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Projections of future rates of mass loss from the Greenland Ice
Sheet are highly uncertain because its sensitivity to warming is
unclear. Geologic reconstructions of Quaternary interglacials can
illustrate how the ice sheet responded during past warm periods,
providing insights into ice sheet behavior and important tests for
data-model comparisons. However, paleoclimate records from Green-
land are limited: Early Holocene peak warmth has been quantified
at only a few sites, and terrestrial sedimentary records of prior
interglacials are exceptionally rare due to glacial erosion during the
last glacial period. Here, we discuss findings from a lacustrine archive
that records both the Holocene and the Last Interglacial (LIG) from
Greenland, allowing for direct comparison between two interglacials.
Sedimentary chironomid assemblages indicate peak July tempera-
tures 4.0 to 7.0 °C warmer than modern during the Early Holocene
maximum in summer insolation. Chaoborus and chironomids in LIG
sediments indicate July temperatures at least 5.5 to 8.5 °C warmer
than modern. These estimates indicate pronounced warming in
northwest Greenland during both interglacials. This helps explain
dramatic ice sheet thinning at Camp Century in northwest Greenland
during the Early Holocene and, for the LIG, aligns with controversial
estimates of Eemian warming from ice core data retrieved in northern
Greenland. Converging geologic evidence for strong LIG warming is
challenging to reconcile with inferred Greenland Ice Sheet extent
during the LIG, and the two appear incompatible in many models
of ice sheet evolution. An increase in LIG snowfall could help resolve
this problem, pointing to the need for hydroclimate reconstructions
from the region.

Greenland | Holocene thermal maximum | Last Interglacial | Eemian |
paleotemperature

ean global surface temperature is projected to warm 1 to
4 °C by 2100, with amplification of surface temperatures in
the Arctic two to four times that of the global mean (1, 2). In re-
sponse, mass loss from the Greenland Ice Sheet (GrIS) is expected
to increase, contributing up to ~0.2 m of global sea level rise by the
end of this century (1). Estimates of sea level rise come largely from
computational models. These models are tested with paleoclimate
data-model comparisons, which depend upon reliable constraints
on past climatic conditions. The insolation-driven warming of the
Arctic in the Early Holocene (~11 to 8 ka) and the Last Interglacial
Period (LIG; 129 to 116 ka) are key targets for data-model com-
parisons, providing important checks of the models used to project
long-term warming and future ice sheet evolution (3). Notably,
many model studies for these periods find that simulations invoking
temperatures comparable with those implied by the few existing
paleotemperature reconstructions from Greenland drive GrlS be-
havior that conflicts with inferred ice sheet extent (4-7). This
highlights a need for additional paleoclimate records from Green-
land that better resolve regional and seasonal conditions to provide
stronger tests of climate and ice sheet models.
In Greenland, there are few quantitative air temperature re-
constructions near the ice sheet margin for the Early Holocene
and the LIG (Table 1; including records from nearby Baffin and
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Ellesmere Islands). A lack of constraint on these conditions is a
significant limitation in understanding past ice sheet behavior
because summer temperatures along the ice sheet margins drive
surface melt and thus exert a major control on mass balance of
the dominantly land-based interglacial ice sheet (6, 8). Lakes on
Greenland’s ice-free margin provide opportunities to reconstruct
paleoclimate via sedimentary climate proxies. While there are
several Holocene climate reconstructions from Greenland lake
sediments for the Middle to Late Holocene (9), to date, only one
published lacustrine archive quantifying summer air temperature
extends well into the Early Holocene (10) to overlap with maximum
summer insolation and peak overall regional Holocene warmth
inferred from ice cores (11, 12). The conventional picture of
Greenland’s climate during the Holocene Thermal Maximum
(HTM) is of ~3 °C of roughly homogenous warming (12), and this
typifies the maximum forcing applied (+2 to 4 °C vs. modern) across
Greenland in simulations of Holocene ice sheet evolution (4, 5).
However, a recent reinterpretation of ice 8'%0 data from the
Agassiz Ice Cap, the original results of which were influential in
shaping perceptions of HTM climate over Greenland, revises peak
Holocene precipitation-weighted temperatures at Agassiz upwards
from the original reconstruction by ~3 °C (11). New evidence cor-
roborating this surprising result would indicate large spatial varia-
tions in the magnitude of HTM warmth, including along the
margins of the GrIS. As proposed by ref. 11, warmer regional
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Table 1. Greenland/Baffin Bay region continental air temperature estimates
Site Map Proxy Baseline Season  Anomaly, °C Source
Early Holocene
Wax Lips Lake WLL Midges AD 1952 to 2014 July +5.5+ 1.7  This study
Agassiz Ice Cap A Melt AD 1750 Summer  +5, min of (11)
Ice 380 AD 1750 P-W +6.1 + 2.2 (1
Last Chance Lake 1 Midges Last millennium July +3tod4+15 (10)
Renland Ice Cap R Ice 580 AD 2000 P-W +2to3 (12)
Lake CF8 2 Midges AD 1961 to 1990 July +4to5+22 (31)
Lake CF3 3 Midges AD 1951 to 1980 July +4to 6+ 2.2 (59)
Last Interglacial
Wax Lips Lake WLL Midges AD 1952 to 2014 July +7 +1.7 This study
Thule T Insects, plants AD 1990s Summer +4 (13)
NEEM ice cores Nm Ice 5'80 Last millennium P-W +8+4 (15)
Air 8"°N Preindustrial MAAT +7 to 11 (25)
Jamesonland J Insects, plants AD 1990s Summer +5 (14)
GISP2 ice cores G Ice 3'%0 Last millennium P-W +4t0 8 (26)
Lake CF8 2 Midges AD 1961 to 1990 July +4to5+22 31
Fog Lake 4 Pollen AD 1971 to 2000 July +4to5+1.2 (60)
Midges AD 1971 to 2000 July +3tod4 +15 (35)
Brother of Fog Lake 5 Pollen AD 1971 to 2000 July +3to4 +1.2 (60)
Midges AD 1971 to 2000 July +8to9+ 15 (35)
Amorak Lake 6 Pollen AD 1971 to 2000 July +4to5+1.2 (60)

Estimates derived from individual published sites. (Early Holocene) Average maximum air temperature anomaly
for the Early Holocene from 11 to 8 ka or any recorded portion of that period. Archives that begin after 8 ka or are
not securely dated to within this time are excluded. (Last Interglacial) Maximum air temperatures recorded in
archives of the Last Interglacial. Note that estimates vary in timing within the LIG, in most cases, precise timing
within the LIG is unknown, and, for most archives, it is uncertain if maximum local LIG temperatures are recorded.

MAAT, mean annual air temperature; P-W, precipitation-weighted annual air temperature.

temperatures during the HTM could help explain otherwise puz-
zling ice sheet thinning at Camp Century in northwest Greenland
(11, 12). Updated estimates of stronger warming over the northern
GrlS, extrapolated from Agassiz, increased the GrIS modeled
contribution to sea level rise during the last deglaciation by 1.4 m
sea-level equivalent (11). These findings demonstrate that uncer-
tainties in the magnitude of HTM warming significantly influence
the simulations of ice sheet evolution for this period and underscore
how sensitive the GrIS is to temperature.

Lake sediments were extensively eroded by expanded ice sheets
during the last glacial period, so most LIG records from Greenland
come from the GrlS itself and do not constrain the ice-marginal
summer temperatures important to surface melt. There are two
locations along Greenland’s margin for which estimates of summer
air temperature anomalies during some part of the LIG are avail-
able (Table 1; +4 to 5 °C vs. present) (13, 14). Furthermore, only
the North Greenland Eemian Ice Drilling (NEEM) record de-
finitively captures maximum LIG warmth. The peak precipitation-
weighted temperature anomaly from ice 8'®O reconstructed at
NEEM for the LIG is +8 + 4 °C relative to the last millennium (15).
This strong inferred LIG warming has generally been perceived as a
controversial outlier because syntheses of terrestrial climate recon-
structions have reported average LIG warming across the Arctic
and Greenland of <5 °C (16, 17), and most climate models simulate
a temperature anomaly in north Greenland that is <5 °C (18-20).
Ice &'8O-temperature relationships vary geographically and
change through time (21) and are impacted by changes in eleva-
tion and ice sheet togpography (22, 23). In modern ice at the
NEEM site, an ice 8'°0-temperature relationship of 1.1%o °C™
was observed during recent warming (24); temperature anomalies
for the LIG in the NEEM ice cores were calculated using a re-
lationship from central Greenland of 0.5%0 °C™" (12, 15), perhaps
resulting in an overestimation of LIG temperature at NEEM (21,
22). However, a subsequent LIG temperature reconstruction based
on nitrogen isotopes (5'°N) measured in trapped air in NEEM ice
cores, which estimates warming of 7 to 11 °C vs. preindustrial,
supports the estimate from ice 8'%0 (25). A recent reanalysis of
LIG ice at the Greenland Ice Sheet Project 2 (GISP2) site shows
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4 to 8 °C of warming vs. the last millennium, further supporting
warmer conditions during the LIG than previously inferred (26).

In contrast to ice core evidence for a LIG peak warming
anomaly of 4 to 12 °C over the GrlS, geologic evidence indicates
that GrlS area and thickness were only somewhat reduced rel-
ative to today. Total air content in NEEM and GISP2 ice sug-
gests that LIG elevation of the GrIS at both localities was within
several hundred meters of modern (15, 26). LIG-aged ice has
been identified from deep core sites across Greenland [NEEM,
North Greenland Ice Core Project (NGRIP), GRIP, GISP2, Dye
3, and Camp Century] (Fig. 1B) (27, 28). Along with sedimen-
tologic evidence from the Eirik Drift for some enduring southern
ice throughout the LIG (29), the ice core evidence indicates that
much of the GrIS persisted through the LIG despite possible
large losses of ice from some regions (27). This geologic picture
of ice loss contributes to converging model estimates that the
GrIS supplied 1 to 3 m of the 6 to 9 m of observed LIG sea-level
rise and implies high sensitivity of the West Antarctic ice sheet to
LIG warming (30). However, a major limitation to this conclu-
sion is that LIG temperature estimates from Greenland are
sparse and highly uncertain and therefore have been open to a
wide range of interpretations. This is particularly the case for
summer temperatures around ice margins and the seasonality of
precipitation-weighted warming estimated from §'®0. For ice
sheet models to sustain the requisite volume of ice on Greenland
during the LIG, they must be forced by temperature anoma-
lies <5 °C or even <2 °C, much cooler than temperatures in-
ferred at NEEM and recently at GISP2 (6, 18, 26). Thus, the ice
sheet models call the geologic data for temperature and GrlIS
extent into question, and vice versa. Resolving these issues for
both the Holocene and the LIG requires more confident recon-
structions across Greenland of air temperatures, precipitation
amounts, and ice extent. Here, we report estimates of Holocene
and LIG July air temperatures near the ice sheet margin in
northwest Greenland, derived from the discovery of Holocene
and LIG lake sediments preserved in situ in the extant lake
that we informally designate Wax Lips Lake (WLL) (76.85°N,
66.96°W).
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Fig. 1. (A) Location of WLL (yellow star) relative to modern July 10 °C iso-

therm (solid black line) and boreal tree line (dashed black line) (58). Lakes in
two North American midge training sets (35, 41) with (red circles) and
without (blue circles) Chaoborus in modern sediments. (B) Percentages of
Chaoborus in modern sediments (red circles) vs. WLL LIG assemblages (yellow
circle). Circles are scaled to represent percent of midge assemblage in each
lake, with northernmost red circle <1%, largest red circle 13.5%, and yellow
circle 6% Chaoborus. Locations of ice core archives (black diamonds) and
lacustrine archives (black squares) are discussed in the text. A, Agassiz; C,
Camp Century; D, Dye 3; G, GISP2; J, Jamesonland; N, NGRIP; Nm, NEEM; R,
Renland; T, Thule; 1, Last Chance Lake; 2, Lake CF8; 3, Lake CF3; 4, Fog Lake;
5, Brother of Fog Lake; 6, Amorak Lake.

Results

WLL is a small (9 m deep, <1 km?) nonglacial lake situated
517 m above sea level in the highlands of northwest Greenland,
60 km east of Thule Air Base and 400 km west of the NEEM site
(77.45°N, 51.06°W) (Fig. 1). WLL is 2 km from the current
margin of the GrIS but topographically isolated from meltwater
drainage. Several replicate sediment cores were obtained from
WLL in 2012 and 2014 (Fig. 2). All are predominately composed
of gyttja with abundant bryophyte material. Horizontal laminae
are visible in X-radiographs throughout most of the record, in-
cluding the basal sediments, illustrating intact stratigraphy (SI
Appendix, Fig. S1). A major stratigraphic boundary is correlative
across cores, manifesting as a color change from darker basal
sediments to lighter brown gyttja above, and a corresponding
step decrease in both magnetic susceptibility and density.
Aquatic mosses preserved in the gyttja below this boundary yield
accelerator mass spectrometry (AMS) '*C ages that predate the
last glacial maximum (LGM) (four out of five are nonfinite) (S/
Appendix, Table S1), whereas aquatic mosses above this bound-
ary yield exclusively Holocene 'C ages and record lacustrine de-
position throughout the Holocene. Given age uncertainties that
result from multiple *C age reversals within the Holocene sed-
iments, we interpret the Holocene biostratigraphy at coarse
temporal resolution. Living aquatic moss collected from WLL
yielded a postbomb '“C age. The occurrence of nonfinite '*C
ages immediately underlying Holocene ages indicates that the
major stratigraphic boundary in the cores is an unconformity
separating intact pre-LGM from Holocene sediments.
Similar in situ pre-LGM lake sediments have been docu-
mented in other Arctic regions with relict landscapes formerly
overridden by cold-based (i.e., frozen-bedded and thus minimally
erosive) ice (31, 32). Features on the landscape surrounding
WLL are analogous to landscapes around lakes on Baffin Island
that preserve LIG sediments despite having been overridden by a
frozen-bedded portion of the Laurentide Ice Sheet (32), sup-
porting a similar history at WLL. The GrIS expanded over WLL
to reach its documented extent on the continental shelf during
the LGM (33). Despite this, and like glaciated relict landscapes
on Baffin Island, WLL is surrounded by a weathered highland
landscape of tors and angular boulder fields, patterned ground,
and minimal fine-grained sediments. Bedrock and glacially
transported boulders on these highlands contain cosmogenic
nuclide inheritance from prior periods of exposure (SI Appendix,
Fig. S2) (34), providing local evidence for minimally erosive ice
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cover during the LGM. The compacted nature of the pre-LGM
sediments in WLL, reflected in higher magnetic susceptibility
and density, is consistent with dewatering during compression by
overriding nonerosive ice. Combined, the geomorphic and
stratigraphic evidence indicates that cold-based ice advanced
over WLL during the LGM and compacted and preserved pre-
LGM lake sediments. The unconformity between pre-LGM and
Holocene sediments in WLL represents a hiatus in deposition
during glacial conditions and could also reflect some erosion of
pre-LGM sediments that nonetheless left the underlying sedi-
mentary structure intact.

We estimate mean July air temperatures based upon subfossil
midge (Diptera: Chironomidae and Chaoboridae) assemblages,
employing the climatically and biogeographically relevant train-
ing set of Francis et al. (35), which compiles calibration data from
68 northeast North American lakes spanning from the Canadian
Arctic islands to Maine and a July air temperature range from
6 to 18 °C (35). The Francis et al. (35) dataset incorporates both
Chironomidae and Chaoboridae, the latter of which is not enu-
merated in many other training sets. This training set has been
used in east and west Greenland (10, 36) and in a comparable
climate on Baffin Island ~700 km from WLL (31, 35). No midge-
temperature calibration dataset is available from mid to high
arctic Greenland. Squared-chord distances (SCDs) quantifying
dissimilarity between subfossil assemblages and the training set
demonstrate that almost all WLL samples have a very close
modern analog (defined as SCD lower than—i.e., more similar
than—the fifth percentile of SCDs in the training set), with just a
few Late Holocene assemblages above this threshold (37, 38) (S
Appendix, Fig. S3).

Holocene Temperatures. Midge assemblages during the Early Ho-
locene were characterized by the relatively thermophilous Tanypodinae
and Psectrocladius and the absence of cold stenotherms that are
abundant in the Late Holocene sediments of WLL and common
in lakes in the high Arctic today (10, 35, 39). We estimate that July
air temperatures were up to 4.0 to 7.0 °C warmer than modern
(reference period AD 1952 to 2014) during the warmest millennia
of the Holocene at WLL 10 to 8 ka (Fig. 3). We consider this an
upper bound on warming because adjusting for postglacial iso-
static rebound would reduce this estimate, although likel¥ by a
fraction of a degree (4). A 7,700~y record of lake water §'°0 in
Secret Lake (SL), 35 km southwest of WLL (40), is too young to
record peak temperatures of the Early Holocene but indicates
summer-biased warming of 2.5 to 4.0 + ~2 °C vs. modern from
7.7 to 6.5 ka, providing a validation (agreement within model
errors) of our estimates for this time and an independent loose
lower bound on Holocene warmth in the region.
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Fig. 2. Stratigraphy of three WLL cores, with calibrated '*C ages (cal ky BP),
density (Den.), and magnetic susceptibility (MS). *, locations of nonfinite '4C
samples.
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Fig. 3. Midge-inferred July air temperature at WLL as (A) anomalies relative
to modern and (B) absolute temperatures. Yellow line marks anomaly of
+7.0 °C. Gray points indicate samples from discrete glaciolacustrine units
where midge assemblages may not accurately reflect air temperatures (S/
Appendix). Error bars are model root mean square error of prediction +1.7 °C.
(C) Percent of each midge type in subfossil assemblage, with colors corre-
sponding to taxon names in D and modern optima and tolerances of taxa in
the Francis et al. (35) training set, as shown in E. The apex of each diamond in £
indicates optimum while length of diamond indicates tolerance.

Evidence for cooling in the late Holocene at WLL—a decline
in warm-dwelling taxa and an increase in cold-dwelling taxa—
mirrors isotope-based temperature estimates from SL (40). The
coldest stenotherms, Hydrobaenus/Oliveridia (Fig. 3C and SI
Appendix, Fig. S4), are most abundant at WLL during the coldest
period at SL, suggesting that these nearby lakes cooled in unison
through the late Holocene. However, we note that WLL tem-
peratures inferred from midges plateau throughout the coldest
part of the Holocene 2.5 to 0.5 ka (40). This reflects a known
limitation of our method: The training set includes few calibra-
tion sites colder than our study site, limiting its utility for
reconstructing very cold past climates (10, 31, 35, 36). This does
not affect temperature estimates for periods warmer-than-
present at WLL because the reconstructed warmer tempera-
tures are well within the range of the calibration data (6 to
18 °C), and these downcore assemblages have close modern
analogs in the training set.

Pre-LGM Temperatures and Assignment of the Pre-LGM Unit to the
Last Interglacial. The pre-LGM sediments at WLL record peak
July air temperatures 5.5 to 8.5 °C warmer than modern, with this
warmth supported by the presence of up to 6% of the currently
extralimital “phantom midge” Chaoborus (Fig. 3C and SI Ap-
pendix, Fig. S5). In North American training sets, Chaoborus are
mostly found at latitudes south of the 10 °C July isotherm (35,
41) (Fig. 14), and they are abundant (>1.5%) only at the lowest
latitudes of our calibration dataset (35) (e.g., in Labrador)
(Fig. 1B). To our knowledge, neither extant nor subfossil
Chaoborus have previously been reported from Greenland
(42, 43), and Chaoborus are absent from the Holocene sedi-
ments of WLL. Other relatively warm-dwelling taxa, including
Chironomus and Tanypodinae, achieve peak abundance in the
pre-LGM sediments.
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Although there are no absolute dates for the pre-LGM unit of
WLL, we confidently assign it to the LIG because of the fol-
lowing. (i) Nonfinite '“C ages indicate that this unit is >45,000 y
old. (i) Thermophilous midge assemblages constrain it to a
period of sustained full interglacial warmth, exceeding the
maximum temperatures of the Holocene. The LIG/Eemian is the
most recent known period of sustained temperatures warmer
than the Early Holocene in the Arctic. (iii) Glacial geologic
evidence including '°Be dates support cold-based conditions at
the site during the most recent glacial period. Thus, the geologic
setting permitted preservation of LIG sediments whereas the
probability of preserving sediments from an even older warm
period, but not from the LIG, is very low.

The long glacial period between the LIG and Holocene is
represented by a hiatus in deposition. Although Hydrobaenus/
Oliveridia at the top of the pre-LGM unit suggests declining
temperature after the LIG maximum, we cannot rule out some
erosion of LIG sediments. Therefore, we cannot be certain that
we capture the entire LIG, and the maximum temperature
anomaly reconstructed at WLL should be viewed as a minimum
constraint on peak LIG warmth.

Discussion

At WLL, peak July air temperatures of the Early Holocene 10 to
8 ka are estimated at up to 4.0 to 7.0 °C warmer than modern and
overlap in time with the Northern Hemisphere maximum in
summer insolation (8). The onset of sediment accumulation in
WLL ~10 ka indicates a rapid deglaciation of the nearby GrIS
margin, having receded to at least near its present-day position
by that time. Reconstructed LIG temperatures are at least 5.5 to
8.5 °C warmer than modern at WLL. Unlike the HTM, LIG
warming was associated with the migration of the presently ex-
tralimital taxon Chaoborus to WLL (43), suggestive of a signifi-
cant northward migration of boreal climate conditions during the
LIG (44). This inference is also supported by low and subarctic
terrestrial and marine fauna preserved in fluvial and raised
shallow marine sediments near Thule and Jamesonland in east
Greenland (13, 14, 45, 46). Results at WLL are consistent with
prior studies showing that peak Arctic warmth during the LIG
exceeded that of the HTM, consistent with the larger insolation
anomaly and earlier penultimate deglaciation in the LIG (17).
The magnitude of warming during both periods over northwest
Greenland suggests that strong positive feedbacks may enhance
warming in this region, which could portend stronger-than-
predicted warming there in the future. Importantly, WLL tem-
perature estimates reflect summer conditions near the GrIS
margin: i.e., the season and setting that control ice sheet surface
melt (6, 8).

The amplitude of our HTM summer temperature anomaly
agrees with the minimum bound on Early Holocene summer
warming of 3 to 4 °C vs. modern inferred from melt on Agassiz
Ice Cap ~500 km to the northwest of WLL (11). WLL estimates
of summer HTM climate for northwest Greenland are ~2 °C
warmer than both the previous estimates of precipitation-
weighted (annually integrated) warming over Greenland (ref.
12; reinterpreted in ref. 11) and recent simulations of Early
Holocene summer temperatures in the Thule/Camp Century
region (8). Evidence for strong warming in the Early Holocene
contradicts some Holocene climate models that suggest delayed
and attenuated HTM warming here due to effects from the
waning Laurentide Ice Sheet (47).

In simulations of the Holocene evolution of the GrIS, imposed
HTM warming is typically extrapolated from central Greenland
and assumed to be relatively homogenous across broad regions
of the ice sheet (4, 5). The use of more resolved temperature
forcings is limited by a lack of paleotemperature estimates for
the HTM from Greenland’s margin. Thus, extrapolated and/or
scaled temperature forcings are currently a large source of un-
avoidable uncertainty in such simulations (4, 5). Many models
fail to capture the 0.5 to 1 km of thinning registered at Camp
Century in the Early Holocene (4, 48) without applying a larger
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temperature anomaly at Camp Century (11). WLL is situated
~150 km from Camp Century and provides an independent es-
timate of local summer temperature. The +4.0 to 7.0 °C tem-
perature anomaly from 10 to 8 ka at WLL matches well with a
modeled temperature time series for Camp Century based on the
revised Agassiz reconstruction (11). Together, these studies help
explain dramatic thinning observed at Camp Century and
quantify the regional summer air temperatures associated with
Holocene elevation change.

The reconstructed strong LIG warming at WLL of at least
5.5 to 8.5 °C vs. modern is consistent with the controversial es-
timate of 8 + 4 °C precipitation-weighted warming vs. the last
millennium at NEEM (15). This estimate from WLL is warmer
than prior estimates of +4 to 5 °C vs. modern from biotic remains
preserved in discontinuous terrestrial deposits near the Thule
Air Base (13). However, given likely incomplete preservation,
these prior results provide a minimum bound on local LIG
warmth. Agreement between the anomalies at WLL and NEEM
suggests that ice 5'%0 precipitation-weighted temperature was
strongly summer-biased at NEEM during the LIG, or else there
was also significant isotopic enrichment of nonsummer pre-
cipitation, possibly from a longer period of sea ice-free condi-
tions in Baffin Bay (24, 49), and/or similarly large average annual
warming due to changes in atmospheric circulation (50). To-
gether, the WLL, Agassiz Ice Cap, and NEEM records provide
evidence from multiple sites and proxies for strong HTM and
LIG summer warming over northern Greenland and Ellesmere
Island—Earth’s largest land masses at such a northerly latitude.
Only a subset of climate models of the HTM and LIG simulate
the warmest continental temperature anomalies at these very
highest Arctic latitudes (8, 19, 20). Paleoclimate data here and
elsewhere (16, 17) support this subset of models.

For the LIG, evidence for intense summer warming over
northern Greenland exacerbates the paradox embodied at
NEEM (6) where data indicate both strong LIG warming and,
in contrast, only a relatively modest reduction in ice sheet
thickness (=130 + 300 m relative to present) (15, 26). Ice sheet
models thus far cannot simultaneously accommodate observa-
tions of large warming over the GrIS and geologic evidence for a
widespread GrIS throughout the LIG (6, 26, 51). This paradox
could be resolved if LIG summer warming was localized to the
central ice sheet, or LIG warming was relatively weak in sum-
mer, limiting surface melt (6). However, WLL temperature es-
timates reflect pronounced summer warming at the margin of
the GrIS and thus argue against both explanations. Nor is it
likely that the northern GrIS is somehow inherently insensitive
to warming: To the contrary, some models have suggested that
the arid northern GrIS may be especially sensitive to warming (7,
52), and dramatic GrIS thinning at Camp Century during the
HTM also challenges this notion (11). Furthermore, intense
warming was not necessarily unique to the northernmost part of
the ice sheet: GISP2 (Summit) does not definitively capture
peak warmth during the Early LIG but now provides a minimum
constraint on peak LIG anomalies of +4 to 8 °C over central
Greenland (26). Collectively and based upon multiple in-
dependent proxies, the WLL, NEEM, and GISP2 records point
to larger LIG warming across Greenland than the +4 to 5 °C
hitherto often estimated (16, 17).

Greater snow accumulation over north Greenland during
the LIG might help resolve the LIG paradox in this region
(53). There is some evidence for increased snowfall in west
Greenland during the HTM (54) although it was apparently
not enough to counteract ice sheet thinning at Camp Century
(11). Current paleoclimate data poorly constrain LIG snowfall
over Greenland, and models suggest relatively modest LIG
increases in snowfall (52), but the hypothesis of greater accu-
mulation during the LIG is supported by recent observations
for a strong relationship between accumulation and tempera-
ture at the NEEM site (24) and evidence for greater accumu-
lation during the LIG than the Holocene at Summit (26).
Additional reconstructions of LIG precipitation, temperatures,
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and ice sheet configuration are urgently needed to formulate
stronger paleoclimate model-data comparisons and ultimately
to further improve models of Greenland’s climate and ice
sheet behavior.

Conclusions

July air temperature estimates at WLL indicate pronounced
warming during both the HTM and the LIG. The data presented
here from a rare lake record of two interglacials agree with
previous disparate reconstructions of exceptional warming over
Ellesmere Island for the HTM and northern Greenland during
the LIG, illustrating consistently strong regional warming during
interglacials. Strong summer warming over northern Greenland,
demonstrated by temperature anomalies at WLL of up to +4.0 to
7.0 °C for the HTM and at least +5.5 to 8.5 °C for the LIG,
should be accommodated in future paleoclimate simulations and
models of ice sheet evolution. In addition, if this large magnitude
of HTM and LIG warming resulted from cryospheric or other
feedbacks, such strong warming at WLL may portend even larger
changes over this region than predicted in the coming century, as
the Arctic warms to levels unprecedented since the LIG (1, 27).

Materials and Methods

For '°Be dating, we sampled flat-lying upper surfaces of quartz-rich, stable
perched boulders and bedrock and avoided surfaces that experienced past
water cover as evidenced by traces of former lake levels. '°Be samples were
processed at Dartmouth College, and '°Be/°Be was measured at the Center
for Accelerator Mass Spectrometry at Lawrence Livermore National Labo-
ratory, following standard procedures as described in the S/ Appendix. Ages
were calculated using the Cosmic Ray-Produced Nuclide Systematics-Earth
online calculator (55) with the Baffin Bay/Arctic production rate (56). Ages
are reported in the S/ Appendix, Fig. S2 and Table S2.

Cores were collected from the depocenter of WLL using a modified-
Bolivia percussion coring system in 2012 and a Nesje percussion coring
system in 2014 (S/ Appendix, Table S3). Some cores intentionally bypassed
surface sediments to maximize recovery of older sediments. Measurements
of magnetic susceptibility and gamma density followed standard proce-
dures, as described in S/ Appendix. *C AMS ages were obtained on aquatic
plant macrofossils picked from intact laminations and analyzed at the
Woods Hole Oceanographic Institution-National Ocean Sciences Accelera-
tor Mass Spectrometry facility. Age calibration followed standard practices
described in S/ Appendix.

Preparation and classification of midge subfossils followed standard
methods as described in S/ Appendix. July air temperatures were modeled
using the Francis et al. (35) training set (44 taxa; r’boot = 0.88; root mean SE
of prediction = 1.7 °C) (35). We use bootstrapping but otherwise follow the
protocol of Francis et al. (35) for the model parameters yielding best model
performance: Assemblage data were square root-transformed, and tem-
perature estimates were derived from a weighted-average model using in-
verse deshrinking and tolerance down-weighting. Modern (AD 1952 to
2014) mean July air temperature at the coastal Thule (Pituffik) weather
station is 5.2 °C (57). We observed with air temperature loggers deployed at
our field sites in 2012 to 2014 that July air temperature at WLL is 1 °C
warmer than at Thule, and estimated modern July air temperature for the
reference period (AD 1952 to 2014) at WLL as 6.2 °C. Modern analog tech-
nique (MAT) was used to calculate dissimilarity between WLL subfossil
samples and the training set, as squared-chord distances on untransformed
assemblage data (37, 38).
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