the MH compared with the LM*. To put this
into perspective, by decreasing the CO, concentration by 20 ppmin
the PMIP4 MH (6 ka) experimental protocol, the ensemble mean GMST
averaged —0.2 °C colder than in PMIP3 models, which used preindus-
trial GHG levels®.

Several hypotheses have been put forward to explaintheincreasein
GHG concentrations from the MH to the LM (for example, ref. '°°). One
prominent hypothesis attributes the increase to land-use practices of
preindustrial societies'®’. Theincrease, albeit minor, was sufficient to
counterbalance some of the global cooling driven by orbital cycles and
toprolongthe currentinterglacial period'®. Although this increase in
GHG concentrations may have staved off the ensuingice age, humans
did not reverse the trend of the orbitally driven cooling until industri-
alization, beginning in the mid-nineteenth century'®,

Solar and volcanic forcings

Changes in the output of the Sun and the frequency of large volcanic
eruptions have substantially affected GMST at annual and decadal
scales over the Common Era (for example, refs. 1°41%); their cumulative
effects over longer periods are uncertain. A reconstruction of total
solar irradiance (TSI) extending back to 9 ka (ref. 1°¢), which incorpo-
rates revised cosmogenic isotope datasets and improved models for
production and deposition of cosmogenic nuclides, shows that TSI
during the MH was similar to the LM, with a marginally higher mean



(Table1and Fig. 3e). A linear regression from 6 ka to 1850 returns a
significant (P< 0.01) trend of —0.06 = 0.01 W m?per 1,000 years, imply-
ing a minimal contribution from solar forcing to post-HTM cooling.
Effective radiative forcingis estimated to be about 13% of the change in
TSI'”, meaning that the difference in the mean values between the two
periods equates to roughly —-0.04 W m2 By contrast, many proxy-based
studies have attributed century-scale to millennial-scale Holocene
climate fluctuations'®®™°, as well as climate events™"?, to solar vari-
ability, suggesting an outsized influence beyond that of the estimated
effective radiative forcing. Finally, the millennium with the highest
nitrate concentration in Antarcticaice, an alternativeindicator of solar
activity, was high from 6.5 to 5.5 ka (ref. %),

A new compilation of global volcanic sulfur emissions, based on
aerosol contentinice cores from Greenland and Antarctica, provides
the most complete available documentation of Holocene volcanic
eruptions that affected global climate (HolVol)™. Reconstructed strato-
spheric aerosol optical depth (SAOD) (Fig. 3f) indicates that global
volcanic forcing during the MH was on par with that of the LM. The dif*-
ferenceinthe meanvalues between the two periods equates to aradia-
tive forcing of about—0.02 W m 2, based on the conversion fromref. 1%,
Although the magnitude of the millennial-scale trend is small, alinear
regression from 6 ka to 1850 shows a significant (P < 0.02) increase in
volcanic forcing. Furthermore, model simulations have shown that
the clustering and pacing of volcanic eruptions affects the duration
of their cooling effect; it can lead to century-scale cooling by reducing
ocean heat content and activatingice-albedo feedbacks™ ™. Indeed,
the number of volcanic eruptions in the HolVol dataset increases
from 6 ka to 1850 (P < 0.01) based on the annual running average of
multidecadal eruption frequency. This result is robust across various
multidecadal-scaleintervals. A recent Holocene-long transient simu-
lation that includes solar and volcanic forcing attributed the global
cooling across the preindustrial Common Era largely to the effects of
volcanicaerosol forcing, which were amplified by sea-ice feedbacks®>.

Summary of forcings and feedbacks

Thereis strong model-based and proxy-based evidence that orbital forc-
ing was the dominantinfluence on millennial-scale trendsin Holocene
GMST before industrialization. This forcing drove important feedbacks
through decreased polar seaice and shifted vegetation ranges, which
increased GMST above preindustrial levels during the MH. Following
the MH, increasing albedo from land-cover changes, together with
weakly decreasing solar irradiance and increasing volcanic activity,
each perhapsleveraged by slow feedbacks, led to global cooling, which
more than counterbalanced the effect of increasing GHGs.

Challenges to the global HTM
Summer bias in proxies
Middle and late Holocene cooling inferred from proxy records generally
coincides with decreasing boreal summer insolation. Some authors
have used this correlation, along with evidence that some proxies are
influenced by seasonal ecological controls (for example, ref. %), to
conclude that proxy records dominantly reflect summer conditions®**”.
Others emphasize that summer conditions persistinto the fall and win-
ter in response to feedbacks and slow-moving features of the climate
system®*'"®, As such, mean annual temperature can be both dominated
by strong changes in summer and faithfully recorded by proxies. This
perspectiveis supported by sensitivity testing using two different data
assimilation procedures, both of which found relatively minimalinflu-
ence of proxy seasonal bias on temperature reconstructions™; itis also
consistent with proxy-based reconstructed global winter temperature,
which decreased during the middle and late Holocene®.

The assumption that proxy records are dominated by summer inso-
lation is not supported by evidence from the Southern Hemisphere
and global oceans. If proxies are summer-biased and driven by local

insolation, then they should exhibit opposite Holocene trends in the
two hemispheres, tracking changes in summer insolation (Fig. 3b).
Proxy records fromthe high latitudes of the Southern Hemisphere, how-
ever, generally do not show overall warming across the Holocene®. The
timing of peak Holocene warmth varied around the globe but occurred
at roughly the same time in both hemispheres™'?°, providing further
evidence that proxies calibrated to represent annual temperature are
not overwhelmingly biased by seasonal temperature.

The ability of proxy records to faithfully represent annual tempera-
ture is further supported by their similar trends across several proxy
types frommarine and terrestrial sources, most of which peak between
8 and 6 ka (refs. 23%) (Fig. 3j,k). The replicability across proxy types,
including global glacier extents (Fig. 31) and subsurface ocean tem-
perature (Fig. 3m), adds confidence to the robustness of the shared
trend because they are governed by different underlying biological and
physical processes and are sensitive to different seasonal conditions.
Moreover, the proxy-only reconstruction of ref. ", which circumvents
many of the issues related to seasonality by using proxy system models,
shows a strong global HTM.

Reference ® recently argued that the global HTM reconstructed by
previous studies using proxy datais an artefact of seasonal bias. They
assumed that millennial trends in proxy records of Holocene SST are
seasonally biased if the records correlate better with local seasonal
insolation than with the local mean annualinsolation. They then used
these inferred seasonalities and the statistical relations between sea-
sonal and annual insolation to adjust the Holocene proxy records to
follow their assumptions. This approach demonstrated that aseasonal
bias could account for the reconstructed warming during the first
half of the Holocene and cooling thereafter, but it did not prove that
this trend was caused by seasonally biased proxies. Furthermore, they
characterized their 40°S to 40° N SST-only reconstruction as repre-
senting global trends, because SST trends in this region correlate with
global SST changesinatransient climate model simulation. Because low
latitudes warmed less than higher latitudes during the MH, however,
the latter must be included when estimating GMST. One commentary
(ref.'™) argued that focusing on local insolation overlooks important
climate feedbacks, especially sea-ice albedo, that shape temperature
evolution during interglacials. Another commentary (ref. *?) showed
that the outcome of the method (removing thermal maxima) is essen-
tially predetermined by the underlying assumptions, some of which
seemunsubstantiated. Among their rebuttals?*'?*, the authors stressed
the importance of proper site selection when applying their method.

Data assimilation

Data assimilationintegrates information from both proxy records and
climate model simulations to generate areconstruction that is consist-
entwithbothtypes of evidence and is constrained by realistic dynami-
cal features of the climate system. However, for the MH, when climate
model output diverges from proxy data, data assimilation has not shown
whichline of evidenceis more correct. Arecent data assimilation recon-
struction extending from the Last Glacial Maximum to the present is
based onanextensive compilation of geochemical proxy records of SST
(driven by proxy system models), along with time-slice output froman
isotope-enabled climate model (Figs.1cand 3h). The data assimilation
ensemble reconstruction shows that the MH was colder than prein-
dustrial, with a small (0.25 °C) but notable warming from 7 ka until
the twentieth century™ and even less warming when considering the
millennium centred on 6 ka (Table 1). However, the lack of terrestrial
proxy data, or other methodological choices (for example, design of the
model prior), could have reduced the MH warming in this data assimila-
tion reconstruction. This assertion is supported by more recent data
assimilation GMST reconstructions of the Last Glacial Maximum' and
Holocene® (Fig. 3h), both of which are warmer than that of ref. ™. The
new Holocene data assimilation reconstruction? blends the Temp12k
database with output fromtransient climate model simulations. Rather
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than a warming trend, this data assimilation reconstruction shows a
minor global HTM, with a maximum millennial-scale GMST of about
0.1°Crelative tothelate nineteenth century. Sensitivity tests show that
the estimated GMST for the HTM increases as the assumed uncertainty
inproxy valuesis reduced; forexample,a20% reductionin uncertainties
increases the GMST anomaly to 0.2 °C. MH warmth is present in 88%
of the ensemble members of this data assimilation reconstruction.
The GMST reconstructions based on data assimilation by both ref. !
and ref. 2 are notably flat over the middle and late Holocene (Fig. 3h).
This might reflect the tendency of data assimilation to underestimate
temporal variability, particularly when and where the data network is
sparse'®, For example, of the six reconstruction methods used by the
PAGES 2k Consortium to estimate GMST over the Common Era'®, the
data assimilation reconstruction is by far the smoothest.

Sealevel

The global mean sealevel (GMSL) reflects the combined effects of ocean
temperature and globalice volume. Reconstructionsthat depictrising
GMSL through the Holocene have been used as evidence against the
global HTM (for example, refs. #*'). They are based on the commonly
accepted model that the Antarcticice sheet, the biggest potential con-
tributor to GMSL during the second half of the Holocene, is smaller
now thanatany time during the Holocene. This view is now challenged
by theory and by scattered evidence for late Holocene readvances in
Antarctica'®®, Other challenges arise when translating the elevation
of palaeo sea-surface indicators into GMSL because glacial isostatic
adjustment and local vertical motion were the dominant controls on
local sealevel during the Holocene'. Models tuned to both near-field
and far-field relative sea-level datayield GMSL estimates between about
-4 and -1 mfor the MH (for example, ref. *°). By contrast, some studies
of far-field locations, where the effects of glacial isostatic adjustment
aresmallandlocal sealevelis expected to approximate GMSL to within
about1m (for example, ref. ™), suggest that GMSL was higher during
the MH than during the LM (for example, refs. *2'**), Finally, marine geo-
chemical proxies of total global ice volume have insufficient resolution
to constrain the height of GMSL during the MH. In sum, the possibility
that GMSL was higher during the MH than the LM cannot be excluded.

Summary of challenges

Of the two recent GMST reconstructions that lack a global HTM, one
(ref. ®) was driven by presupposed local seasonal effects and excluded
data from poleward of 40° latitude, where warming was most pro-
nounced, and the other—a data assimilation reconstruction (ref.')—
contrasts witha more recent data assimilation reconstruction (ref. )
that features aminor global HTM, demonstrating the sensitivity of the
data assimilation method to assumptions and choice of underlying
climate model runs. Evidence for lower GMSL during the MH is too
tenuous to argue against the global HTM.

Conclusion

Proxy datathatrepresentalarge variety of natural processes operating
in disparate settings, sensitive to different seasonal conditions and
distributed globally, pointinasimilar direction. The most parsimoni-
ous interpretation is that they track GMST. GMST probably peaked
some time late during the first half of the Holocene, at roughly 6.5 ka,
as evidenced by extensive proxy data and supported by theory and
models. Proxy evidence reported inseveral studiesindicates that GMST
was roughly 0.5 °C higher during this millennial-scale period compared
with 1850-1900, with most of the warming occurring at middle to high
latitudes in the Northern Hemisphere. GMST estimates are typically
higher for century-scale changes than for millennial averages, whereas
those based on data assimilation methods show nearly no change. The
occurrence of a global HTM during the MH is further evidenced by
subsequent cooling in both hemispheres during the late Holocene,
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including proxy records of cryosphere extent and subsurface ocean
temperature. The cooling culminated in the LIA, which is well docu-
mented globally, on land and in the oceans. This post-HTM cooling
coincided with small millennial-scale decreasesin solarirradiance and
overall increases in both stratospheric aerosols from major volcanic
eruptions and the decadal frequency of these eruptions. Late Holocene
coolingisalso consistent with the Milankovitch theory, which ascribes
the onset of global glaciations to climate feedbacks driven by declin-
ing summer insolation at northern high latitudes. Sensitivity stud-
ies using climate models show that GMST higher than that of the late
nineteenth century canbe attributed to Arctic amplification of orbital
forcing through sea-ice feedbacks, combined with lower land-surface
albedo caused by the expansion of dark vegetation. The atmospheric
concentrations of well-mixed GHGs increased slightly across the late
Holocene but their effect on GMST was apparently overshadowed by
other forcings and their attendant feedbacks. Although our preferred
interpretationisthat GMST decreased during the six millennia before
industrialization, more research is needed from both the proxy data
and climate modelling perspectives to firmly resolve the conundrum.

Futuredirections

Resolving possible shortcomings in proxies

Ifour preferredinterpretationisincorrectand GMST never rose above
preindustrial levels following the last ice age, then we need toimprove
our understanding of the temperature signal in proxy records and to
further develop our data analytical tools to extract global trends with
greater fidelity. Proxy indicators of global-scale conditions, including
ocean heat contentand GMSL, are fundamental to understanding the
evolving net energy balance of the Earth and deserve special considera-
tion. Specifically, higher-resolution measurements of noble gases in
Antarctic bubble ice could improve the reconstruction of Holocene
ocean heat content. Further near-field constraints are needed to recon-
struct Antarcticice sheet fluctuations, the probable control on global
sealevel during the second half of the Holocene. This will bolster studies
ofice-sheet sensitivity to warming and feed new approaches to jointly
modelice-sheet volume, glacial-isostatic adjustments and the viscosity
structure of the Earth (for example, ref. **).

Apartfromglobal-scaleindicators, we must rely on ageographically
distributed network of sites to estimate the global mean. Here, filling
data gaps is critical to reconciling spatial and seasonal biases, espe-
cially given that seasonal biases can be highly regional. More records
using avariety of proxy types are especially needed from the Southern
Hemisphere, because the current sparse data coverage there leads to
marked uncertainties related to spatial averaging. This issue may be
more important than seasonal bias, a frequently cited weakness, in
solving the Holocene temperature conundrum?.,

Nonetheless, more work is needed to understand how the evolv-
ing annual cycle of the Holocene is represented spatially and in dif-
ferent proxy types, with more careful attention directed to defining
seasonality itself'®, Proxies that target different seasons can be used
together to develop better estimates of annual conditions. Proxy sys-
tem models are also on the rise™® and their further development is
needed to circumventissues related to inverse models used for proxy
calibration, including seasonality effects, and to bridge the gap between
native proxy dataand climate model output, including in data assimila-
tion™”. New advances in analytical capabilities might help resolve sea-
sonal variations in proxy records, thus circumventing the seasonality
challenge (for example, ref. %),

Whether large-scale reconstructions are based on conventional or
emergingapproaches, thereisanurgent need toimprove the reusability
of palaeoclimate proxy databy redoubling efforts to curate dataaccord-
ing to FAIR (findability, accessibility, interoperability and reusability)
dataprinciples. Although palaeoclimate dataare more accessible and
interoperable than ever, large-scale data analyses, including those



thatyield quantitative estimates of global climate indicators and their
uncertainties (Table 1), continue to face challenges related to data

management and infrastructure',

Resolving possible shortcomings in models

If our preferredinterpretationis correct and recent global warming was
proceeded by a multimillennial global cooling trend, then this points
to the need toimprove our understanding of natural climate forcings
and feedbacks, along with their representation in climate models.
The very large seasonal and latitudinal changes in insolation caused
by orbital forcing is the most likely instigator of climate feedbacks
over the second half ofthe Holocene. On the proxy side, analysing the
response to orbital forcing using records from earlier warmperiods and
the cyclicities within long palaeorecords will help to further understand
both the climate and proxy responses to insolation changes. On the
modelling side, further orbital-only model experiments could help to
identify responses that are underrepresented in full-forcing simula-
tions at present. Major climate feedbacks that have already received
attention include those related to seaice, monsoon systems and land
cover, including anthropogenic influences. More model sensitivity
experiments are needed to study the response to dynamic vegetation
and dust, with protocols already outlined for PMIP4 (ref. ?°). More work
isalsoneeded to analyse large networks of proxy datato identify spatial
and temporal patterns of long-term variability that might be attributed
to forcing by volcanic aerosols, solar irradiance and the dynamical
responses they generate, or those that might reflect yet undiscovered
modes of slow variability. This goal also depends on well-curated,
readily reusable proxy data.

Furthermore, if our interpretation is correct, the global HTM can
provide insight into important climate feedbacks that play out over
millennia, as well as potential future impacts of a relatively warm
world. Although the HTM is not an analogue for future warming©,
some prominent feedbacks involving the annual cycle are similar for
both the HTM and future warming, such as those associated with Arctic
amplification'. The complex forcings and heterogenous response of
Holocene climate serves as a challenging test of climate model perfor-
mance. Assuch,amore complete representation of the climate forcings
and feedbacks over the Holocene would improve the predictive value
of climate models.

Data availability

All of the data used for this Review are from published literature, as
citedin the text.
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