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Long-term winter warming trend in the Siberian
Arctic during the mid- to late Holocene

Hanno Meyer'*, Thomas Opel’, Thomas Laepple’, Alexander Yu Dereviagin?, Kirstin Hoffmann'

and Martin Werner?

Relative to the past 2,000 years'?, the Arctic region has
warmed significantly over the past few decades. However,
the evolution of Arctic temperatures during the rest of the
Holocene is less clear. Proxy reconstructions, suggest a long-
term cooling trend throughout the mid- to late Holocene3s,
whereas climate model simulations show only minor changes
or even warming®®, Here we present a record of the oxygen
isotope composition of permafrost ice wedges from the Lena
River Delta in the Siberian Arctic. The isotope values, which
reflect winter season temperatures, became progressively
more enriched over the past 7,000 years, reaching unprece-
dented levels in the past five decades. This warming trend
during the mid- to late Holocene is in opposition to the
cooling seen in other proxy records*>°. However, most of
these existing proxy records are biased towards summer
temperatures. We argue that the opposing trends are related
to the seasonally different orbital forcing over this interval.
Furthermore, our reconstructed trend as well as the recent
maximum are consistent with the greenhouse gas forcing and
climate model simulations, thus reconciling differing estimates
of Arctic and northern high-latitude temperature evolution
during the Holocene.

The Arctic is undergoing a pronounced and unprecedented
warming, exceeding that of most other regions>'’. Its highly
dynamic response to climate forcing and related feedback
mechanisms make the Arctic vulnerable to future changes and
a key region to study past climate variability. This is especially
important owing to the global impact of Arctic water, carbon and
energy balances''.

In recent years, major progress has been made in reconstructing
the Arctic-wide temperature evolution of the past two millennia'?.
However, far less understood is the long-term perspective of the
mid- to late Holocene’®, a period with generally stable boundary
conditions before industrialization and attendant impacts from
increased greenhouse gas emissions®.

Existing Northern Hemisphere (NH) proxy compilations exhibit
a cooling trend over the past 7 kyr, reversed only by recent warming?’,
whereas climate models suggest no change or even warming over
this period®®. This contradiction may reflect the fact that Arctic
temperatures are distinctly seasonal. High-latitude proxy records
with an unknown or unclear seasonality assignment are difficult
to interpret’. Therefore, the model-proxy mismatch’® could reflect
either failure of the models or the proxies to record a specific season
rather than an annual signal. The majority of Arctic palaeoclimate

records are related to biological proxies (that is, tree rings and
pollen) that are strongly confined to the growth period and,
thus, seasonally biased towards summer conditions'. Only about
10% of all terrestrial reconstructions from recent Arctic proxy
compilations™” are assumed to represent winter temperatures,
mostly based on pollen assemblages. However, reconstructing both
summer and winter temperatures from the same pollen data set
is problematic'* and strong similarities of winter and summer
reconstructions—that is, from a nearby lake record'*—are probably
unrealistic in a distinctly seasonal Arctic climate.

Furthermore, most Arctic proxy records stem from North
America, Greenland and Scandinavia, whereas the vast Siberian
Arctic is under-represented in proxy data compilations"****. Hence,
to derive a comprehensive picture of the Arctic Holocene climate
variability, further information on past Siberian climate is crucial,
especially for the winter season.

Permafrost as a major component of the cryosphere not only
responds to climate changels, but can also be used as a climate
archive to fill the knowledge gap regarding winter temperatures.
Ice wedges are one of the most common types of ground ice
within permafrost, and may be identified by vertically oriented
foliations of the ice body. They form when thermal contraction
cracks open in winter, which are periodically filled with snow
melt water in spring that quickly (re)freezes at negative ground
temperatures to form ice veins'. Ice wedges are, thus, considered
as a climate archive for the meteorological winter (December—
February, DJF) and spring (March-May, MAM)—that is, the
cold period of the year (DJFMAM; hereafter referred to as
winter)—and can be studied similarly to glacier archives'®, as
demonstrated for the Pleistocene-Holocene transition in Alaska'.
Their isotopic composition, 8O (in %o versus V-SMOW; Vienna
Standard Mean Ocean Water) is interpreted as a proxy for
local surface temperatures (Supplementary Information), although
other processes and mechanisms (such as atmospheric transport,
moisture source changes, seasonality effects of snow cover and
frost cracking) might impact on the 0O signal. However,
both observations and isotope modelling results indicate that
temperature is the primary control on 6O in the study region
(Supplementary Information).

In this paper, we present a stable isotope record from ice wedges,
reflecting winter temperatures derived from the continuous
permafrost zone in the central part of the Lena River Delta
(LD; 72°00'-72°45' N, 125°00'-127°15"E) in Northern Siberia.
Permafrost in this area is cold (about —11°C) and extends to a
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Figure 1| Temperature and climate forcing time series for the past eight millennia, showing different seasonal trends. a, Annual temperature change
from Agassiz and Renland ice cores®. b, Reconstructed temperature anomalies 30-90° N (ref. 3). ¢, Greenhouse gas radiative forcing?®. d,e, Mean
insolation at 60° N for the warm (MJJASO) and the cold season (NDJFMA; ref. 24). f, Lena Delta 88O record with warming trend (grey line) and
uncertainty of radiocarbon dating (highest posterior density range). Further indicated is the period of marine transgression on the Laptev Sea Shelf?”. Two
samples (encircled) have not been considered in calculating the Lena Delta 8'®0 warming trend (Supplementary Information).

depth of approximately 600 m. We studied ten ice wedges from
the first Lena River terrace (height 10-12m, above the modern
floodplain) that were active from mid-Holocene to present, and
three ice wedges from Holocene sediments above a Late Pleistocene
ice-rich permafrost sequence® (Ice Complex; third Lena terrace,
height about 25 m; Supplementary Fig. 1). All samples were taken at
outcrops along the course of the Lena River channels. The ice-wedge
samples—each of about 1.5 cm width—comprised generally fewer
than ten single ice veins (that is, frost crack infill events) and were
melted and analysed for stable oxygen isotopes. Considering frost
cracking is a repetitive process, but not necessarily occurring every
winter, we relate each ice-wedge sample to a period of about 20 years
(Supplementary Information). To establish an accurate chronology
for our 6'*0 record, we used only ice-wedge samples that included
sufficient organic material for AMS "C dating. In total, 42 samples
(first Lena River terrace: 37; top of Ice Complex: 5) have been used
to generate a stacked 8O record from central LD ice wedges,
resulting in the first Arctic mid- to late Holocene ice-wedge-based
winter temperature reconstruction (Fig. 1). As a modern analogue,
we also sampled 12 actively growing recent ice wedges, which we
relate to the past ten years (Supplementary Information).

The AMS "C ages indicate continuous ice-wedge formation
between about 7.3kyr cal b2k (before AD 2000; Supplementary
Table 1) and today. The LD record exhibits a significant
00 increase over the past 7kyr (Fig. 1), interpreted as a
mid- to late Holocene winter warming trend (until AD 1850;
+(0.45 £ 0.16)%0/1,000 yr), followed by an unprecedented recent

Arctic winter warming. This Holocene warming trend is in clear
contrast to most other Arctic and NH proxy compilations®”",
including the Greenland temperature record both from oxygen
isotopes* and boreholes” as well as the most recent NH (30° to
90° N) multi-proxy reconstructions’, which show a cooling since
the Early Holocene (Fig. 1). The reason for these different trends
has to be related either to regionally different behaviour of the LD
region and/or the season of temperature signal preserved in ice
wedges (winter).

To assess the influence of seasonality and to understand the
discrepancy between our LD record and the existing temperature
reconstructions, we analysed the ensemble of state-of-the-art
climate model simulations performed in the Paleoclimate Modelling
Intercomparison Project Phase III (PMIP3; ref. 22) for the
mid-Holocene (6 kyr b2k) and the pre-industrial (PI, AD 1850).

At our study site, most model simulations (10 out of 14) show a
winter warming, which is in line with our ice-wedge record (Fig. 2).
In contrast, in summer (JJA) all models, and in the annual mean
most models (11 out of 14) show a cooling.

This seasonally differing temperature pattern extends over large
parts of the polar regions® and is therefore also relevant for other
Arctic and NH reconstructions™.

The opposite summer and winter temperature changes in both
proxy data and models®® can be explained by seasonally different
orbital forcing. Whereas the 60° N insolation from May to October
decreased after about 9kyr b2k, the insolation relevant for the
recording season of ice wedges (NDJFMA, see Methods) increased
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Figure 2 | Simulated temperature change between pre-industrial and
mid-Holocene. Distribution of temperature differences between
pre-industrial (PI) and mid-Holocene (6 kyr b2k) simulations from PMIP3
model simulations: (left) Lena Delta, (right) NH mid-high latitudes
(30°-90° N). Blue bars represent the ice-wedge recording season
(DJFMAM) and red bars summer (JIA).

over the same period by a comparable amount* (Fig. 1). The annual
mean insolation north of 45° N decreased following the changes of
the Earth’s axis tilt. This effect is strongest towards the poles and is
in line with the cooling at the Greenland borehole sites™.

In addition to the direct response to insolation changes, nonlin-
ear feedbacks caused by ocean, sea-ice and land-cover changes shape
the Arctic temperature evolution during the mid-Holocene®. These
feedbacks are more important in meteorological winter (DJF), where
the PMIP3 models diverge in the sign of their temperature response
(Supplementary Information), than in the remaining seasons®. This
explains why the simulated temperature spread across models in the
ice-wedge winter (DJFMAM) is larger than in summer (Fig. 2).

The PMIP3 simulations probably underestimate the winter
warming trend as the prescribed CO, concentration in the model
simulations was held constant, whereas atmospheric CO, increased
by 23 ppm in the considered time interval®**. We therefore conclude
that the warming trend inferred from our ice-wedge record
might include a contribution of greenhouse gas forcing to winter
temperatures®, and implies a strong role of insolation forcing
for Holocene Arctic temperature variability during both winter
and summer.

Additionally, for the interpretation of our ice-wedge isotope
record, regional Holocene environmental changes have to
be considered. The Laptev Sea region experienced a marine
transgression reaching its present sea level and maintaining a stable
position since about 5kyr b2k (ref. 27). The flooding of the Laptev
Sea shelf shortened the distance of our study area to the Arctic
Ocean by about 400 km. This implies a reduced continentality with
lower annual temperature amplitudes that could have contributed
to the winter temperatures (Fig. 1). Nonetheless, the general winter
warming trend from our LD 8'O record remains robust when
discarding samples before 5 kyr b2k.

The majority of dated LD ice-wedge samples stem from the past
2.3kyr (31 AMS "C dates), allowing us to study the past 2 kyr
in more detail (Fig. 3). In this time period, the record exhibits a
significant positive correlation (r =0.59, p=0.005) with the multi-
proxy Arctic 2k annual temperature reconstruction®. Tuning the age
model within the uncertainty of the AMS "C dates, a correlation
of r=0.8, p=10.02 is obtained (Supplementary Information). This
correlation can be attributed to similar centennial-scale variations
in both records, such as a warmer period around 1kyr b2k, a
subsequent colder phase in the past millennium (Little Ice Age)
followed by a sharp warming towards the recent Arctic temperature
maximum (Figs 1 and 3).

However, there are marked discrepancies between the long-
term trends in the Arctic 2k and the LD ice-wedge records that
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Figure 3 | Arctic temperature trends during the past two millennia.

a, Lena Delta 'O record; the grey bands show the uncertainty caused by
the radiocarbon dating (Methods). b, Annual Arctic temperature anomalies
from PAGES 2k Arctic? and HadCRUT3 records?®.

are probably related to differences in seasonality (summer-proxy-
dominated annual versus winter signal) and spatial distribution
(Arctic-wide versus Siberia). Whereas the annual reconstruction?
exhibits a significant cooling trend before the recent warming
(0-1,850 cal yr, (—0.32 = 0.06)K/1,000 yr), our winter record shows
no significant change in the same period.

The recent unprecedented warming in the LD ice-wedge record
is at least of regional significance, as confirmed by an independent
second detailed sampling of Holocene ice wedges at the Oyogos
Yar section (72.7° N, 143.5° E; Supplementary Fig. 1), also yielding
the highest 8'O values in the most recent samples for the past
two millennia®.

The absolute maximum 8"O values, and thus the warmest
winter conditions of the entire LD ice-wedge record (and also in
the Arctic 2k) are observed in recent times. This is in agreement
with recent ice wedges showing similar 'O values (Figs 1 and 3;
Supplementary Information). For the past century, the radiative
forcing caused by the anthropogenic increase of greenhouse gases
has affected summer and winter temperatures and, thus, both the
presumably summer-biased reconstructions' as well as our ice-
wedge-based winter record. As recent Arctic warming has taken
place predominantly in the winter season'’, the Arctic amplification
is particularly pronounced in our winter reconstruction.

Our findings highlight the potential of permafrost, in particular
ice wedges, as a centennial-scale mid-resolution palacoclimate
archive, and because ice wedges are strictly related to the winter
season, they add new and highly relevant information on seasonal
aspects of the Arctic Holocene temperature history.

Methods

Proxy-time relationship accounting for the age uncertainty. As every ice-wedge
sample is dated with a separate '*C measurement and the chronological order
between single ice wedges is not determined by their position, age models can be
constructed by repeated sampling of point estimates from the calibrated
distributions of the dates (using the probability distribution from the calibration
at that age). To account for and to visualize the effect of the age uncertainty on
the proxy time series, 10,000 age models were constructed. For every age model a
proxy curve was estimated by linearly interpolating the 8'*O values between the
observed points. Finally, the 50%, 90% and 99% quantiles of the 'O distribution
for every point in time were calculated and plotted (Fig. 3).

Correlation analysis and estimation of linear trends. As the ice-wedge record
contains recent samples we first extended the Arctic 2k reconstruction to

AD 2010 using the area-weighted HadCRUT3 record” north of 60° N, after
aligning the Arctic 2k and the HadCRUT3 record in the 1961-1990 period. To
compare the ice-wedge record with the extended annual Arctic 2k record, we
calculated 20-year averages of the Arctic 2k record at the estimated ages of the
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ice-wedge samples. Using the ‘best guess age model’ corresponding to the point
estimates for the ages, we obtain a correlation of 0.58, which is highly significant
(p=0.005) even when accounting for the temporal autocorrelation (experiment
with 10,000 surrogate time series using an autoregressive first-order process
AR(1) with a lag-1 autocorrelation estimated from the Arctic 2k record). The
correlation remains highly significant even when fully accounting for the time
uncertainty (Supplementary Information). For linear trends, we provide the
standard error of the slope accounting for the reduction in effective degrees of
freedom caused by temporal autocorrelation.

Analysis of PMIP3 models and the insolation forcing. We analysed the monthly
surface air temperature fields of 14 simulations from 13 models (Supplementary
Table 2) participating in the PMIP3 project (http://pmip3.Isce.ipsl.fr). The
monthly means over the supplied model years (typically more than 100) are
calculated for the pre-industrial and the mid-Holocene (6 kyr b2k) simulations
and the difference is analysed. We analysed the winter season, which we expect to
be recorded in the ice wedges (DJFMAM), as well as the classical summer season
(JJA) to represent the summer-biased proxies. To compare our record against
insolation forcing, we analysed the insolation one month before the recording
season (NDJFMA) to account for the local time lag between insolation and
temperature response®.
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