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Abstract. Paleoclinatic records provide valuable information about Holocene climate, revealing aspects of climate
variability for a multitude of sites around the world. However, such data also possess limitations. Proxy networks are
spatially uneven, seasonally biased, utae in time, and present a variety of challenges when used in concert to illustrate
the complex variations of past climate. Paleoclimatic data assimilation provides one approach to reconstructing past climate
that can account for the diverse nature afrrecords while maintaining the physicased covariance structures simulated

by climate models. Here, we use paleoclimate data assimilation to create a spamlgte reconstruction of temperature

over the past 12,000 years using proxy data fromTdraperature 12k database and output from transient climate model

simulations. Following the last glacial period, the reconstruction shows Holocene temperatures warming to a peak near 6,40(

years ago followed by a slow cooling toward the present day, gimgpa mid-Holocene which is at least as warsthe
i ' ' Blotittene Sensitivity tests show that if

proxies have an overlooked summer bias, some apparertiolodene warmth coul@ctually represent summer trends
rather than annual mean trends. Regardless, the potential effects of proxy seasonal biases are insufficient to alig

reconstructed global mean temperature with the warming trends seen in transient model simulations.

1. Introduction

Paleoclimate researdh typically conducted in two waydy extractinginformation from natural archives of past
climate, called climate proxiesnd by simulating past climate with model$hese twomethodshave complementary
strengths, as proxies provitteationspecific data about climate, while models can be used to explore spatial and dynamical
relationships in the broader climate systererd{ we use paleoclimate data assimilation to synthesize irtffomfeom both

approaches into a spalty completereconstruction of Holocertemperaturéapproximately the pastLI700 years).
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Compared to the last deglaciation and contemporary global warrimdidlocene is a relatively stable period of
climate withtemperatures similar to thgreindustrial periodSpanning from 11.7 th@and years ag&4) to the presenthe
Holocenepresents an opportunity to study natural climate variations over thousands of years, illuminating climate variability
over timescalemuch longer than the relatively short instrumental recbng. Holocene has been relatively wsdimpled by
proxy records, resulting in extensive collections of global datassing records aémperature (Kaufman et al., 2020a),
stable water isotopes (Keoky et al., 2020), speleothems (CorBag et al., 2020), temperature of ti@ommon Era
(PAGES2k Consortium, 2017and more.

Proxy records provide informatiospecific to certairocations, timeperiods temporal resolutions, seasons, and
climate varables. This presents a muHiaceted but incomplete perspective on past climate.g@in a largescale
perspectiveand to help account for biases in individual proxy reddtds desirable to synthesize these data into global,
hemispheric, or spatial reconsttions of past climate variations. However, lasgale synthesis remains an ongoing
challenge in paleoclimate researchmyAmethodthat computes global quantities based looationspecific observations
must make assumptions about how observed datasdtaunknown regions ansampled climate quantities

Addressing this challenge,ajgoclimate data assimilation provides an intuitive way of fusinigoglimate
information from proxy data with <c¢l i matironlpe(g.6,iGoosse etals u a l
2012) or offline (e.g., Steiger et al., 2014; Hakim et al., 2016) approaches. Networks of paleoclimate archives, called proxy
data, provide temporal information across multiple sites, while the climate sroelpb quantify missing information in
space using model dynamics and spatial relationshipkjng he necessarinferences between known data (i.e., penal
evolution of climate at a given locatior@nd unknown data (missing values in space, infilled using climateeiod
relationships)eg., Hakim et al., 2016; Steiger et al., 2D1Butput from climate models used to quantitatively connect
proxy locations tother climate variables throughout the globetheory, this means that data assimilation can be used to
reconstruct the complete climate system based on available information. However, the method should be most skillful for
variables that are both (1) closely related to assimilated proxy data and (2) have broad spatial covariances (Steiger et al
2017). Theréore, reconstructions are often constrained to a subset of climate variBhéegoal ofpaleoclimate data
assimilationis to transform a set of proxy records into a spatially completerautivariateperspective on climate through
time.

Data assimilatiofbased reconstructiorsf past climate have nearly all been confined to the Commor(ekgg
Bhend et al., 2012; Goosseadt, 2012; Steiger et al., 2014; Steiger et al., 20{akim et al., 2016; Tardif et al., 2018; Erb
et al, 2020; Neukom et al., 2019a, 20)9Data assimilation has also been used to imfean temperature of thast glacial
maximum (LGM) from a global collection of sediment cores (Tierney et al., 2020) and vemtlyet® produce a
reconstruction from th€ GM to the present (Osman et al., 202Hre,we use data assimilation to reconstruct Holocene
temperatureusing a new mulitimescale reconstruction methaldgy that seeks to assimilate each proxy record using
timescale appropriate spatial covariance pasténstead of using patterns calculated on a single timescale (c.f., Tierney et

al., 2020, Osman et al., 2021). Compared to Osman et al., 2024xamplewe also incorporate a larger proxy database
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that contains both oceanic and terrestrial proxy @xdrhe inclusion of land proxies a major difference compared to

Osman et al., 2021, which focusedly onmarine sediments.

2. Methods

In paleoclimaticdata assimilation, proxy records provide data about past climate at specific locations, sedsons, an
for different spans of timeRelationships from climatenodels are used to connect the proxy data to the rest of the globe
within a physicallyconsistent frameworkThis process redres: (1) a proxy database complete with relevant metadata, (2)
climatemodel output thatealistically quantifies climateelationshipgor the timeframes of interest, (3) proxy calibrations or
proxy system models (PSMjatr e | at e pr o x y %Q, wearing width) tectimale quardgities (e.di, temperature),
and (4) the update equations of data assimilation that propagate pointwise information spatially to the rest of the climate

system(e.g., Steiger et al., 2014, Hakim et al., 20T#)ese four components are described below.

2.1. The proxy database

The Temperatre 12k proxy database consists of 1319 temperatnsitive prox recordsfrom 679 locations
across the world (Kaufman et al., 2020@xchrecordconsists of dime series of data from a sjiféc location along with
relevant metadata. We use a slightly updated version of the database (v1.0.2%omtaals 73 lake sediment, 359 marine
sediment, 19 peat, 26 glacial icahirteenspeleothemten midden,threewood, andwo ground ice recordslo ensure that
proxy records provide $ficient Holocene climatic informatigneach record generally covers at least 4000 yéas a
temporal resolution of at least 400 yeaasnd has age control points at least every 3000 years over the p8d012

yearsneets-age-control-standards—and-othereri@aufmanet al.,2020a).The datasetontains metadata about location,

inferred seasonality, uncertajnindseveral other variablethe unitsof more tharf5% of therecordsare already calibrated

to tenperature in degrees Celsidhe Temperature 12k dataset has previously been used to compute index reconstructions
of mean temperature anomalies for latitude bands and the global mean (Kaufman et al., 2020b)

The Temperature 12k database presents a dpatiabrse and multifaceted perspective on Holocene temperature,
but also possesses limitatiotshas uneven spatial coverage with large areas of the Southern Hemisptersampled
compared to th&lorthern Hemisphere. Many of the records are seasobibed, with34% interpeted to recorcdummer
temperatureand20% interpretedo recordwinter tenperaturg(Kaufman et al., 2020a)Additionally, the Temperature 12k
datahaveuncertainties in the magnitude, timing, and interpretation of the recordsh vehtypical for paleoclimate data
Temperature magnitudencertainty in tie databasés quantifiedfor each recoréisroot mean square error (RMSE) based on
archive type, measured proxy, and seasonality (Kaufman et al., 2020a), ranging fro3°C1Tiesevalues, after being
converted to mean square error, are incorporated into the data assimilation so tHawigcdarger uncertainties are given
less weight in the reconstructiolfor this work,we exclude records that are not calibrated to temperature, lack uncertainty

estimates, or do not overlap with the chosénka reference period. Additionally, we do natlirde seasonal records when
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an annual record is available for the same location, as in past work (Kaufman et al., 2020b).309fhiexy records in the
Temperature 12k database, 1276 are calibrated to temperature and 711 are used in the datarasHimitatjority of the

excluded records are seasonal records at locations that also have annual Eeeoeds.work has shown that data

assimilationmay perform better when given darge database of proxy records tHas beerfiltered for climate relevace

(Franke et al.2020) The Tempraturel2k databaseconsists of Holocene prgxrecords selected for theiemperature

sensitivity (Kaufman et al., 2020

Regarding temporal resolutions, di@n resolutions of calibrated proxy records in the Temperature 12k database
range from 1 to/OOover-3000yearsover the past 12,000 yeamith almost two third86% of the records having mlean

resolution finer thar?500 yearsover that periodFig. 1). Since the database lacks precise information about the duration of

each data point, we assume that each proxy record contains contiguous data, with each data point representing an average
the period between data midpoints. This assumption representsdmereher within a range of possibilities and, because
not all proxy datasets are sampled contiguously, this assumption effectively transfers somédtgkacy variability to

lower-frequencies (though we expect this effect to be small).

2.2. Climate modé data

Paleoclimaticdata assimilation fees proxy data with information from climate models and reqairadlection of
climate states drawn from a single simulatienmultiple simulationsThis ensemble of model states provides two pieces of
information.First, it provides an initiatangeof climateanomaliedor the period of interest, which is later updated through
comparison with proxy datéSecond, the model ensemble is used to compute covariances between different locations,
seasons, andimate variablesThese covarianceslal the method to infer remote climate anomalies baseatiefocation
specific climate data from prgxdata Because tese model data represent our knowledge of the climate system before
assimilating proxy data,its known as the model Aprior. o

A good model prior should be relevant to the period of interest, accurately capture realistic relationships in the
climate system, and be long enough to quantify these relationships on palecdiendat timescaled-or Hdocene
climate, we draw prior climate states from two transient Holocene model simulafioadirst simulation isa PMIP4
HadCM3 transient climate simulation of the past 23Tkas simulation (also used by Snolladt, 2022)follows the PMIP4
protocol for the lastdeglaciation, version 1 (lvanovic et al., 2016), using the-8GEC VMb5a ice sheet reconstruction
(Peltier et al., 2015) and the BRIDGE version of HadCM3 (Valdes et al., 2017), specifically HadkaR138D. The land
sea mask, bathymetry, andeimask are updated at 5@@ar intervals for the period studied here, in accordance with the
temporal resolution of ICEBG_C. Orographic changes are applied by linearly interpolating at annual resolution between the
ICE-6G_C time steps. This provides smoa@volution of surface orography and thus reduces the propensity for sudden
climate shocks that can occur if only making these changes atea®(qor less frequent) intervals, especially at times of
rapid deglaciation (Gregoire et al., 2012, 2016). Aamamended by the PMIP4 protocol, freshwater forcing from melting

ice was computed from a high resolution{8@ seconds) network drainage model of {&& C (e.g., Wickert et al., 2016)
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following the method employed by Ivanovic et al (2017, 2018). Orhbitairig and radiatively active gases (£®>0, CHy)

evolve smoothly, interpolating at annual resolution between any lower resolutiontépgeof the PMIP4 last deglaciation
forcing dataset. This model simulation is from the latest generation of trasgiariftions spanning the period. The direct
climate output has undergone light spatial smoothing to account for a minor checkerboard pattern that developed. The
second model simulation used in the prior is Th@CE21ka simulation, whiclis an earlier insient simulation spanning

from the last glacial maximum to present day and has been described in past work (Liu et al., 2009).

In the data assimilation, output from both the HadCM3 and T+20& simulations are averaged to decadal
resolution and used gether in a multmodel ensemble prior. The latitude by longitude resolution for the models is 2.5° by
3.75° for HadCM3 and ~3.71° by 3.75° for TraQEka, but both have been regridded to 2.8125° by 3.75° so they can be
used together. The mean of th& Ba period was removed from each model. We composed the prior as all decades within a
5010year window that was centered, to the degree possible, on the decade to be reconstructed, resulting in a shiftin
collection of 1002 decades (i.e., 501 decades frommadels). The 50@ear length of this window is arbitrary, but was
chosen to be long enough to encompass numerous model states and short enough to allow distinct changes as orbital forci
and boundary conditions evolved through the Holocene. The usgeocaidal resolution speeds up the data assimilation

(compared to annual resolution) and is already equal or higher than th@nnmmesolution of the vast majority (99%) of

calibratedrecords, only 12 have melian resolution that isub-decadalor finer in the past 12,000 yearalthough236165

records have minimum resolutions finer than decddahg this periodFig. 1). Maintaining decadal resolution also allows

for high resolution proxy datauch as ice core® inform the data assimilation on mushorter timescales than previous

Holocene data assimilation efforté/hile this approach results in a climate reconstructvmich is nominally decadal,
however,users should naireat thereconstructionas if it contairs robust decadal informationnsteal, the information

content of the reconstruction @&pendent on the assimilated recoidlscadal resolution has been utilized wtile goal of

retaining high resolution informatiomhere possibledespite the fact thahost of theproxiesare lowemresolution

Because the prior climate states are taken from a moving window, both the mean climate and the spatial and
seasonal covariance patterns change through the Holocene. Slowly evolving covariance patterns are realistic, so it i
appropriate to acamt for this in the prior. For example, orbital forcing alters seasonal and latitudinal insolation patterns
throughout the Holocene. Additionally, the melting of remnant ice sheets alters spatial climate patterns, particularly on and
near the ice sheetsh@& use of temperature states taken from a moving window allowsvéirnging relationships to be
represented in the prior.

The choice of a tim@arying (e.g., Osman et al., 2021) or thoenstant prior (e.g., Hakim et al., 2016) is an
important consideratioin offline data assimilation. Whether the prior varies in time or not, the temporal evolution of the

model prior will influence the reconstructed climate, so it should be chosen carefully. Adigieg prior, as used here,
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may impart some aspects of temporal evolution onto the final reconstructed climate. To test how the reconstructed climate

is affected by the model prior and other methodological choices, alternate experimental designs are explored in Appendix B.

2.3. Proxy calibrations

In data adsilation, proxy records must teuantitativelycompared to model values in the same uflikés can be
done using empirical methods such as linear regression (e.g., Hakim et al., 2016), phyaseadlyproxy-system models
(e.g., Dee et 812016, Tierngy et al., 2020), or other approachésthe work presented here, raof the Temperature 12k

proxy records have already been calibrated to temperature (Kaufman et al., 2020a), so we rely on those previous prox

calibrations rather than f@roxy -syste ingnodelling (PSM)approachprimarily-because-of the-lack-of robust PSMs
for-most-of the-data-in-the Temperature- 12k compilatibhe use of physicallpased PSM#s a focus ofongoing anduture

work, as discussed in Section 4.4.

2.4. Multi-timescale data assimilation

Data assimilation is a mathematical technique for optimally combining observations (here proxy data) with prior
information, typically from a model. The model is a climate model that provides an initial, or prior, state estimatelibat can
updated in a Bgesian sense based on the information from the proxies and error estimates of both the proxies and the prior.
The prior may contain any climate model variables of interest and the updated prior, called the posterior, is a probabilistic
estimate of the truelimate state given the observations and the error estimates. The basic data assimilation state update
equations (e.g., Kalnay 2003) are given by
W O LVLw Ow Q)
whereK is the Kalman gain matrix, which can be written as
0 wé hion ®f Do o Y 2
and cov represents a covariance expectation. Themgirbss t he pri or (or fibackgroundo)
Xai s the posterior (or fAanalysiso) state and represents
the vectory and the observations are estimated by the prior thrél(gk), which is an operator that mapsfrom the state
spaceto the observation space (e.g., converts climate model variables to measured proxy quantities). Note that here we
assimilate only proxies that have already been converted to units of degrees Celsius{ (s®)asisimply an ensemble of
temperature valueom x;, at the same locations, seasons, and temporal resolutions as the proxy records. The difference
betweeny andH(xy) represents the new information added by the proxies. From the first term of Eq. 2, we &eésthat
fundamentally a spatial covariaammatrix that spreads the information added by the proxiesl(xy), to all variables in the
prior Xp. R is a positive and diagonal error covariance matrix for the proxies, where each diagonal element is the error term
for each proxy. As the values &f become large, corresponding to higher proxy uncertairfiespmes to dominate the

matrix inverse in Eq. 2 which, because it is positive and diagonal, leads tbat approaches zero; thus, in a high proxy
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uncertainty scenariog is modified only slighly. In a low proxyuncertainty scenario, the opposite situation occurs, the new
proxy information is weighted more heavily, axglis modified more substantially. The data assimilation process involves
computing the above equ aotx marsive atvhe ipasterior fstatp fbracach timestap.hFer pr i
paleoclimate data assimilation, the reconstruction consists, afomputed for each fundamental time step of the
reconstruction (e.g., every decade of the Holocene). As in Steiger et &, Bkl 12 are implemented using a square root
ensemble Kalman filter outlined in (Whitaker & Hamill, 2002). See Steiger et al., 2014 and Steiger and Hakim, 2016 for
detailed interpretations of the data assimilation update equations.

As noted earlier, ntey of the proxy records in theemperature 12k database are interpreted to represent summer or

winter temperaturé/Vhile proxy seasonality biases greorly accounted for in many compositing methatsasonal biases

of individual records are accountéal here. This is done throughe modelbased estimate of the pro¥{(x»), which is

computedusingthe same seasonalifs the proxyusing seasonality information the metadata of each recowhich is

generally represeeatl as a span of morsh BecauseH (x») is computed for the same seasmihe proxy the Kalman gain

matrix (Eq. 2) quantifies theelationship between the seasonal proxy guantity and annual mean climate in the. giiis

allowsseasonal proxy recotd helpreconstruct annual mean climate.

Here, weexpand fromthe multitimescale data assimilation approach developed by Steiger and Hakim (2016).
Multi-timescale data assimilation is distinguished from single timescale data assimilation (used by all previous data
assimilationbased paleoclimate reconstructions) in that mulispaoxy data are assimilated using timescale appropriate
covariances rather than covariances calculated at a single uniform resolution (e.g., Badgeley et al., 2020; Osman et al
2021). Such a multiscale approach allows us to utilize covariances aonessdles to update the reconstruction (Steiger
and Hakim 2016). This is important in a scenario where, for example;fieighency and lowirequency covariances
between locations differ or even oppose each other. Also, a multiscale reconstruction appnogediuce the chances of
obscuringhigh-resolutionc | i mat e signals in the proxy data because it
proxy data regardless of their true time resolution.

Here, we update the methodology of Steiger and rHaR016 by modifying two components: (1) We have a
different technique for creating and structuring the ntutiescale priorxy,, as well asd(xp); (2) We additionally employ a
simultaneous square root Kalman filter (all observations at a given timerstgssamilated simultaneously) instead of a
sequential square root Kalman filter. These primarily technical modifications result in an algorithm that is faster s requi
far less memory storage (a major limiting factor in the Steiger and Hakim 20l&haigoto complete the reconstruction.

We note that, given the same inputs, simultaneous and sequential assimilation techniques produce identical ensemble mea
and only minor differences in ensemble spread.

In this multitimescale data assimilation apptbathe reconstructions are performed-lofé at a predetermined
base timescale, here decadal resolution, though the algorithm is general and can apply to any base timescale (e.g., annual
centennial). To process all proxy data to decadal resolutiofiirsteverage any sunnual data, then generate values for

every missingyear using nearesteighbor interpolatiorii.e., values arerepeated for resby years which lacldatg, and
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finally bin these annual values to decadal means. As stated earligitabéssing makes the assumption that proxy data is

continuous (unless NaNs are presemt)l essentiallyspreaddower resolutionvaluesto a decadal resolutionA uniform

temporal resolution is necessary to perform the data assimilatiomforrhation about the timeesolution of each proxy
data point is retained and proxy data is assimilated using timescale appropriate covariances.

The priorxy is composed of base time scale averaged climate states, taken from a climatically represkmiztieve
model simulation (or simulations, described previoudt(x,) is precomputed for each proxy over the full set of temporal
resolutions contained within that proxy time series; the time averagekXgrare computed such that the center yeag,of
andH(xy) are the same (or half a time step away for a span of an even number of time steps). For example, suppsse that
composed of 1{ear averaged climate states and a proxy has values that are decadal meansdecaadaltimeans of
different lengths; we precompute multiple ensemblesidixy) for this proxy: one ensemble uses 10 yaarages of climate
model data and the others use mditadal means computed with box averages of decades centered to the degree possible
on the same decades. R#&nships between the ensemblesHgk,) and x» quantify how proxy estimates (at the same

location, season, and timescale as the proxy data) relate to deczatal climate everywhere elselote—that—in

The data assimilation update equations are then computed for each base time step in turn, assimilating all proxie:
that have values spanning a given time step. For proxies with a resolution lower than the base timescale, the proky value wil
be assimilatedepeatedly for all the base time steps it spans (e.g., a value spanning the years 1000 to 1050 BP will be
assimilated at each decadal time step within that time range); thus, this repeated assimilation updates the entiregperiod tha
proxy value represés in base time step segments. The reconstruction code uses-toenpetedH (x») which applies for
the particular time average of a given proxy value. Depending on the time resolution of a proxy dak&(xp9inslues can
represent time averages rargyiftom 10 years (our chosen base resolution) to 1000 years. Because of our use of center
referencing and temporal averages of up to 1000 years, no ensemble members will be centered on decades more recent t
500 years before present in the simulatione #mporal resolution is capped at 1000 years to prevent the loss of additional
ensemble members at the modern end of the simulation.

In summay, the data assimilation igerformed separatelyfor each decadd=or proxyobservationghat represent

decadal data, decadalvamiances are used fropagatethe climate signal from that location to everywhere else in the

climate systemEor proxy observationsvith lower temporal resolutiorihe data idirsti s pr ead o0 t o  dTena d a |

for each decadepvariancedetween lower resolutioclemperaturend decadalemperaturare used tdranslate the climate

signalfrom the proxy datato the decadalesolution of the reconstructioithis attempts to quantify howmformation froma

lower resolution climate signal &e proxy location can inform decadal climate elsewhgr@ur agproach,assimilating

higher resolution proxieshauld provide more local information whilessimilating longeterm mean conditionshouldhave

a broader spatial impact.




260 In theory,the multitimescale approach offetwo advantages compared to binning at a loisarporalresolution:

first, it prevents high resolutigproxy datafrom being averagedut, as disussed in Section 2.8econd, iallows individual

datapoints to inform the climate reconstruction usicmyvariancesdased ordifferent timescals. Accordingly, the nulti-

timescale methodology is usadthis papeto reconstruct Holocene temperatusirawback of this mébd issomeadded

methodological complexityAdditionally, the lowetresolution features of thereconstructedtemperaturedo not differ

265 strongly compared to a reconstruction using levesolution bins (AppendiB.5).




Median temporal resolutions of Temperature 12k proxies during 0-12 ka
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Figure 1. Median temporal resolutiail 1276calibratedproxies in the Temperature 12k database during the peiiod O
12,000 yearsBP. Archive types are stacked from most common to least common.
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Decadal temperature anomalies (° C)
for all proxies arranged from north to south, Nyajigproxies = 1263

Proxy number
Latitude (*)

Age (yr BP)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
ATemperature {°C)

Figure 21. Temperature anomalies from calibrated records. Relative temperatures (°C) for 126&alibrated proxy records in the
Temperature 12k database. Records are interpolated to decadal resolution usirgy nearestneighbor interpolation_method
(described in _Section 2.4and arranged from north to south. The 35 ka mean is removed from each recordand the thirteen

275 records that do not have data between-3 ka show no data. Black lines indicate the timing of the warmest decade for each 30°
latitude band, calculated by standardizing all records within each latitude band and finding the warmest mean wehe at least 25%
of the proxy records have values. The-axes show how many records are displayed (left) anddicate the approximate latitudesof
the records(right).
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3. Results
280 3.1. Proxy network analysis

The Temperature 12k dataset contains 1319 prioxgy series and substantial metadata and has been described and
synthesized intglobal meansn past work (Kaufman et al., 2020a; Kaufman et al., 202086 of these proxy records
have been calibrated to degseCelsius, and 711 are used in the datandasion-based reconstructiof.o visualize this
datarich network, calibrated proxy records are plotted from north to south with each proxy represented ascaledlbne
285 (Fig. 21). This perspective allows the entire database to be visualized atca gllihough itignores fundamental aspects of
the data such as longitude and seasonality
The calibrated prox recordsshow considerable spatial and temporal variability, but some consistent patterns
emerge.The early Holocene is cold in most records,hwitany records showing warming toward the nrtidlocene.
Maximum preindustrialtemperatures typically occur around7&a in theNorthern Hemispherewith the late Holocene
290 showing cooler temperaturesShere isalso considerable spatial and temporal variability, some of which may represent
genuinetemperature variability whilsomemay represent nois@o quantify temperature trends in the data, we perform a
linear regression ahe original proxy data, using a Walest and a-tlistribution with p <= 0.05 to determine significance
(Table 1). Using this metric, more proxy records show significant warming as opposed to cooling from 12 ka to 6 ka (49.6%
warming vs. 14.4% cooling), while more records show significanlimgpohan warming from 6 ka to 0 ka (40.9% cooling
295 vs. 15.3% warming)

12-6 ka 6-0ka
Warming Cooling Flat Warming Cooling Flat
All 49.6 14.4 36.0 15.3 40.9 43.7
Annual 53.7 12.2 34.2 15.9 38.5 455
Summer 45.3 16.2 38.5 11.7 48.2 40.1
Winter 46.9 16.6 36.5 19.9 345 45.6

Table 1. Percentage of records with given temperature trends. Linear regression slopes are calculated for the period$ k& and

300 60 ka and the percentage of records which fall into edforh cat e
slopes significantly different from 0 at a 0.05 level, using adistribution. The 1276 calibrated records are considered, with 587
annual records, 427 summer records, and 262 winter records. Records with fewer than 5 points in a given period arelwed
from that period, which accounts for no more than 20% of records in each category. Percentages may not sum to 100 due to
rounding.
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The datasepossesseboth spatial and seasonal biases, however, so summary statistics should not be taken as
straightforward indicators of global mean temperature treAas.important consideration when examining Holocene
temperatures is the possible effect of seasonal biaggexy data, which is especially important considetinge-varying
external clmateforcings over the Holocen€hanges in aspects &far t hés or bi t , for instance
radiation between seasons and latitudes, producing different trends in insolation for different sedscas@mglFrom the
early Holocene to present day, Northern Hemisphere insolation hasadedsubstantiallyin the summer, increased in the
winter, and remained relatively stable for the annual nfEan 32). Climate feedbacks, which can amplify or diminish the
climate response tolimate forcings (Erb et al., 2013may further modify seasal signalsso care must be taken not to
misinterpret a seasonal proxy signal as an anmgan.When using metadata to separegeordsby season, mangroxy
records of all seasorshow warnng in the early Holocene and cooling in the late Holocenegadth most of these records
are in the Northern Hemispheffeig. 43). Interestingly, smmer records have the highest percentage of time series with clear
late Holocene cooling (48.2%), while annual and winter records have a plurality of time series sijhdigant trends
(only 38.5% of annual and 34.5% of winter records show cooling; Table 1). This is somewhat consistent with insolation
forcing. In data assimilation, the use of a tiragying prior helps account for changing relationships between séasorga
signals. Additionally, sensitivity tests conducted in S&cB can be used to evaluate the extent to which our seasonal
interpretation of proxy records can affect the final reconstruction.

In addition to showing general temperature patterns, theswiew figures illustrate the predominance of Northern
Hemisphere records (over half the time series are in the Northern Hemisphere latithdes)and the truncation of many
records near 11 ka, a result of the processing conducted for a previarsgroky synthesis effort (Marsicek et al., 2018).
Many other aspects of the database, such as proxy type, longitude, season, uncertainty, and other metadata, are not sho\
Additional analysis of the proxy database can be found in recent publicatiorfsnd€aet al., 2020a; Kaufman et al., 2020b)

and the proxy data can be visualizadine at lipdverse.org

3.2. The past 12,000 years

We now assimilat¢he Temperature 12k proxy datababkee model priouses decadal climate anomalies from two
models, the transient HadCM3 and TraZEa simulations. Because the prior uses climate states from a movingeé#10
window, the mean and the covariance patterns change through timé&4Figtarting from this por, we assimilate the
Temperature 12k proxy records to produce a spatially complete reconstruction of Holocene temperature from 12 ka to the

present.
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Insolation (Wm~2) and temperature (°C) from the
HadCM3 transient 21k simulation, averaged over different seasons

(a) Northern Hemisphere means
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Figure 32. Modeled hemispheric insolation and temperature in different seasons. Insolation (W-dashed) and temperature (°C,

solid) from the HadCM3 deglacial simulation, averaged for the annual mean (black), Jur&ugust (red), and Decembeiebruary

(blue) for the (a) Northern Hemisphere and (b) Southern Hemisphere. Throughout this paper, original monty data is used from
340 models, with no adjustment to account for the calendar effect (Joussaume and Braconnot, 1997).
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Decadal temperature anomalies (° C)
for all proxies arranged by season and north to south

(b) Summer proxies (c) Winter proxies
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Figure 43. Temperature anomalies for calibrated proxy records separated by seasonal metadata-qaMaps of proxy record
locations, separated by season. )l Relative temperatures of calibrated records, as in Fig2t, separated by season.
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(a) Global-mean temperature anomaly from reconstruction and prior (° C)
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Figure 54. Reconstructed global mean temperature. (a) Global mean temperature in the prior (gray) and reconstruction (blue).
Lines show the ensemble mean and colored bands show theigma and full ranges of the ensemble. The reconstruction use$3
ka as the refererce period, as most records overlap with that period. (b) The temporal proxy coverage, showing the number of
assimilated observations at each time step.

ReconstructedIgbal mean temperaturgarmsrapidly at the end of the last glacial period, with ~1.2/&ming
from 12 to 10 ka (Fig54). The temperature shift near 11 ka is likely a result of the rapid increase in proxy coverage at that
moment.After 10 ka, warming continues at a slower pace with peak warmth arodia fllowed by a gradual cooling
toward present dayNote that someeconstructed values in the early to rFiildlocene are warmer thdhe climate states in
the model prior, demonstrating that reconstructed values can excetuhiteeof the prior if proxy values support such
anomaliesProxy coverage is highest nea# ¥Xa (~700 record$ and lowest before 11 ka (~30€cord$. The relativey fast
20th century warming seen in the instrumental temperature record is not captured by the reconstruction due to the coars
temporal resolution of the assimilategicords (having a naéan resolution of 150200 years)and thedecrease in proxy

coveragdoward the present day
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360 Spatially, the reconstruction shows warming in the first half of the Holocene over almost the entire globe, with
some of the largest values over the regions of disappearing ice sheets in the Northern Hemispli&e). Eitangesare
generally larger over continents than over the ocean and tend to be larger over the Northern Hemisphere than the Southe
Hemisphere, although in pseudoproxy tests skikk of the reconstructed temperature is reduced in the Southerrspteene
relative to the Northern HemisphefAppendix A). For the latter half of the Holocene, temperatures decrease in most of the

365 Northern Hemisphere, with notable excepsoin regions of India and northern Africa where stronger -hiddocene
monsoons may have allowddr cooler mid-Holoceneclimate (Brierley et al,. 2020Fig. 65b). Sauthern Hemisphere

temperature changes are small in the late Hologembaps due to the relative lack of proxy data in that region

To better understand the temporal and spaliafacteristics of the Holocene reconstrudiand to further explore
the complexity of the underlying proxy netwérkve here compare the reconstructed climate to the proxy records that
370 inform it. This proxy/reconstruction comparison helps illustrate hosv rtultifaceted proxy data is transformed into a
spatially complete product.
Temperature trends are first compared for the reconstruction and individual proxies in thehdagions of North
America and Europe (Fig6). Notably, the reconstructedmpeatureanomalies are more spatially uniform than those seen
in the poxy records themselves. Proxy records direrse and sometimes contradictonith temperature trends that vary
375 substantially even over short distanc@bese spatially diverse climatégsals areimpossibleto fully match using the
relatively coarse spatial resolution of the data assimila{@®8125° latitudeby 3.75° longitude).Additionally, the data
assimilation is constrained by t hesumealstical§ lmrgescpaages oaer sharto v a
distances. Consequentijne data assimilation product often serves as an effective compromise between opposing and high
amplitude anomalies in a region. A side effect of this compromise is that the recondogtedature often cannot match
380 the large positive and negative anomalies of proxies in the re@easulving the cause of this apparent spatial variability in
the proxy databa®ewhether it represents real spatial differences, proxy interpretation unggrégje model uncertainty, or
some other source ahcertainty should catinue to be a research priority
To compare the temperature reconstruction and proxy records in a differerthevagconstructed zonal mean is
compared to annual proxy values binrietb halfdegree latitude bands (Fig?). This helps reveal the extent to which the
385 reconstruction matchdsor fails to match the complex spatial and temporal patterns of the proxy ddta.Holocene
Reconstuctionshows some clear similarities toetanmal mean proxy datavith coldest temperatures in the early Holocene
and warmest temperaturkeger. Again, the Holocene Reconstruction is more spatially and tempdraltyogeneouthan the
data. The reconstruction showsrmest temperatures close to 6ikathe Northern Hemisphere mid and high latitudes,
where proxy coverage is densest, but more recent in the tropics and Southern Hemisphere. Recoestpertadre
390 anomalies are largest in the northern mid and high latitudes as well as the Antaraticwéthi relatively small temperature
anomalies in the tropics and southern 4ittudes.Part of tle reduced Southern Hemisphesignalmay be indicative ofhe
real climate, ashe Southern Hemisphere has larger oceans and is more remote from changes in Northern Hemisphere ice

sheetsalthoughthe relative lack of sufficient proxy data in the Southern Hemisphere likely also contributes to this result.
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| Figure 65. Temperature trends. Temperature trends (°C kyr!) at every location for the periods (a) 12 to 6 ka and (b) 6 to 0 ka.
Dots show locations of assimilated proxy records during each period. Note the different scales between the two panels.
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(a) 12 to 6 ka
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Figure 76. Temperature trends in the reconstruction and proxy records for North America and Europe. Temperature trends (°C
400 kyr1) over the periods (a) 12 to 6 ka and (b) 6 to O ka, like Fig5. Trends in assimilated proxy records are shown as colored

symbols, with shapes indicéing the seasonality of the proxy (circle: annual; upwardpointing triangle: summer; downward-

pointing triangle: winter). Records are only plotted if they have data covering at least half of the time period. Note theffdirent

color bars in the two panels.
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{a) Annual proxies, binned by latitude, Nyajigproxies = 580 (b) Zonal-mean Holocene reconstruction
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Figure 87. Comparison of annual records and zonal mean Holocene Reconstruction. (a) Annual Temperature 12k proxy records
binned into 0.5° latitude bands, showing temperatures relative to-3 ka. (b) Zonal mean annual temperatures in the Holocene
Reconstuction. Panel (a) is like Fig.24, but only annual records are selecte@nd they are binned by latitude and averaged when
multiple records occupy the same latitude band. Panel (a) does not represent zonal means, whereas (b) shows the zonal m#an of
reconstruction. Black lines or dots show the timing of the warmest periodzalculated by standardizing all latitude bands and
finding the warmest mean of each 30° latitude zone where at least 25% of the bands have values.

3.3. Possible influence of proxy seasonal biases

Changes in Earthoés or bi tdifferéntlyancdifferditoséasonse(fige). Sinceshe kaalyt i o n
to mid-Holocene, insolation in the Northern Hemisphere fidstantially decreased in summer, increased in winter, and
stayed relatively stable in the annual mean. These seasonal insolatioraffeodseasonal temperature, with warmer early
to mid-Holocene temperatures in Northern Hemisphere summer and colder temperatures in winter relative to the annual
mean in the HadCM3 transient simulation (F3g). In the Southern Hemisphere, a similar bpposite insolation pattern

occurs, but seasonal temperatures are less impacted due to the large ocean basins.
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The existence of differing seasonal temperature trends highlights the need to accurately diagnose seasonal biases
proxy records. If summer &$ed proxy records are assumed to represent annual means, for example, reconstructed
temperatures may show too much early to-iMalocene warmth. If winter biased proxies are used instead, the opposite is
true.

Data assimilation accounts for proxy seasiyalirectly by transforming seasonal proxy values into annual means
using covariance relationships between seasonal and annual values in the model prior. To do this, the method require
accurate seasonality metadata for assimilated proxies. If metadatapabxy seasonality is inaccurate, then seapmtific
temperature trends may still bias the final reconstruction.

In our main reconstruction, we use seasonality metadata from the Temperature 12k database. Assimilated proxie:
are prescribed to be 78%raral, 21% summer, and 1% winter. To explore the extent to which incorrect seasonality metadata
could bias results, we run three additional experiments. In the first experiment, all proxies are assumed to represent summe
values: Jundugust in the NortherrHemisphere and DecembEebruary in the Southern Hemisphere. In the second
experiment, all proxies are assumed to represent winter values in their respective hemispheres. In the final expegment, prox
values are assumed to represent annual means. Thedaia are not modified; we only change how assimilated proxy data
are translated into annual mean reconstructed temperature.

In the fisummer 0 experiment, reconstructed aHolocane,l me i
with a value of M2 °C at the mieHolocene (compared to 0.09 °C in the default experiment) @B)g.This reduction in
early to midHolocenewarmth-temperaturds consistent with expectations for the Northern Hemisphere, where summer
temperatures were relatively warm hetearly to mieHolocene. When accounting for this possible bias, the reconstructed
annual mean temperature in the early to-Mid | ocene becomes <cool er. I n Twhicmp ar i
assumes that all proxies represent winter values in tbgrective hemispheliggroduces an opposite response: accounting
for the relative cold of the early to midolocene winter produces an annual mean reconstruction that is warmer during that
period, with a mieHolocene anomaly of 0.17 °C, nearly twice thitot he def ault experi ment.
Awintero experiments, changes to gl obal mean temperat
Hemisphere than the Southern Hemisphere because, despite similar but opposite insolatios ipattee Southern
Hemisphere, seasonality changes in that region are damped due to large ocedsy (Fig.

These results show that our perception of Holocene trends can be influenced by assumptions about proxy
seasonality. If proxy records have an undiaged summer bias, some of the +Hidlocene warmth in climate
reconstructions may simply represent summer warmth. On the other hand, if proxy records have an undiagnosed winter bia:
mid-Holocene warmth could besengreater thameconstructions show. That said, even in these extreme scenarios where all
proxies are assumed to represent either summer or winter anomalies, reconstrud¢iedbogde temperatures only differ
by a couple tenths of a degree, not nearly enough to magcboth midHolocene anomalies present in transient climate
simulations {0.56°C in HadCM3 and0.29°C in TraCE21ka). Therefore, proxy seasonality biases can potentially explain

part of the Holocene temperaturenfialabundrumodé (Liu et al
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Seasonality sensitivity experiments
Global-mean temperatures (with 95% uncertainties)
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default experiment, where proxy seasonality metadata from the Temperature 12k proxy database is used. In thehest

experiments, all proxies are assimilated as if they represent annual, summer, or winter means. Temperature anomalies are show
relative to 0-1 ka.

4. Discussion
460 4.1. Regional comparison with proxy data

To explore the spatial and temporal patterns @& thconstruction in more depth, timarying temperature
anomalies are explored in North America and Europe. These regions ammwakd by proxy records and, since they are
locally forced by the shrinking Laurentide and Fennoscandian ice sheetsréseptpivorthwhile targets for closer analysis.
Reconstructed North American temperatures are averaged into millennial means spanning the past 12 ka and are plotte

465 alongside ice sheet anomalies and annual mean proxy values binned to the same griccassthacten (Figl109). This
comparison allows us to examine how the proxy records are translated into the final spatiotemporal temperature
reconstruction. Additionally, the ice sheet reconstruction {(6GEC; Peltier et al., 2015) allows us to evaludte t
reconstructed temperature patterns against a clear spatial forcing.

As noted previously, the temperature reconstruction shows some agreement with the proxy data but also shows

470 greater spatial uniformity. Widespread cold anomalies exist over North Aanatrid112 ka, which reduce in extent and
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magnitude as the Laurentide ice sheet shrinks. Durhf) Ba, reconstructed warmth over part of northern Canada is likely
caused by the assimilation of warm proxies in nearby western North America but is piobabygct due to the presence of

the Laurentide ice sheet in that region. Bg Ka, the effect of the ice sheet appears to be relatively local-Bla6 cool
temperatures have largely disappeared despite some ice remaining in northeast Canada tctiuedidg6G_C ice sheet
reconstruction (Peltier et al., 2015). No proxy records exist for temperatures over extinct ice sheets, so temperasgres in th
regions are inferred based on available records and covariance patterns from the model prior.

Temperature and ice anomalies vs. 3-5 kyr BP
10-11 ka 9-10 lka

11-12 ka

-1.8 -1.2 0.6 0.0 0.6 1.2 1.8
ATemperature (° C)

Figure 109. Temperature and ice sheets in North America. Millennial anomalies for reconstructed temperature (shaded, °C),
gridded annual mean proxy records (dots, °C), and ice sheets from the IG&5_C reconstruction (contours, 500 m interval; Peltier
et al., 2A5). All values, including ice sheets, are shown for 1000 year means relative to the period 358000 years before present.
Proxy values are binned and averaged to the same spatial resolution as the data assimilation for clarity. Summer and winter
biased poxy recordsd which make up 21% and 1% of the assimilated records, respectivélyare not shown, as seasonal records
are not directly comparable to the annual reconstruction. The temperature reconstruction is based on proxy values and model
covariances, withait knowing the specific timing of ice sheet changes.
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Temperature and ice anomalies vs. 3-5 kyr BP
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and ice sheets from the IG&ES_C reconstruction (contours, 500 m interval), as in FigL0S.

Figure 110. Temperature and ice sheets in Europe. Millennial anomalies for reconstructed temperature (shaded, °C), gridded

annual mean proxy records (dots, °C)
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In Europe,cool temperatures prevail until around 8 ka, past the end of the Fennoscandian ice shé&f)(Fig.
Afterward, temperatures over Scandinavia reach a peak frdmk& before gradually cooling toward grelustrial
temperatures. Reconstructed temperatunethé Greenland Sea show pronounced warmth duribhfy Ba and afterward,
which appears to be informed by several records on Svalbard and the waters west and south of Svalbard. The two sedime
core foraminifera records from the Fram Strait west of Svalpd&M5/5-723-2 and MSM5/5712-2; Fig. 4fg of Werner et
al., 2016) reflect subsurface (100m depth) temperatures and are likely influenced by increased Atlantic Water advection a:
well as the summer insolation peak and limitediseaextent across this neg during the Early Holocene (Werner et al.,
20167). If they do not correspond with surface temperatures, it may be beneficial to remove these records (and similar ones
from future data assimilation.

In both the North American and European regions, ypiata shows a greater diversity of signals compared to the
largerscale patterns of the reconstruction. Data assimilation representsfih @stion given the model, the data, and their
uncertainties.

4.2. Northern Hemisphere cooling at 8.2 ka

Eviderce from proxy records indicates the existence of a brief cold event near the North Atlantic region around
8200 years ago (Alley et al., 1997, Thomas et al., 2007, Morrill et al., 2013), possibly caused by freshwater influx in the
North Atlantic. This eventwhich has also been studied in models (Tindall & Valdes, 2011, Morrill et al., 2014, Matero et
al., 2017), represents a pronounced rmditadal climate event that is (at least partially) captured in our Holocene
reconstruction. Because of its short tgoale and relative age, it is a worthwhile target for further exploration.

In our reconstruction, global mean temperature shows a brief cold excursion for ~100 years near 8.2X5.(Fig.
Spatially, the coldest temperatures in the reconstruction ocouedhe Laurentide ice sheet, with moderate cooling over the
Northern Hemisphere mid and high latitudes and mild warmth in parts of the Southern Hemisphere, particularly near
Antarctica. This temperature pattern is generally consistent with data syrdhesegnate model experiments of the 8.2 ka
event (Morrill et al., 2013), which suggests that the rtirtiescale assimilation technique can reasonably reconstruct short
term phenomena, even when only a small fraction (24%) of the assimilated recordbénagsolution to meaningfully
contribute. Although the pattern is generally consistent with previous reconstructions and simulations, there are some key
differences. Generally, maximum 8.2 ka event cooling is thought to have occurred in the North Aantit et al.,

2013), in part due to the hypothesis that the event is driven by freshwater forcing in the region (e.g., Matero et &yr2017)
reconstruction does show substantial cooling in the North Atlantic, but the maximum cooling occurswastheear the
remnants of the Laurentide Ice Sheet. This is likely due to our methodology, which uses a prior drawn from a moving 5010
year long window centered on each decade of this @vameriod of large changes in the remnant Laurentide ice sheet over
the presentlay Hudson Bay. Additionally, the method has no information about the exact timing of freshwater forcing
events. For data assimilation to better capture the spatial details of the 8.2 ka event, it may need more specifiminformatio

about the imate forcing; however, doing so may bias the result to the expected response, which is also problematic.
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Temperature anomaly near 8.2 ka
(a) Global-mean temperature anomaly (° C)
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| Figure 121. Cooling at 8.2 ka. (a) Reconstructed temperature anomalies (°C) for (a) the global mean, (b) spatial patterns for the 8.2
ka event in the reconstruction (shading) and proxies (symbols), and (c) global and regional means at the 8.2 ka event calculated
525 across ensemble members. The periods used for the calculations used in (b,c) are shown in (a), with the anomaly period shown
blue and thereference periods shown in red. Proxies are only shown in (b) if they have at least one value in each of the three
periods shown in (a), which is 169 of the 711 assimilated proxies. Proxy seasonality is annual (circles), summer (upvpaidting
triangles), or winter (downward-pointing triangles). The spatial extent of the Greenland and Europe regions in (c) are shown in

(b). In (c), all ensemble members are shown for the global mean while a randomly selected group of 100 ensemble members are
530 shown for theother two regions.
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Although the temporal pattern is similar, the amplitude of the cooling reconstructed by data assimilation is less than
previous estimates. For example, cooling in the Greenland and European re@ibn¥C(and-0.12°C, respectively; Bi
121c) is less than those seen in preoyly studies (e.g-2.2°C and-1.1+1.2°C, respectively, in Morrill et al., 2013). This is
an expected result, as (in comparison to Morrill et al., (2013)) no effort was made to align the event aarnsertage
records. Age uncertainties in proxy records are often larger than the duration of short events, and assimilation of temporall
displaced records will mask or diminish the true extent of the event. This difficulty has been addressed in other studies
through the alignment of age models (e.g., Thomas et al., 2007) or by searching for climate excursions within a larger multi
century window (e.g., Morrill et al., 2013), but this still poses a problem for data assimilation, which has so far ns¢deen
with proxy age alignment.

Ultimately, the 8.2 ka event provides a useful test case for exploring the utility and limitations of paleoclimate data
assimilation, and provides food for thought for future studies. Adjustments in the model prior, the age modgisdsHtpr
or the temporal resolution of the reconstruction (e.g., Osman et al., 2021) may help account for these issues, but the exa

design of these solutions is left to future work.

4.3. Comparison with past reconstructions

Previous reconstructions éfolocene temperature have employed an assortment of reconstruction techniques, with

many showing peak warmth in the early to fhidlocene and a clear cooling toward present @aufmanet al., 2020b;

Marcott et al., 2013; Shakuet al., 2012) This contrastawith transient model simulations, which show warming throughout

the Holocene (Liu et al., 2014Jwo exceptions to this pattern were published recently. The first, which reconstructs sea
surface temperatures between 40°S 4bDtN, attempts to remove a possible seasonal bias by examining proxy trends during
the last interglacial (Bova et al., 2021), resulting in a 403\ sea surface temperature reconstruction which warms
throughout the Holocene. The other study uses datamikdson based on marine sediments to reconstruct spatial
temperature anomalies since the Last Glacial Maximum, also resulting in warming through the Holocene (Osman et al.,
2021).

The midHolocene temperature anomaly in those reconstructions, calculated as the difference between the millennia
centered on 6 and 0.5 ka, is 0.54°C for Marcott, 0.44°C for Kaufr@a27°C for Bova, and0.17°C for Osman. For
comparison, the Holocene Retstruction presented in this papess ashews—mildmid-Holocenewarm anomaly of
0.09°Gh (Fig. 132)-with—a-temperature—anomaly—of-0.09°fitting between these previous reconstructibns-with-the
central-estimate-still- showing-a-warmer-rdlocene Mid-Holocene warmth is present in 88% of the ensemble members,

with the other 12% showing colder anomaligeen comparing theéneans of these millennidVhile not all ensemble

members show warmththeséhis mid-Holocenewarmth,—despite-being—mild-tamperaturs are notable becauséthey
emerge when using a time@arying prior with apredominantlycolder midHolocene. In other words, the initial baseline
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climate state (from the models) has a colder-khidocene, but the proxy data is strong enotigti a colde-revealmid-
Holocenewarmth-inis not supportech the final reconstruction (Fig4).
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Figure 132. Comparison of Holocene temperature reconstructions. The Holocene temperature reconstruction using data
assimilation (black; this study) compared to other proxy or DAbased reconstructions: Shakun (dark blue; Shakun et al., 2012),
Marcott (light blue; Mar cott et al., 2013), Kaufman (green; Kaufman et al., 2020b), Bova (olive; Bova et al., 2021), and Osman
(red; Osman et al., 2021). All curves represent global means except for the Bova curve, which represents sea surface tempesat
570 between 40°S and 40°Ntlfese gquantities are not directly comparable, but are plotted together for convenience). The mean or
median (lines) and 1 sigma uncertainty values (shaded) are shown for all reconstructions, and the 95% range is also showthtor
new Holocene Reconstructin. The Temperature 12k reconstructions consist of five different reconstructions made using different
methodologies but are here plotted together. Reconstructions are plotted relative to recent values, except for the Shakun

reconstruction which has been bigned to the Marcott reconstruction for their period of overlap, although such alignment is largely
575 arbitrary.
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Mid-Holocene warmth is also seen in the collection of all calibrated record2#ricannual_ mean records (Fig.
43), and aggregate proxye d st atistics (Table 1). Iltds possible th
picture of global temperature, which could result from errors in proxy calibrations, errors in the attributed seasonality of
records, or a bias resulting frometkpatial noruniformity of the proxy network. The effect of errors in proxy calibrations is
difficult to gauge but, provided that such errors are not too consistent across proxy types, this should be somewhat
ameliorated by the diversity of proxy typestire Temperature 12k database. Proxy seasonality was explored .i3.3gct
and past work has suggested that their effect should be limited (Kaufman et al., 2020a). As for spatial biases in the proxy

network, data assimilation helps account for that digeey using proxy data together with spatial covariance patterns to

infer data inpoorly sampledegions However,biases could be introduced bmitations ofthe data assimilation approach,

so a more spatially complete dataset wouldbéeeficial.

Osman et al., 2024uggested that ovaveighting sparce Southern Hemisphere proxy recordgexplain some of

the midHolocene warmth seen in global proxy compasiteut this explanationonly accounts fopart of the apparent

warmth so addibnal work is needed toeconcileproxy and model Holocene trendsowever—@ther uncertainties should

be explored, and the uncertainty range displayed for our Holocene reconstruction ib3Fig certainlyikely: an
underestimateis Yuncertainties related to proxy record age models, proxy seasonality metadata, and otheasounates
represented. Accounting for these areas of uncertainty in the future may help explain the large amounts of spatial diversit
even among nearby records in the proxy database (e.g2H-Eg. 76).

Some reconstructions have similarities in eittler methodology or the underlying data. Our data assimilation
approach, for example, uses the same proxy records as the Kaufman composites (with minor updates included in v1.0.2 ¢
the database): we use the Temperature 12k database but omit seasonal weeorcan annual mean proxy record is
available for the same archive. If all eligible proxy records are used instead, the reconstructed climate looks laagedy the s
The Kaufman composites also use a collection of five different compositing techniquémé et al., 2020b), all of which
differ from the data assimilation method. Like the Kaufman reconstructions, the present Holocene reconstruction shows

maximum temperatures in tineid-Holocenewarmth though to a smaller degree.

The present reconstruction uses many of the marine sediments used in the Osman et al., 2021 reconstructior
although we use calibrated versions of these records while Osman uses the raw data together with PSMs. Note that while tt
Osman et al., 2021 recdnsction shows warming through the Holocene, the source of this apparent Holocene warming
remains unclear given that both the underlying marine sediment proxy records ifiri@sman et al., 2021) and the mid
Holocene simulations used in the model prig aither warmer or comparable to preindustrial. Without knowing why that
reconstruction shows late Holocene warming, it is difficult to explain differences between these two reconstructions.

To compare 40°30°N ocean temperature, as used in the Bovanstagation, to global mean temperature, we
calculate both quantities in our new Holocene reconstruction, using air temperatures rather than SSTs. Temperatures ove

these two domains are highly correlated in our reconstruction, but changes i#4040PScea temperatures are only ~57%
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as large as global mean changes, owing to the large magnitude of temperature changes at higher latileSHEigse
of the 40°S40°N ocean domain results in a rtiblocene temperature anomaly of 0.01°C in our main r&coction.

Recent work has reported improved data assimilation skill by reducing the estimates of proxy uncertainty, which
forces the data assimilation to rely more on the proxy information than the prior distribution (Tierney et al., 2020,tOsman e
al., 2021). As a sensitivity test, we repeat our data assimilation using proxy uncertainty values arbitrarily reduced to 20% of
their original values, which is the mean reduction used in past work (Tierney et al., 2020, Osman et al., 2021). Iredur reduc
uncertinty experiment, reconstructed ntitbhlocene warmth rises from 0.09°C to 0.17°C, bringing it closer to the Kaufman

and Marcott reconstructions but further from the Bova and Osman reconstruétiohisonally, mid-Holocene warmths

clearer inthis experinent_with only 1% of the ensemblmembers showingooler values at theid-Holocenecompared to

the past millenniumThis is one of many sensitivity experiments we explore in Appendix B; although the parametric and

methodological choices have important aofs,a coolermid-Holoceneis generally not supported warmth-is—a—+ebust
feature-efour reconstruction.

4.4. Caveats and future work

Future improvements in paleoclimate data assimilation may come from a variety of sources. Using a model prior
whichrep i cates the climate systembs true complexity has th
global proxy network should also provide clear benefits. Both of these topics are explored in Appendix A. Additional proxy
metadata, such adear indications of whether data points represent contiguous or discrete observations should also aid
paleoclimate data assimilation as well as paleoclimate research in general. Such metadata would help researchers underste
whether a proxy record with gtennial resolution, for example, represents contiguous centennial means as opposed to
annual or decadal means sampled at centennial resolution. An extreme data point might represent an important climate eve
if it represents a long time period while ts&me observation may be less remarkable if it only represents a single year.

Additionally, the source of apparently conflicting signals among proxy records must be better understood. Even in
well-sampled regions, proxy records present an assortment obeliggnals that cannot all be matched within the data
assimilation framework. The sources of these diverse climate dgigidther they result from proxy calibration
uncertainties, waligned age models, proxy seasonality biases, or somethifigsedsgestion for future research.

In the Temperature 12k database, the vast majorityr@fy records were calibrated to temperature, providing a

useful link between proxy measurements and modelled quan#étgssmilating calibrated temperatures allowed us to

include a large collection of diverse datasets and leverage the expertise ofited authors who performed the inverse

temperature calibration. Nevertheless, the exclusion of PSMs is also a limitation of théVingyof the calibrationarean

oversimplification of the proxyclimate relationshipsin that they are univariate onrmechanistic, or bothPSMsallow

more mechanistic and multivariate relationships between climate and proxy observations and are a key value proposition o

the data assimilation methodolodye plan to includePSMsin future work, whichwill allow for assimilation of proxy

types which are generally not calibrated to temperasueh asnanyhydroclimate record$viany PSMsrequirean isotope
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enabled model in the priot.ong simulations with isotopenabled models arcurrently rare, howeveahe collectionof

isotopeenabled simulations spanning the Holocene is growing, which will facilitate the use of PSMs in future work (e.g., He

et al., 2021). At present, PSMs exist for proxy types includii@ of ice cores, speleothems, coral, and wood (Dee et al.,

2015),4 80 andt D of lake sediments and leaf waxes (Dee et al., 2018, Konecky et al., 2019), aHdtHdg/Ca, TEX86,

and Uk37 of marine sediments (e.qg., Tierney et al., 2019). In ongoing work, we are expanding on the pseudoproxy

framework testing physadly based PSMs irdata assimilatiorpresented inDee et al., 20160 examine whether the

reconstruction skill is improved via the use of PSMs

For shorteiterm goals, additional sampling of uncertainties for proxy records (e.g., uncertaintig®xin
calibration, age model, seasonality, and more) and model priors (through the use of additional models or alternate priot

design) would be beneficialiccounting forage uncertainties would smooth the climate reconstruction somewhat and may

affect theresults ofSection 4.2.This will be explored in future worlAdditionally, as more proxies are compiled into large,

machinereadable databases, Holocene data assimilation can be expanded to reconstruct additional variables such &
precipitation. ThrougHuture development of the methodology, paleoclimate data assimilation ipoesiiioned to help

scientists infer data about climate fields or regions where little proxy evidence exists.

5. Conclusions

The Temperature 12k proxy database provimessiderable information about Holocene temperatures (Kaufman et
al., 2020a). Analysis of this database shows general warming in the early Holocene, maximum warmth iiHtilecaie,
and a cooling toward the present day, a pattern which has been shqast iglobal mean temperature reconstructions
(Kaufman et al., 2020b). To reconstruct spatially complete changes, regions without local proxy data must be inferred basec
on existing proxy records, which is here accomplished using paleoclimate data éssimila

This is the first implementation of a muttimescale paleoclimate data assimilation methodology using real proxy
data. By assimilating the data at high temporal resolution using timescale appropriate covariances, we avoid a key
assumption requireth other approaches, allowing the method to reconstructreigiution changes that would otherwise
be obscured. This potential was realized in the reconstruction of a cold anomaly at 8.2 ka, which was reconstructed witt
spatial and temporal patterns tha¢ generally consistent with previous results.

On longer timescales, the global mean Holocene reconstrugdonrally shows peak preindustrial Holocene
warmth during the midHolocene, consistent with the proxy datde mearRreconstructegeakmid-Holocenewarming

temperature anomahlvas 0.09°C relative to the past millennium, which is cooler than previous reconstructions (Marcott,

Kaufman) but warmer than recent reconstructions that do not simulate lateicene Thermal Maximum (Bova, Osman).
Our asginilation framework also allowed us to test the impact of seasonality explicitly. Summer biases, even when imposed

on all records, cannot explain the discrepancy between the proxies and the model simulations. Spatially, the reconstructiol
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shows cold tempetares in regions where the Laurentide and Fennoscandian ice sheets have been reconstructed, addin
support for the r ecoisanpledusgibnssonds ski |l | in these well

By merging paleoclimate data with information from climate models, paleoclimate damailatson can infer
spatially complete climate from incomplete data, a key benefit for exploring past climate. The present paper examines
Holocene temperature, but as more proxy data is compiled into large machine readable databases, new long climat
simuations are run, and the data assimilation methodology is further refined, this approach is well suited to clarify our
perspective on more climate variables and time periods in the past. Reconstructions of past climate help reveal the
characteristics of iaral variability, which is the backdrop against which current climate change is rapidly occurring.

Appendix A: Pseudoproxy tests and proxy/reconstruction agreement
A.1l. Pseudoproxies tests

To explore our data assimilation approach, the method is testedgs al t er nate data extr
climate. Specifically, temperature data is selected from a variety of locations in a transient model simulation and processec
to create a collection of ti me ser i ersoxriecsoor d(sSneekridmo nt, o
pseudoproxies do not contain real data about past climate, they represent a deliberately limited perspective on a know
climate, useful for exploring the skill of a reconstruction methodology under controlled conditionise Ipritnary
pseudoproxy experiment conducted in this paper, pseudoproxies use the same locations, seasonalities, and tempot
characteristics as the real Temperature 12k proxy records but use temperature values from the closest grid cells of
Holocenesimbat i on. To account for wuncertainty, white noise |
RMSE uncertainty value for each record. This white noise is added to each pseudoproxy time series after averaging th
selected model data intoetlsame temporal windows as the original proxy record.

Several pseudoproxy experiments are run to verify the data assimilation approach. In the primary test case,
pseudoproxies are generated from the Tr@Tka transient simulation and the transient HadGiwiulation is used as the
prior, ensuring that the pseudoproxies and prior are not derived from the same model data. This differs from the primary date
assimilation experiment, where we use both climate models in the prior. Since the Zlle&CBimulationis used as the
Aireal 0 climate, these pseudoproxy experiments testnthe
a fashion similar to real reconstructions where the proxies are derived from nature.

The TraCE21ka transient siulation shows increasing global mean temperature throughout the Holocene. This
feature is replicated in the reconstruction (FAd) with a Pearson correlation coefficient of 0.98 between the reconstructed
and fitrueo gl obal me a elationsebetyeen thetraconstructiom anch madel aré relaticely high across
most locations, especially the datanse regions of Europe and the United States Hig). In the most pronounced region
of differencé the Southern Ocean off the coast of West Agitead the reconstruction produces warmer temperatures in

the early Holocene rather than the colder temperatures present in the model. This is one location where the covarianc
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patterns in the simulations used for the pseudoproxies (FPARE) and the por (HadCM3) diverge. In the HadCM3
simulation, this region correlates positively with only ~18% of the rest of the world, while it correlates positively &jth ~9

of the rest of the world in TraGElka. If the TraCE21ka simulation is considered the trdemate, then the differences
between models represents model bias. Without any local data in that region, the reconstructed temperature trend is dictate
by these biased covariances. Several other regions of mismatch also stem from differences inidineecpadterns of the

two models.

Pseudoproxy experiment
{a) Global-mean temperature (°C, R=0.98)

—— Prior, mean and 95% range
-2.5- —— Reconstruction, mean and 95% range
—— Model target (TraCE-21k)

10000 8000 6000 4000 2000

Age (B.P)
(b) Spatial correlations between model and recons%ruction (global mean=0.62)

-03 0.0 03
Correlation

Figure Al. Temporal and spatial agreement in a pseudoproxy experiment. Temperature pseudoproxies are generated from the
TraCE-21ka simulation and reconstructed using data assimilation with HadCM3 as the prior. (aAnnual, global mean
temperature in the prior, reconstruction, and model. (b) Correlation between the reconstruction and model temperatures at eye
location. Locations of pseudoproxies are shown as dots in panel (b) and have the same spatial and tempaeérage as the
Temperature 12k proxy database.
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Figure A2. Spatial skill of pseudoproxy experiments. Spatial correlations (R) and coefficients of efficiency (CE) for four different
pseudoproxy experiments. Global mean values, calculated as theea-weighted mean of the spatial values, as given above each
map. Each experiment uses HadCM3 as the prior but differ in the model used to generate the pseudoproxies (Exps. 1, 2: TRACE
21ka; Exps. 3, 4: HadCM3) and the spatial, temporal, and seasonal clzateristics of the pseudoproxies (Exps. 1, 3: as in
Temperature 12k; Exps. 2, 4: uniform proxy network). When pseudoproxies are based on the Temperature 12k network, they use
the spatial, temporal, and seasonal characteristics as the real proxy recordspiNdoproxies=711). When pseudoproxies are generated
on a uniform 10° by 10° grid, they are all annual mean and cover the entire Holocene with decadal resolutionddNdoproxies=648).

More details about these experiments are given in Table 2.
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