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Holocene climate variability is important to understand the process of human societal development from a
hunter-gatherer society to the present complex sddetiowever, precise understanding of Holocene climate
variability on multidecadal to millennial scales has been elusive owing to the lack of adequate archives record-
ing small temperature signals and poorer chronologies further back if tenefore, we employed a rela-

tively newly established method of temperature reconstruction using argon and nitrogen isotopes in occluded
air within ice cores (Methods; Figs S1 and.Si8)method relies on temperature-dependent gas fractionation

in the unconsolidated snow layeTemperature gradients between the top and bottom of the unconsolidated
snow layer induce gas fractionatioA er which the fractionated gasses are trapped in ice at the bottom of the

rn layer*. By measuring nitrogen and argon isotopes in ice cores, we can reconstruct past temperature gradi-
ents (Fig. S3) which combined with observed borehole temperature data and a rn densi cation/heat di usion
model, are used to reconstruct past surface temperature ch&h@econstructed temperatures (Supplementary
Dataset) are seasonally unbiased multidecadal average temperatures due to the processes of heat and gas di us
in the rn layer*S, and are constrained by borehole temperature pro(Eethod; Fig. S4). Sampling density is

not constant through the Holocene such that uncertainty ranges of the reconstructed temperatures vary with
time®,
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Figure 1. Greenland temperature anomalies relative to averages of 1988—-2015 at the Summit and four coastal
stations. (a) Temperature anomalies from 1988 to 2015. (b) Same as (a) but from 1850 to 2015. Green line with
2 error bands is the reconstructed temperature anomaly. e reconstructed temperature (snow temperature)
was adjusted to have the same value in 1993 as an average of the observed Summit temperature (air
temperature) for 1988-1998 by adding®C0 e names and timings of large volcanic eruptions are according

to Box et al®. RMs represents running means.

Continuously observed instrumental Greenland Summit air temperature (GISP2) is now available for 28
years® (1988 to 2015; Figa), allowing us to place the current decadal average temperature into the long-term
context of the Holocene. e record exhibits the characteristic temperature drop in 1992—-1993 associated with
cooling caused by the eruption of Mt. Pinattibollowed by an increase until 2005 (Ew@). For the most recent
10 years (2005 to 2015), apart from the anomalously warm year of 2010, mean annual temperatures at the Sumr
exhibit a slightly decreasing trend in accordance with northern North Atlantic-wide cBolm@ummit tem-
peratures are well correlated~r0.7—0.8; p 0.01) with southwest coastal records (llulissat, Kangerlussuag,
Nuuk, and Qagqortoq; Fid.a). e high correlations between the Summit record and coastal temperatures allow
us to use the longer coastal records to estimate Greenland Summit temperatures over the past 16Aars (Fig.
During this period, large volcanic eruptions caused 1 to 3 years cooling episodes in Gred¢mipodantly,
the reconstructed nitrogen-argon-isotope-based temperatures (herea er, reconstructed temperatures) agree well
with the instrumental records on a multi-decadal scale 1Big.

e reconstructed temperatures exhibit a long-term trend similar to that of averéige.. (GISP24 GRIP
and NGRIP; Fig). However, the®O,, records lack strong centennial to millennial-scale variability (e.g., the
Medieval Climate Anomaly and Little Ice Age; BjgWe nd that 27% of the Holocene Greenland temperatures
are higher than the present multi-decadal average (1988-2015, herea er “the recent decadexigrR2gs
Fig. S5). e reconstructed temperature reached the present level around 9,500 years B.P., which is earlier than
that of the borehole based reconstruction (around 8,000 years BB., Kgs likely because borehole temper
ature reconstructions are unable to capture sharp transitions such as the one from the cold Younger Dryas to the
warm Holocene due to the smoothing e ect by di usion of heat in the ice-sheet (Methods). Consistent with an
earlier conclusiott>from %0, Greenland climate remained relatively stable and warm during the Holocene,
compared to the highly variable and cold last glacial period (Fig. S6).

A er an abrupt warming at the end of the Younger Dryas period, Greenland temperature gradually decreased
toward the Holocene temperature minimum at 11,27D years B.P. (9.21.5°C colder than the recent decades;
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Figure 2. Greenland Summit temperature and its proxies over the Holocene. (a) Reconstructed temperature
from argon and nitrogen isotopes with 2 error bands. (b) Melt-layer frequency (times per years) in 100
and 500-year RMs with light blue and blue lines, respectively. Note that the data before 9000 B.P. has low
con dence®. (c) *0,. and a calibrated temperature scale in 20-year RMs with 2 error bands from'GISP2
GRIP, and NGRI® (Methods) (d) GRIP borehole temperature inver$toBlue shades are Greenland cold
episodes. E.H.T.R.Early Holocene Temperature Rise, M.H.®Jid-Holocene Cooling, M.H.OMid-
Holocene Optimum, B.A.C.E.Bronze Age Cold Epoch, B.A.OBronze Age Optimum, I.A.C.Bron Age
Cold Epoch, I.LA.O. Iron Age Optimum, M.C.A. Medieval Climate Anomaly. e names are given according
to the Greenland temperature changes or common usages if available.

Preboreal Oscillation), which was followed by another abrupt warming Bigs 36, From 11,000 years B.P. to
9,500 years B.P., the temperature kept rising at a rate 003.C per 1,000 years (F@and 3. At 9,200 years
B.P., Greenland experienced a rapid coolingk@&venty’. A erwards, the temperature gradually decreased
with occasional large drops (F@and 3. en, Greenland experienced the largest hemispheric-wide negative
temperature excursion during the Holocene around 8,200 years Bka ¢gent)®1°

A er the 8.2ka event, Greenland temperature reached the Holocene thermal maximum with the warmest
decades occurring during the Holocene (2R24°C warmer than the recent decades) at 7980 years B.P.
Since then, the Summit temperature record exhibits a long-term cooling at a rate 000019C per 1000
years towards the present (1.8.1°C cooling in total), agreeing with other estimates from melt layer frequency
(1.3°C) in GISP2 ice cot¥(Fig.2b) and from the western Arctic (1.6.8°C; an average estimate of western
Arctic coolingf’. Greenland experienced a temperature minimum around 5,500 years B.P. A erwards;the tem
perature shows a slight increase for 1,500 years (Mid-Holocene Optimum), followed by a cooling into the Little
Ice Age with occasional bumps (F2. From the coldest decades in the Little Ice Age (1740€LE80t0 the
recent decades, Greenland Summit temperature increased By92.G.

e centennial to millennial-scale variability of the reconstructed Greenland temperature is signi cantly cor
related with Na and K ion concentration®?® from the GISP2 ice core, which are proxies for atmospheric
circulation, as well as with the Oman and Dongge cave stalagfiteecords, proxies for monsoon activity,
thus indicating that the reconstructed Greenland temperature variations contain hemispheric climat&#signals
(Methods; Fig4f-i). is is consistent with the observation that Greenland temperature generally followed
proxy-based Northern Hemisphere (NH) average temperature changes over the past 2,000 years

To investigate possible causes of the temperature variability, we conducted a suite of climate medel exper
iments with di erent sets of orbital, volcanic, solar, greenhouse gasses (GHGK,0and NO; Methods)
forcings (Fig3e) as well as prescribed ice-sheet changes (i.e., ACE6éGovered area, topography, and ice-sheet
thickness) using the climate model of intermediate complexity, LOVEEI(Ni&thods; Fig3). Volcanic forcing
is reconstructed using the GISP2 sulfate re€owehich agrees well with multi-core reconstructférisr cen-
tennial to millennial-scale variability during the overlapping period of the past 2,500 years (Methods; Fig. S7).

e experiments that include all forcings generally reproduce long-term Greenland temperature variations
quite well with a cooling of 0.2Z/1000 years since 7000 years B.P.3B)gFive additional experiments were
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Figure 3. Holocene climate forcing. (a) Reconstructed Greenland temperature. (b) Reconstructed and

modeled Greenland temperatures over the Holocene from various climate model experiments. Experiments
without volcanic and solar forcing that exhibit long-term trends similar to that of full forcing are not shown

for the sake of simplicity. (c) Modeled NH average temperatures with full forcing (blue) and without volcanic
forcing (green) both relative to the average of the past 1000 years from the full forcing run. (d) Modeled high
(60—90°N), middle (30—60°N), and low (0-30°N) latitude average temperatures. (e) Annual insolation at 72°N
(orange$®and solar activity (redy GHG (blue; include CQCH,, and NO, Methods) and volcanic forcing as

raw (black) and 101-year RMs (green) (Methods). Note that the raw volcanic forcing has a di erent scale. Values
are relative to averages of the past 1,000 years. Model outputs are from individual runs and smoothed by 21-yec
RMs. Blue shades are the Greenland cold episodes a2in Fig.
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