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The Last Glacial Maximum (LGM, ~21.000 years before present) was a period with signif-
icantly lower global mean temperature, large Northern Hemisphere ice sheets, and low COq
concentrations. Unlike other high-latitude areas, Siberia was not covered by a terrestrial ice

10 sheet. Climate simulations with LGM boundary conditions show large inter-model differ-
ences especially in Northern Siberia, which impede a direct analysis of Siberian LGM climate
from simulations. Thus, constraints from proxy data are needed. Here, we reconstruct sum-
mer temperature and moisture availability from a network of Siberian pollen records using
statistical transfer functions. The estimates are corrected for the lower COy concentrations

15 during the LGM with an a posteriori method. Using a Bayesian framework, we combine
the pollen-based reconstructions with climate simulations to obtain the first regional state
estimate of LGM climate constrained by proxies from Central and Eastern Siberia. Our re-
construction shows higher summer temperature anomalies than most high-latitude areas and
simulations. Reconstructed moisture availability is similar to present-day values, consistent

20 with most simulations. Analyses of the simulations show that anomalous circulation patterns
and reduced cloud cover contribute particularly to the relatively high summer temperatures,
supporting previous studies based solely on climate simulations. Our data-constrained state
estimate is well-suited for future analyses of Siberian LGM climate such as investigations of
the reasons for the absence of a Siberian ice sheet during the LGM.
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1 Introduction

During the Last Glacial Maximum (LGM), ~ 21,000 years before present (21ka), the global mean tem-
perature was significantly lower than today. Large parts of North America, Greenland, and Fennoscandia
were covered by ice sheets (Batchelor et al., 2019), the CO4 concentration was less than half of present-day
values with around 185 ppm (Koéhler et al., 2017), and sea level was around 120 m lower than currently
(Lambeck et al., 2014). Seasonal insolation differences were reduced in both hemispheres (Otto-Bliesner
et al., 2006). These deviations from present-day conditions make the LGM an important period for
studying the Earth system and evaluating climate models (Kageyama et al., 2017).

We focus on the Siberian LGM climate east of the Jenissei river (Fig. 1). Our study domain is
structured by the major rivers Jenissei, Lena and Kolyma. It extends to the Arctic Ocean in the north,
the Pacific Ocean in the East, and south to Lake Baikal and the Amur river. Major topographic features
are medium elevation highlands between Jenissei and Lena (Central Siberia) and highlands east of the
Lena (Eastern Siberia / Western Beringia). Today, most of Siberia is exposed to a very continental
climate with decreasing precipitation from Western (500 — 800 mm per year) to Eastern Siberia (100 —
400 mm per year). Only in a small sector along the Pacific Ocean, precipitation rates are higher. Low
temperatures and dry conditions in winter facilitate the forming of a persistent Siberian high pressure
system, whereas a Siberian low is the dominant pressure system in summer. Mean July temperatures
are as high as 20°C in southern Siberia but only around 10°C in the northernmost parts.

As the Siberian shelf is mostly shallow, the lower sea level during the LGM led to a closed Bering strait
and a northward retreat of the Arctic Ocean by several hundreds of kilometers (Fig. 1). However, unlike
other high-latitude areas on the Northern Hemisphere, Siberia was not covered by a large terrestrial
ice sheet. Only the most northwestern part of our reconstruction domain was covered by the Barents-
Kara ice sheet (Fig. 1, Hughes et al., 2015; Abe-Ouchi et al., 2015). The maximum Siberian glacier
extent was probably reached around 90ka (Hughes et al., 2013), followed by a subsequent glacier retreat
in connection with increased Fennoscandian glaciation, which was only interrupted by a minor glacial
advance around 50ka (Svendsen et al., 2004; Stauch and Gualtieri, 2008). In the Pacific sector glaciers
were near present-day extension during the LGM (Stauch and Gualtieri, 2008; Meyer and Barr, 2017).

Information on Siberian climatic conditions during the LGM are available from pollen records (e.g.
Tarasov et al., 1999), macrofossils (e.g. Kienast et al., 2005), faunal remains (e.g. Sher et al., 2005),
boreholes (e.g. Dorofeeva et al., 2002), stable isotopes in ice wedges (e.g. Meyer et al., 2002), and
diatoms and biogenic silica (e.g. Colman et al., 1995). Borehole temperature reconstructions of the last
glacial cycle at Lake Baikal show minimal mean annual temperatures around 90ka and a subsequent
temperature increase leading to an LGM anomaly of ~ —4 K compared to present-day (Dorofeeva et al.,
2002). Dryer conditions than today are consistently reconstructed from a variety of proxies (e.g. Tarasov
et al., 1999; Wu et al., 2007a; Andreev et al., 2011; Opel et al., 2019). Only in the Pacific sector,
precipitation amounts might have been similar to today (Meyer and Barr, 2017). Strongly reduced
winter temperatures are reconstructed from pollen records (e.g. Tarasov et al., 1999; Wu et al., 2007a),
stable isotopes (e.g. Wetterich et al., 2021), and macrofossils (e.g. Andreev et al., 2011). In contrast,
inconsistent results are reported from various proxies for summer temperature (e.g. Tarasov et al.,
1999; Kienast et al., 2005; Wu et al., 2007a; Lozhkin et al., 2007; Andreev et al., 2011; Berman et al.,
2011). Joint reconstructions of summer and winter temperature for Western Siberia indicate increased
seasonal temperature differences (Tarasov et al., 1999; Wu et al., 2007a). Despite these efforts, Siberia
is currently underrepresented in terrestrial compilations of LGM climate reconstructions. While records
from Western Siberia and the Lake Baikal region are included in regional (Tarasov et al., 1999; Wu et al.,
2007a) and global compilations (Bartlein et al., 2011; Cleator et al., 2020), records from Central and
Eastern Siberia are absent from these datasets.

As a core period of the Paleoclimate Modelling Intercomparison Project (PMIP), LGM simulations
have been run with a wide range of climate models. Bakker et al. (2020) note a large PMIP3 inter-model
spread for Siberian summer temperature anomalies with ensemble spreads of more than 20 K in some
regions. Niu et al. (2019) show that a numerical ice sheet model grows a Siberian ice sheet for summer
temperatures below ~ —5°C. This threshold is crossed in Northern Siberia in three PMIP3 simulations.
Bakker et al. (2020) find that simulated summer temperatures in Siberia react very sensitively to the
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employed ice sheet topography and model specification, in particular physics parameterizations. This
sensitivity makes the analysis of Siberian LGM climate from climate simulations very dependent on the
selected model such that conclusions derived purely from simulations could deviate strongly from reality.
Therefore, joint analyses of simulations and proxy data are needed.

To get a better constrained state estimate of LGM climate conditions, we compile published pollen
records from Central and Eastern Siberia (Cao et al., 2020; Herzschuh et al., 2022¢) with harmonized
taxonomy and age models (Li et al., 2021; Herzschuh et al., 2022c,a) (see Sect. 2.1). For the 33
records in the compilation with samples during the LGM, we reconstruct July temperature (Tj,) and
moisture availability, quantified by the moisture index (MI) of mean annual precipitation over potential
evapotranspiration, using weighted averaging partial least squares (WAPLS, Birks et al., 2010) (see
Sect. 3.1). This statistical transfer function exploits pollen-climate relationships in a modern calibration
dataset. Reconstructions of glacial climates with WAPLS can be biased due to the ecophysiological
effects of the lower CO2 concentration which are not incorporated in the transfer functions (Chevalier
et al., 2020, and the references therein). To circumvent this problem, previous studies inverted numerical
vegetation models in which the ecophysiological effects of changing CO2 conditions are simulated (e.g.
Guiot et al., 2000; Wu et al., 2007a; Izumi and Bartlein, 2016). However, these reconstructions depend
strongly on the COaz-sensitivity in the employed model, which differs widely across models (e.g. Cramer
et al., 2001; Adam et al., 2021), and the uncertain mapping of vegetation classes in models (plant
functions types) to taxa identified in pollen samples. An alternative using an eco-optimality-based
theoretical model for carbon uptake (Prentice et al., 2014; Wang et al., 2017) was developed recently
(Prentice et al., 2017; Cleator et al., 2020; Wei et al., 2021). In this approach, reconstructions from
statistical transfer functions are corrected a posteriori to account for the lower COy concentrations.
Theory (Williams et al., 2000; Prentice et al., 2017) and recent inverse modelling studies (Izumi and
Bartlein, 2016; Wu et al., 2019) suggest that moisture availability reconstructions are biased dry when
not accounting for lower CO2 concentrations, whereas the influence on temperature reconstructions is
small. Therefore, we correct the WAPLS-based MI reconstructions with the algorithm from Wei et al.
(2021), whereas we do not alter the WAPLS-based T, reconstructions (see Sect. 3.1).

The spatial distribution of our pollen sample network is too coarse to create gridded maps with simple
statistical interpolation. Therefore, we use Bayesian statistics to combine the local reconstructions
with a multi-model ensemble of climate simulations from the PMIP3 and PMIP4 projects (Braconnot
et al., 2011, 2012; Kageyama et al., 2021) to compute a state estimate of Siberian LGM climate (see
Sect. 2.3, 3.2). In the state estimate, the proxy data provides local climate information whereas the
spatial interpolation between proxy records is controlled by the simulations and a residual stochastic
field (Weitzel et al., 2019). The result is a spatially distributed probability distribution. Existing
regional compilations (Tarasov et al., 1999) and global state estimates (Annan and Hargreaves, 2013,;
Cleator et al., 2020; Tierney et al., 2020) do not contain local reconstructions from Central and Eastern
Siberia. Thus, we provide the first gridded reconstruction of Central and Eastern Siberian LGM climate
constrained by pollen records from this region (see Sect. 4.2). None of the previous state estimates
uses simulations from the PMIP4 ensemble. We are not just relying on a single model (Tierney et al.,
2020) or the ensemble mean and standard deviation (Cleator et al., 2020) as these strategies are prone to
biases considering the high model-dependency of simulated Siberian LGM climate (Bakker et al., 2020).
Unlike previous state estimates, we include additional non-Gaussian elements and a proxy-constrained
residual stochastic field to better account for non-Gaussian ensemble member statistics and structural
model-data differences.

We use the estimated ensemble member weights to understand differences in the simulations that
control the fit with the data (Sect. 4.2). We show that the ensemble member fit depend on summer
temperature deviations from the ensemble mean in Northern Eurasia. These deviations are related to
anomalous atmospheric circulation and cloud cover patterns, which supports findings from modelling
studies (Lofverstrom et al., 2014; Bakker et al., 2020).
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Figure 1: Spatial domain of this study. Pollen records included in the state estimate are marked by
black dots. Modern pollen samples are depicted by gray triangles. Records mentioned in
the manuscript from previous studies are shown in brown symbols (see Table 3 for the full
references of the studies). The LGM coastline (Abe-Ouchi et al., 2015) is denoted by thick
black lines, the modern coastline by dotted lines, the Siberian shelf by shaded blue surfaces,
and the PMIP3 LGM ice sheet extent in the northwestern part of the domain (Abe-Ouchi et al.,
2015) by white surfaces and white lines. The two rectangles denote the eastern and western
subdomains that are further studied in Sect. 4.2 and Fig. 7. The background topography is
from Amante and Eakins (2009).
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Table 1: Information on the locations, modern climate, calibration data climatic ranges, number of
WAPLS components, number of modern samples included in the transfer function, and refer-
ences of the fossil pollen records.

Lon Lat Modern Range Modern Range Comp. Comp. Number of

D Name [°] Pl Tyw [°C]  Tyu [°C]  MI [m/m] MI[m/m] Tyy MI samples References

1 Alut Lake 152.3  60.1 12 [0.9, 22.5] 1.1 [0.39, 2.37] 2 1 962 Anderson et al. (1998b)

2 Berelyekh River 145  70.6 10.5 [-2.5,18.7) 0.6 [0.39, 2.21] 1 1 866 Lozhkin and Postolenko (1989)
: . . 5

3 Elikchan 4 Lake 1519 608 125  [0.9,21.5] 098  [0.39,237] 2 2 931 L"th“‘LﬁZ'h;n‘“;f ﬁn(df;;;? (1995)

4 Gytgykai Lake 175 63.2 9.5 [0.9, 16.5] 1.34 [0.25, 2.36] 1 2 851 Lozhkin et al. (1998a)

5 Jack London Lake 1495 622 12.9 [0.9, 21.5] 0.89 [0.39, 2.36] 2 2 920 Lozhkin et al. (1993)

6 Berelyekh River 147.8 633 13 0.9, 21.5] 0.8  [0.39,2.36 2 2 928 Lozhkin (1998)

7 Ledovyi Obryu 171.2  64.1 13.9 [0.9, 18.3] 1.12 [0.25, 2.36] 1 2 886 Lozhkin et al. (2000)

8 Lesnoye Lake 1519 596 109  [0.9,22.5] 127 [0.39,237] 2 2 978 An d‘::tiifiﬁh“ﬁ(;j}lﬁ}giz)()()?)

9 Lorino Exposure AI71L7 655 84 [0.9,16.9] 1.95 [0.25, 4] 1 1 889 An derso{:’;i‘;’éifﬁgﬂ (2002)

10 Enmynveem River 165.9 68.2 11.6 [0.9, 18.7] 0.61 [0.25, 2.36] 1 2 1063 Lozhkin et al. (1988)

11 Smorodinovoye Lake 141.1 64.8 13.7 [0.9, 21.5] 0.79 [0.39, 2.36] 2 2 1060 Anderson et al. (1998a)

12 Sosednee 149.5 62.2 12.9 [0.9, 21.5] 0.89 [0.39, 2.36] 2 2 920 Lozhkin et al. (1993)

13 Tanon River 151.2  59.7 13 [0.9, 22.5] 1.26 [0.39, 2.37] 2 2 988 Lozhkin and Glushkova (1997)

14 Kirgirlakh Stream 2 148 62.7 14 [0.9, 21.5] 0.83 [0.39, 2.36] 2 2 921 Shilo et al. (1983)

15 St. Lawrence Island Sec. 3 -171.6 63.7 8 (0.9, 16.5] 1.98 [0.25, 4] 1 1 840 Lozhkin et al. (1998b)

16 Lake Billyakh PG1755 126.8 65.3 15.7 [-2.5, 21.6] 0.72 [0.35, 2.2] 1 1 1159 Miiller et al. (2010)

17 Lake Baikal 105.9 52.1 13.8 [-2, 33] 0.81 [0.02, 1.68] 1 1 2360 Demske et al. (2005)

18 Gur 137.1 50 20.3 [7.8,27.1] 1.24 [0.17, 3.96] 1 2 1701 Mokhova et al. (2009)

19 Cheremushka Bog 108.1  52.8 16.6 [-2, 33] 0.61 [0.02, 1.68] 1 1 2263 Shichi et al. (2009)

20 Lake Kotokel 2010 1081 528  16.9 [-2, 33] 061  [0.02,1.68 1 1 2262 BEZ‘II:;‘(’)“’,:;‘LI(Q(;)B%)

21 Lake Lama 90.2  69.5 11.7 [-2.5, 21.6] 1.45 [0.36, 1.87] 2 2 1328 Andreev et al. (2004)

22 LAO13-04 9.6 722 96 [-2.5, 19] 096  [0.39,187 2 2 978 Andreev et al. (2002)

23 LAOG-96 997 724 10 [-2.5, 19] 096  [0.39,1.87] 2 2 982 Andreev et al. (2002)

24 Levinson-Lessing Lake 98.6  74.5 6.6 [-2.5,18.7] 0.94 [0.39, 1.87] 2 2 924 Andreev et al. (2003)

25 Mamontovy Khayata 1295 71.8 6.4 [-2.5, 18.7) 0.65 [0.39, 1.87] 1 1 898 Andreev et al. (2000)

26 Melkoye Lake 175.2  64.9 12.4 [0.9, 16.5] 1.18 [0.25, 2.47] 1 2 877 Lozhkin and Anderson (2013)

27 Patricia Lake 176.5 63.3 9.6 (0.9, 16.5] 1.47 [0.25, 2.47] 1 2 860 Anderson and Lozhkin (2015)

28 Sakhalin Island_Khoe 142.1 513 13.2 [8.2, 26.7] 1.33 [0.28, 3.09] 2 2 1377 Leipe et al. (2015)

29 Shaamar 1052 502 174 [-2, 33] 08  [0.02,168 1 1 2519 Ma et al. (2013)

30 Julietta Lake 154.6 61.3 12.4 [0.9, 21.4] 1.04 [0.39, 2.37] 2 2 862 Anderson et al. (2010)

31 Elgygytgyn Lake 1721 675 33 09,183 082  [0.25,236] 1 2 965 Llllz"}if;cztail_(?;&g%

32 Ilierney 168.3 67.4 6.6 [0.9, 18.7] 0.83 [0.25, 2.36] 1 2 1037 Vyse et al. (2020)

33 Emanda 135.8  65.3 12.6 [-2.5, 21.5] 0.68 [0.39, 2.36] 2 2 1100 Baumer et al. (2021)

2 Data

2.1 Fossil pollen samples

To compute local Ty, and MI reconstructions, we use a compilation of pollen records, which are located
between 90°E and 171°W and 50°N and 75°N. The records are part of a new global pollen dataset with
harmonized age models (Li et al., 2021; Herzschuh et al., 2022c). For each record, the raw radiocarbon
dates as well as pollen percentages or counts had to be available to be included in the synthesis. Har-
monized age models were computed with the Bayesian age model Bacon (Blaauw and Christen, 2011)
and the IntCal20 calibration curve (Reimer et al., 2020) as described in Li et al. (2021). We select all
samples in the reconstruction domain from the global compilation with calibrated mean ages between
19ka and 23ka. This interval is the same as in previous global compilations (e.g. Bartlein et al., 2011).
These criteria led to 209 samples from 33 records (see Table 1, Fig. 1).

The taxonomy of the pollen records were harmonized (Herzschuh et al., 2022a,c). Major tree and
shrub pollen as well as very common herbaceous taxa (e.g. Artemisia, Thalictrum, Rumex) were merged
to genus level and remaining herbaceous taxa to family level. Aquatic pollen except for Cyperaceae,
spores from ferns and fungi, and algae were excluded. Pollen percentages for all samples were computed
from the respective pollen counts. For the reconstructions, the 70 most common taxa in Asia based on
Hill’s N2 diversity index (Hill, 1973) were selected. This number provides a compromise between using
the information from the occurring biodiversity and having sufficient coverage in the modern training
data to identify the bioclimatic niches of the individual taxa. For more details, see Herzschuh et al.
(2022a).
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Figure 2: Simulation ensemble statistics (in the background) and local reconstructions (colored dots),
(a) Ty mean anomalies, (b) MI mean anomalies, (c) Ty, standard deviation, (d) MI standard
deviation. The LGM coastline is denoted by thick black lines, the modern coastline by dotted
lines, major rivers by thin black lines, and the PMIP3 LGM ice sheet extent by a white line.

2.2 Modern pollen and climate data

To calibrate statistical pollen-climate transfer functions, we use modern pollen and climate datasets.
The modern pollen samples are selected from a Northern Hemisphere calibration dataset comprised of
15,379 samples, which includes previous compilations for Eurasia and North America (Herzschuh et al.,
2022a). The taxonomy of these samples is harmonized following the same strategy as for the fossil pollen
data. For each fossil pollen record, an individual transfer function model is fitted using only the modern
samples in a 2000 km radius around the record location. The locations of the modern samples in the
reconstruction domain are shown in Fig. 1 and the radius for each record is given in Online Resource 1.
For more information on the modern dataset see Herzschuh et al. (2022a).

We derive modern climatologies from the WorldClim 2 dataset (Fick and Hijmans, 2017) with a spatial
resolution of 1 km. From this dataset, we extract Tj,, mean annual temperature (T,n,) and annual
precipitation (Pann). Additionally, we use the annual potential evapotranspiration (PET,y,,) dataset
from CRU TSv4.03 (Harris et al., 2020), as WorldClim does not contain PET in its set of bioclimatic
variabiables. Following (Prentice et al., 2017), we compute MI as

Pann
MI = PET,_" (1)
The PET dataset has a lower resolution than the WorldClim data. Therefore, we interpolate it to
the grid of the P,., dataset. For each pollen site, we interpolate the gridded climate datasets to the
locations of the sites. Compared to other reconstruction uncertainties, we consider the errors from these
interpolation steps to be negligible.

2.3 Climate simulation output

We employ a multi-model ensemble of climate simulations from the PMIP3 and PMIP4 projects (Bra-
connot et al., 2011, 2012; Kageyama et al., 2021). These serve as a second input besides the pollen-based
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Table 2: Information on the PMIP3 and PMIP4 climate simulation ensemble.

Model Institute GMST Siberian Tju Siberian MI PMIP Reference
anomaly [K]  anomaly [K] anomaly [m/m] generation
CCSM4 NCAR -4.9 -5.8 -0.14 PMIP3 Gent et al. (2011)
COSMOS-ASO FUB -5.5 -3.0 -0.23 PMIP3 Budich et al. (2010)
FGOALS-g2  LASG-CESS 4.6 5.7 0.17 PMIP3 Li et al. (2013)
GISS-E2-R NASA-GISS -4.8 -12.6 +0.93 PMIP3 Schmidt et al. (2014)
IPSL-CM5A-LR IPSL -4.6 -2.8 -0.23 PMIP3 Dufresne et al. (2013)
MIROC-ESM MIROC -5.0 -6.7 -0.16 PMIP3 Sueyoshi et al. (2013)
MPI-ESM-P MPI-M -4.4 -1.8 -0.42 PMIP3 Giorgetta et al. (2013)
MRI-CGCM3 MRI -4.7 -1.1 -0.53 PMIP3 Yukimoto et al. (2012)
AWI-ESM-1-1-LR AWI -3.7 -1.7 -0.30 PMIP4 Sidorenko et al. (2015)
INM-CM4-8 INM -3.7 -1.5 -0.19 PMIP4 Volodin et al. (2018)
MIROC-ES2L MIROC -4.0 -2.2 -0.43 PMIP4 Hajima et al. (2020)
MPI-ESM1-2-LR MPI-M -3.9 -1.1 -0.44 PMIP4 Mauritsen et al. (2019)

reconstructions to infer the gridded state estimates of Tj, and MI. The boundary conditions in the
simulations were adjusted to the LGM, including changed orbital configurations, greenhouse gas concen-
trations, ice sheets, and topography (Braconnot et al., 2011; Abe-Ouchi et al., 2015; Kageyama et al.,
2017). Note that the boundary conditions of PMIP3 and PMIP4 are not equal, such that the ensemble
spread is a result from inter-model variability and boundary condition changes from PMIP3 to PMIP4.
As ideally the ensemble spread would represent the physically reasonable climate states during the LGM,
this additional source of variability does not hamper our state estimates. The PMIP3 runs are based on
CCSM4, COSMOS-ASO, FGOALS-g2, GISS-E2-R, IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-P, and
MRI-CGCM3 models and the PMIP4 runs include simulations from AWI-ESM-1-1-LR, INM-CM4-8,
MIROC-ES2L, and MPI-ESM1-2-LR (Table 2). The models were run until an equilibrium state was
obtained (spin-up), after which simulations were continued and archived for at least 100 years.

We interpolate all simulations to a common 2° by 2° grid. The climatological means for the respective
reconstruction variables are extracted. This minimizes inter-annual to decadal variability, which is not
resolved by the pollen-based reconstructions. We compute anomalies with respect to pre-industrial (PI)
simulations with the same models. PET is not directly available from data repository. We compute it by
applying the formula developed by Hargreaves (1994). Compared to the often-used Penman-Monteith
formula it has the advantage of needing less input data and it performed comparable to the Penman-
Monteith formula but was less sensitive to climate biases in a large-scale test by Trabucco et al. (2008).
As PET formulas are developed and tested only over ice-free land, we exclude areas which were ocean
or land ice during either the LGM or PI from the MI reconstruction.

Based on the pollen record compilation, our spatial domain for the state estimate is a regular lat-lon
grid which extends from 87°E to 167°W and from 47°N to 79°N. Fig. 2 shows the simulation ensemble
means and standard deviations of Ty, and MI. The T}y, ensemble mean anomaly in the reconstruction
domain is -3.8 K with a standard deviation of 3.4 K. Anomalies are largest in continental Siberia and
smallest along the Arctic Ocean coastline. The change from sea to land on the Siberian shelf leads to
positive Ty, anomalies in the area above sea level during the LGM. The ensemble spread is largest
along the Arctic Ocean coastline and in Central Siberia. For MI, the ensemble mean anomaly across
the domain is +0.01 m/m and thus virtually equal to present-day. The ensemble standard deviation is
0.51 m/m. The moisture availability tends to be reduced in Northern Siberia and increased along the
Pacific Ocean coastline. The largest ensemble standard deviations occur in Central Siberia.

3 Methods

In this section, we describe the inference strategy for the local reconstructions and the methodology of
the state estimates combining pollen-based reconstructions and simulation ensemble (Fig. 3).
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Figure 3: Graph of the workflow for local reconstructions (right hand side) and state estimates (left hand
side). Involved quantities are given by nodes. Nodes with gray background denote input data
and nodes with gray font are statistical model parameters. Arrows indicate contributions to
the output products.

3.1 Local reconstructions
3.1.1 Statistical transfer functions

Local reconstructions from each pollen sequence are inferred with WAPLS transfer functions (Ter Braak
and Juggins, 1993; Ter Braak et al., 1993) following the methodology from Herzschuh et al. (2022a).
WAPLS is a regression-based statistical transfer function that consists of two stages (Birks et al., 2010).
First, the climate optimum of each taxa is estimated based on the modern calibration dataset. Second,
the climate optima are weighted according to the pollen percentages in the fossil pollen sample to obtain a
local climate reconstruction. Partial least squares regression is used to account for residual correlations in
the training data not explained by the respective climate variable. Uncertainty estimates are calculated
using the bootstrapped RMSEP from cross-validation of the modern calibration dataset (Juggins, 2020).
Due to the absence of core top samples for several records, LGM anomalies are calculated with respect
to the calibration climatology. The pollen percentages are square-root transformed prior to computing
the transfer functions. The number of used WAPLS components is selected from a randomization t-
test (Juggins and Birks, 2012; van der Voet, 1994). Depending on the test results either one or two
components for each of the records are chosen (see Table 1).

For each proxy record, modern samples within a 2000 km radius are used for calibration. This distance
provides a sufficient ecological and climatic range to estimate pollen-climate relationships and resolve
glacial-interglacial vegetation differences (see Table 1). However, it limits the occurrence of spurious
analogues (Cao et al., 2014) and of multi-modal taxa responses, which can result from the limited
taxonomic resolution of the datasets because multiple species can be aggregated to the same genus.
The avoidance of multi-modal taxa responses is important because the WAPLS regression relies on the
assumption of a unimodal taxa response curve. On average, the 2000 km radius leads to the use of 1165
modern samples with a Ty, range of 21.6 K and an MI range of 2.08 m/m.

WAPLS is a well-established reconstruction method that has performed competitive with other sta-
tistical techniques, including response surfaces, boosted regression trees, neural networks, and Bayesian
techniques, in a wide range of applications (e.g Salonen et al., 2019; Tipton et al., 2019). Compared to the
often-used modern analog technique, estimates suffer less from auto-correlation in the calibration data
and are more robust for non-analog vegetation compositions which are typical for glacial climates (e.g.
Chevalier et al., 2020). Unlike indicator taxa methods, which only use information on the occurrence
of taxa, WAPLS exploits the information on varying abundances of taxa over time. Reconstructions
from inverting vegetation models are sensitive to the employed model and its climate-COs-vegetation
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relationship. In addition, taxa need to be mapped to PFTs or biomes in these approaches which is
sometimes ambiguous and looses information on the climate ranges of individual taxa. Thus, WAPLS
has advantages over several other techniques for reconstructing the Siberian LGM climate, whereas no
other established technique is clearly superior to WAPLS. To overcome the ignorance of lower COs9
concentrations by the WAPLS method, we apply an a posteriori correction described below.

Climate reconstructions from statistical transfer functions can be biased if the signal of a dominant
environmental variable superimposes the reconstructed variable (Juggins, 2013; Rehfeld et al., 2016).
Therefore, the selection of identifiable variables needs to be examined statistically and using expert
elicitation (Salonen et al., 2019). Previous authors interpreted Central and Eastern Siberian pollen
records mainly as recorders of summer temperature and aridity (e.g. Alfimov and Berman, 2001; Kienast
et al., 2005; Sher et al., 2005; Wetterich et al., 2011; Ashastina et al., 2018). Therefore, we use Ty as a
measure of summer temperature and MI as a measure of moisture availability. In addition, we compute
reconstructions for T,,, which are required for the a posteriori correction for lower CO5 concentrations.
We evaluate the statistical performance of the transfer functions using the coefficient of determination
between observed and predicted variables in the calibration data (R?), the bootstrapped root mean
square error of prediction in the calibration data (RMSEP), and the significance test of Telford and
Birks (2011), which compares the explained variance in the fossil data against randomized transfer
functions. In these tests, all three variables perform comparable. We select Ty, and MI for the state
estimates as they have been identified by previous studies as most important limiting factors of plant
growth in Siberia.

3.1.2 Correcting statistical reconstructions for lower CO;, concentrations

The calibration of the statistical transfer functions with modern pollen and climate data implicitly
assumes that confounding environmental variables do not change over time or that the changes do not
influence the relationship between the pollen assemblages and the reconstructed climate variable. During
the LGM, CO4 concentrations were much lower such that more water is needed to assimilate the same
amount of carbon. This reduced water use efficiency can lead to biases as environmental conditions
appear dryer than the were in reality. Theoretical considerations (Williams et al., 2000; Prentice et al.,
2017) and previous reconstructions with vegetation models for Northern Eurasia, North America, and
China (Wu et al., 2007a; Izumi and Bartlein, 2016; Wu et al., 2019) suggest that the influence of changing
CO2 concentrations on reconstructions of seasonal temperatures is small compared to other sources of
uncertainty in the reconstructions. Therefore, we focus in the following on the influence of CO2 changes
on MI reconstructions.

To correct the statistical MI reconstructions for lower COs concentrations during the LGM, we apply
a recently developed a posteriori method which infers water use efficiency from MI, Ty, and CO4 con-
centration (Prentice et al., 2017; Cleator et al., 2020; Wei et al., 2021) based on a global model for carbon
uptake (Prentice et al., 2014; Wang et al., 2017). An optimality approach connects the reconstructed
temperature, statistically reconstructed MI, and modern COs level with the modern temperature, actual
past MI, and past COgz level. The method is described in Wei et al. (2021) and Prentice et al. (2017).
To determine the correction factor for MI, we use the WAPLS reconstructions of MI and T,,, together
with the modern climatologies, and average CO2 concentrations for the period 19-23ka from Kohler
et al. (2017). As modern CO4 concentrations, we use 334.3 ppm which is the mean value for the period
1950-2000 CE in Kéhler et al. (2017). The computed correction factor is added to the WAPLS-based MI
reconstruction. To account for uncertainties in the T,,, reconstruction, we sample Ty, from the mean
reconstruction and bootstrapped RMSEP.

3.2 State estimates

The state estimate framework is adapted from Weitzel et al. (2019). The strategy is to use a climate
simulation ensemble for spatial interpolation and structural extrapolation of the local climate recon-
structions from the pollen samples. An additional residual stochastic field accounts for structural differ-
ences between the simulations and pollen-based reconstructions. We use Bayesian hierarchical modeling
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to combine modules for the proxy-climate relationship (data stage), the spatial interpolation (process
stage), and the estimation of additional model parameters (prior stage). Uncertainties from the local
reconstructions, the simulation ensemble, and the model parameters are naturally propagated through
the inference process. Using Bayes theorem, the so-called posterior probability of the Siberian LGM
climate C, and estimated model parameters 0, ¥, and w, i.e. the probability of C}, and the parameters
given the proxy data P and the simulation ensemble My, ..., M9 is proportional to:

P(Cy,0,9,w | P,Mi, ... M) x P(P | Cp.0) P(Cp | 9,0, My,.... Miz) P(O) P(9) P(w). (2)

Posterior Data stage Process stage Prior stage

Here, 0 are transfer function parameters, ¢ are parameters of the residual stochastic field, and w are
weights estimated for the ensemble members to optimize the fit between reconstructions and simulations.

The data stage models the incorporation of the information from the local reconstructions using a
Gaussian observation model. The best estimates from the transfer functions are employed as data and
the bootstrapped RMSEPs, propagated through the COs correction algorithm via Monte Carlo sampling,
as standard deviations of each proxy sample. The samples influence the state estimate in other grid boxes
only through the spatial interpolation. Part of the transfer function uncertainty is shared among samples
from the same record, for example uncertainties related to the modern calibration dataset. Therefore,
we introduce a correlation parameter which estimates the shared fraction of the uncertainty. As the
WAPLS transfer functions do not provide information on the fraction of dependent uncertainty, this
parameter is fitted during the inference process.

Comparing several formulations of the process stage, Weitzel et al. (2019) recommend using a mul-
tivariate Gaussian distribution with additional parameters constrained by proxies. As in Weitzel et al.
(2019), the mean of the Gaussian distribution is given by a weighted mean of the ensemble members
with weights estimated from the local reconstructions. This gives more importance to ensemble members
that fit better to the proxy data. The spatial covariance matrix models the residual deviation between
weighted ensemble mean and local reconstructions. Due to the limited number of proxy records, complex
matrix formulations are unidentifiable from the data. We use a Matérn covariance matrix with smooth-
ness parameter 3/2 which corresponds to a diffusive transport of a white noise energy input (Whittle,
1963). We employ the Gaussian Markov random field approximation of Lindgren et al. (2011) to speed
up computations through a sparse inverse covariance matrix. The covariance matrix is defined by three
parameters, the amplitude of the variance, the spatial decorrelation length, and the anisotropy, which
are fitted during the inference process.

The prior stage in Eq. (2) contains prior distributions of the parameters 0, ¢, and w which ensure
that the posterior distribution is a valid probability distribution. We employ weakly informative prior
distributions (see Online Resource 1 for details).

We infer the posterior distribution using a Markov chain Monte Carlo algorithm which combines Gibbs
sampling for C}, with Metropolis-Hastings updates for 6, ¥, and w. The state estimation framework and
inference strategy are described in detail in Online Resource 1.

4 Results

In this section, we first present results from the local reconstructions, including the spatial pattern of
reconstructions, the transfer functions performance, and the influence from applying the COq correction
algorithm to the MI reconstructions. Then, we show the state estimates, which combine the local
reconstructions with the simulation ensemble. We analyze the Ty, and the MI posterior distributions,
before showing how the ensemble member weights w can be used to study which atmospheric conditions
lead to a good fit with the local reconstructions.

11
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Figure 4: Performance statistics of the WAPLS transfer functions (colored dots), (a) explained variance
(R?) of Ty, (b) explained variance (R?) of MI, (c) significance of T reconstruction (p-value),
(d) significance of MI reconstruction (p-value). Modern samples are shown as black triangles.
The LGM coastline is denoted by thick black lines, the modern coastline by dotted lines, major
rivers by blue lines, and the PMIP3 LGM ice sheet extent by a white line.

4.1 Local reconstructions
4.1.1 Spatial patterns

Fig. 2 shows the pollen-based reconstructions and their uncertainties together with summary statistics
of the simulation ensemble. In the figure, we average the WAPLS estimates of the samples in the period
19-23ka for each record. On average, the record mean anomaly from present-day is —0.4 K but with
a spread ranging from anomalies of —5.7 K to +6.6 K. The highest anomalies, with often higher LGM
temperature than today, occur along the modern Arctic Ocean coastline. On average slightly negative
anomalies are present along the Pacific Ocean coastline. The lowest anomalies occur in more continental
areas, e.g. in the Yana region and near Lake Baikal. The reconstructions tend to feature higher anomalies
than the model ensemble mean (Fig. 2a).

Reconstructed MI is on overage similar to present day values with a mean record anomaly of +0.09 m/m
after correcting for the lower CO3 concentration. Record anomalies range from —0.71 m/m to +0.50 m/m.
The lowest anomalies occur at the Bering Strait, which was closed during the LGM. MI values are similar
to or slightly higher than present-day values along the Pacific and Arctic Ocean coastlines. There is a
reasonable agreement between reconstructions and simulation ensemble mean (Fig. 2b), except in the
region between Lena and Kolyma, where the reconstructions indicate an overall wetting (locally up to
+0.4 m/m), whereas a mean drying is simulated (locally up to —0.35 m/m). In records with high tem-
poral resolution, we find mostly small inter-sample variations during the 19-23ka time slice (see Online
Resource 1). This supports the notion of a relatively stationary climate within this period. We exploit
this finding in the state estimate below by including all samples without explicitly modelling temporal
variations.

12
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Figure 5: Influence of COy concentration on local MI reconstructions. (a) Same as Fig. 2b but for
local MI reconstructions without applying the COs2 correction. (b) Difference between COq
corrected and uncorrected local MI reconstructions (colored dots), modern samples are shown
by black dots. The LGM coastline is denoted by thick black lines, the modern coastline by
dotted lines, major rivers by thin black lines, and the PMIP3 LGM ice sheet extent by a white
line.

4.1.2 Reconstruction uncertainties and transfer function performance

The reconstruction uncertainties, quantified by the bootstrapped RMSEP from the WAPLS transfer
functions, propagated through the COs correction algorithm for MI reconstructions, are mostly smaller
than the simulation ensemble standard deviation (Fig. 2c,d). The mean uncertainties are 2.6 K for Ty
and 0.31 m/m for MI. The T}y values are consistent across the domain except for larger uncertainties in
the Baikal region. The latter might originate from large climatic ranges as the 2000 km radius reaches
into Northern China for these records. For MI, the uncertainties show low spatial heterogeneity.

The explained variance R? between predicted and observed values in the modern training set is com-
parable for Ty, (mean R? = 0.46) and MI (mean R? = 0.49). The spread of R? values is small with a
standard deviation of 0.09 for Ty, and 0.16 for MI. Spatial gradients for Ty, are generally small (Fig.
4). A slight north-south gradient is apparent for MI with higher explained variance in the Southern than
in the Northern part of the reconstruction domain (Fig. 4).

The median p-values in the significance test are 0.10 for Ty, and 0.06 for MI. This means that for both
variables around half of the records perform better than at least 90% of randomized transfer functions.
Additionally, 69% of records for Ty, and 75% for MI have a p-value below 0.25. These results show
that both variables perform significantly better than expected for randomized transfer functions and
thus explain important parts of the ecological changes recorded in the records. The p-values of Ty, are
particularly low in Eastern Siberia, whereas the spatial heterogeneity of p-values is small for MI (Fig.
4).

The significance test statistics are on average better than in the Northern Hemisphere reconstructions
by Herzschuh et al. (2022a), which include North America, Europe, and Asia. It should be noted that
this might be in parts due to including a larger signal from the glacial-interglacial transition in the
records used here, whereas the Northern Hemisphere dataset is also containing records covering only the
Holocene. The generally good performance is encouraging as Siberia is still under-sampled with modern
pollen samples compared to Europe, North America, and China. This shows that the modern data
is covering a sufficient environmental range to explain past pollen variations. Different taxa respond
sensitive to Ty than to MI. This leads to a low correlation of Ty, and MI reconstructions (cor=0.02)
as well as there respective performance statistics (cor=0.30 for p-values, cor=0.51 for R?). These results
increase the confidence that the reconstructions are not substantially biased by correlations between
explanatory variables in the modern calibration data.
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Figure 6: Summary statistics of state estimates, (a) Ty, posterior mean anomaly, (b) MI posterior mean
anomaly, (c¢) Ty posterior standard deviation, (d) MI posterior standard deviation. Colored
dots depict local reconstructions. In the top row, grid box-wise significant anomalies (p j 0.1)
are marked by black crosses. The LGM coastline is denoted by thick black lines, the modern
coastline by dotted lines, major rivers by thin black lines, and the PMIP3 LGM ice sheet extent
by a white line.

4.1.3 Influence of CO5 correction

To diagnose the influence of the a posteriori correction of MI reconstructions for lower CO9 values, we
show the uncorrected reconstructions in Fig. 5 together with the difference of corrected and uncorrected
values. The mean anomaly over all uncorrected reconstructions is —0.35 m/m which indicates a sub-
stantial drying compared to present-day. The reconstructions with the most negative anomalies occur
along the Pacific Ocean coastline where also the influence of the COq correction is largest. The mean
MI anomaly correction of +0.44 m/m suggests that a large amount of the perceived drying diagnosed
from comparing past and modern pollen can be attributed to the lower COs levels. This strong influ-
ence of CO9 on glacial-interglacial vegetation changes in Siberia is in agreement with model simulations
(Harrison and Prentice, 2003; O’ishi and Abe-Ouchi, 2013).

4.2 State estimates
4.2.1 July temperature

Averaged over the reconstruction domain, the mean T, anomaly of the state estimate is —1.4 K with a
standard deviation of 0.7 K. This spatial average is the result of a south-west to north-east gradient with
anomalies around —5 K in the Baikal and Amur region, T}y, similar to present-day along the modern
Arctic Ocean and Sea of Okhotsk coastlines and up to +8 K higher temperatures on the Siberian shelf
and the Bering Strait which were land regions during the LGM (Fig. 6a). The high anomalies over the
Siberian shelf are an extrapolation as simulations with temperatures near present-day values along the
modern coastline feature substantially positive anomalies over the Siberian shelf. Negative anomalies in
the southeastern part of the domain and positive anomalies over the Siberian Shelf and Bering Strait
are mostly significant on a p < 0.1 level. In Central and Eastern Siberia, significant anomalies (p < 0.1)
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Figure 7: Effect of the proxy data on the unconstrained simulation ensemble. Posterior (dark blue),
posterior weighted ensemble means (blue), and Gaussian approximation of simulation ensemble
(light blue) probability densities of (a) Ty, averages in the eastern subdomain, (b) Ty averages
in the western subdomain, (c) MI averages in the eastern subdomain, (d) MI averages in the
western subdomain. The black bars denote anomalies of the ensemble members, the brown
bars are local reconstruction means for proxy records in the domain. The eastern region is
better covered by proxy data leading to more precise posterior estimates, while the western
region is strongly affected by one ensemble member outlier. See Fig.1 for the area definition.

are featured only for a few grid boxes with strong proxy constraints.

With posterior standard deviations of 1-2 K, uncertainties are lowest in areas with strong proxy
constraints, particularly Eastern Siberia and the Taymyr Peninsula (Fig. 6¢). Standard deviations rise
up to 4 K in the region between Lake Baikal, Taymyr Peninsula and Lena due to a high ensemble spread
and weak proxy constraints. Despite adding a residual stochastic field, the posterior uncertainties are
substantially lower in most regions than the standard deviation of the simulation ensemble (compare
Fig. 2 and 6).

The effect of proxy data on the posterior distribution is demonstrated by comparing two subdomains
(rectangles in Fig. 1). In both regions, the posterior mean is higher than the ensemble mean and
the posterior distribution is narrower than a Gaussian approximation of the ensemble (Fig. 7). The
temperature increase from the prior to the posterior is decomposed into higher weights for simulations
with higher anomalies and an additional increase from the residual stochastic field (Fig. 7). The
uncertainty in the distribution of weighted means is smaller than for the full posterior due to the omission
of this residual stochastic field. The posterior uncertainty in the eastern subdomain is much smaller
than in the western subdomain because of more nearby proxy records and a smaller simulation ensemble
spread.

4.2.2 Moisture index

Similar to local reconstruction and ensemble mean, the area-averaged mean anomaly of the state estimate
is nearly zero (+0.01 m/m), with a standard deviation of 0.08 m/m. Following the pattern of the
local reconstructions, the posterior mean shows a west to east gradient, with negative anomalies in
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Figure 8: Posterior distributions of ensemble member weights for (a) Ty, and (b) MI. Posterior means
are shown as brown dots.

the Jenissei region, values similar to today in the Lena region, and slightly positive anomalies (up
to ~ +0.3 m/m) in Eastern Siberia and in a band from Lake Baikal to the Amur river. Along the
Bering Strait, posterior mean anomalies are negative. Almost no grid boxes exhibit significant anomalies
(p < 0.1). Reconstruction uncertainties are lowest in areas with nearby proxy records unless the the
uncertainty in the pollen-based reconstructions is very high, e.g. at the Bering Strait and in the Amur
region. The lowest uncertainties occur around Lake Baikal with standard deviations of ~ 0.15 m/m,
whereas standard deviations grow to ~ 0.4 m/m in the region between Taymyr Peninsula, Lake Baikal
and Lena.

Similar to the Ty, reconstruction, we see strongly decreased posterior uncertainties in the eastern and
western subdomains compared to a Gaussian approximation of the simulation ensemble. The posterior
means are relatively close to the ensemble means and the weighted ensemble means. The stronger proxy
constraints in the eastern subdomain lead to smaller posterior uncertainties compared to the western
subdomain.

4.2.3 Ensemble member weights

To account for the large ensemble spread, our reconstruction framework estimates weighted means that fit
best with the local reconstructions. Due to the uncertainties in the local reconstructions, these posterior
weights are again probability distributions. We exploit the weights to analyze climatic processes that
can potentially explain the diagnosed LGM state. For the T, reconstruction, highest posterior weights
are obtained by the MRI-CGCM3 simulation (mean weight of 0.21), followed by the IPSL-CM5A, AWI-
ESM, and MIROC-ES2L simulations (Fig. 8a). All of these simulation are among the ensemble members
with highest anomalies (Table 2). In contrast, GISS-E2-R, FGOALS-g2, and CCSM4, which are among
the ensemble members with lowest anomalies, feature the lowest weights.

Fig. 9 shows the difference between posterior weighted means, i.e. with weights given by the posterior
mean of the Ty, reconstruction (Fig. 8), and equally weighted ensemble means for several variables.
The posterior weighted mean Ty, is up to +3 K higher in Northern Siberia but barely higher than the
ensemble mean outside of Northern Eurasia (Fig. 9a). The summer precipitation difference between the
posterior and equally weighted means are very small suggesting that the anomalous temperatures are
not associated with precipitation anomalies (Fig. 9b). The posterior weighted means feature higher 500
hPa geopotential height anomalies, reduced cloud cover over Northern Siberia, weaker eastward zonal
wind, and anomalous meridional flow patterns over Eurasia.

For MI, reconstructions close to the ensemble mean are given highest weights, in particular COSMOS-
ASO (mean weight 0.30) and IPSL-CM5A (Fig. 8b). The differences between the MI posterior weighted
and the equally weighted means of the same variables than described above are smaller than for the
weights deduced from the Ty, reconstruction, but the patterns tend to be similar between the two
reconstruction variables (see Online Resource 1).
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Figure 9: Posterior weighted ensemble means minus equally weighted ensemble means for a) Ty, b) July
precipitation, c) July 500hPa geopotential height, d) July cloud cover, e) July 500hPa zonal
wind, f) July 500 hPa meridional wind. Posterior weights are given by the mean ensemble
member weights of the Ty, state estimate. Contours show the LGM anomaly of the equally
weighted ensemble means. The LGM coastline is denoted by thick black lines, the modern

coastline by dotted lines, major rivers by thin black lines, and the PMIP3 LGM ice sheet
extent by a white line.
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5 Discussion

Our reconstructions show higher Siberian Tj,; LGM anomalies than in most high-latitude regions, and
MI values similar to present-day. The latter is a result from applying an a posterior correction to the
WAPLS estimates, which shows that a perceived drying deduced from comparing past and modern pollen
can be explained mostly by the plant-physiological effects from lower COy concentrations. Analyzing
posterior weighted ensemble means, we find that best-fitting model combinations are associated with
higher temperature anomalies in Northern Siberia, reduced cloud cover and anomalous atmospheric
circulation patterns compared to the equally weighted ensemble mean. In the following, we compare our
new state estimates with previous studies. Then, we discuss implications of our results for the Siberian
LGM climate as well as potential limitations of our study and recommendations for future reasearch.

5.1 Comparison with previous work

Here, we compare our results with previous summer temperature, T,,,, and moisture availability re-
constructions for Siberia as well as sea surface temperature (SST) reconstructions for the Northwestern
Pacific. Previous studies of the Siberian LGM climate are of quantitative or qualitative nature. There-
fore, we classify them in broad categories. A comparison with our reconstructions is provided in Table 3.
Averaged over the reconstruction domain, the T,y state estimates of Tierney et al. (2020) and Annan
and Hargreaves (2013) are much colder than our Ty, estimate with mean anomalies of —6.7 K and
—5.2 K, respectively. This difference could be explained by a strong increase in seasonality, the absence
of proxy reconstructions in Central and Eastern Siberia in these state estimates, or the lower temperature
simulation ensemble employed by Tierney et al. (2020).

The pollen-based reconstructions by Tarasov et al. (1999), Wu et al. (2007a), and Cleator et al. (2020)
are mostly limited to Western Siberia and thus west of our reconstruction domain. However, they support
our finding for Central Siberia of higher summer temperature anomalies in high than mid-latitudes. In
the Jenissei region, these three studies feature summer temperatures similar to present-day, which agrees
with our state estimate (Table 3). The borehole-based T,n, LGM anomaly of ~ —4 K from Dorofeeva
et al. (2002) for Lake Baikal and estimates of —1 K to —5 K from the pollen records in the same region
by Tarasov et al. (1999) are comparable to our posterior mean of —3.4 K for the Baikal region (Table 3,
see Fig. S9 in Online Resource 1 for definitions of the regions). This value is in good agreement with
the —3.8 K anomaly for the Baikal region in the state estimate by Cleator et al. (2020). The summer
temperatures in Wu et al. (2007a) are closer to present-day values than in our study, Tarasov et al.
(1999), and Cleator et al. (2020) but with considerable spatial heterogeneity between the sites. This
difference might originate from the difference in the reconstruction method (inverse modeling versus
statistical transfer functions) or slight negative biases from not correcting for lower CO4 levels.

The complex anomaly pattern of our reconstruction in Central Siberia and along the Arctic Ocean
is reflected in previous work. In the Yana region, we reconstruct moderately negative Ty, anomalies.
This is in agreement with pollen and macrofossil analyses by Pitul’Ko et al. (2007) and Ashastina et al.
(2018). While Andreev et al. (2011) infers lower summer temperatures along the Arctic Ocean from
pollen records, Kienast et al. (2005) (macrofossils) and Sher et al. (2005) (pollen, faunal remains) find
higher or slightly lower summer temperatures in the Lena Delta. Our estimates of small Ty, anomalies
in the Lena delta support the latter results.

For Eastern Siberia, reconstructed positive Ty, anomalies from fossil insect assemblages by Berman
et al. (2011) for the Kolyma region, estimates between -4 K and +3 K by Alfimov and Berman (2001)
(fossil insects), and summer temperatures similar to present-day on Kamchatka Peninsula inferred from
biomarkers by Meyer et al. (2017) are within the uncertainty ranges of our reconstruction. The strongly
positive anomaly for Ayon Island reconstructed by Alfimov and Berman (2001) supports our finding
of positive anomalies on the Siberian shelf in summer due to the lower sea level. Our reconstruction
anomalies are higher than the pollen-based reconstruction by Lozhkin et al. (2007) for El'gygytgyn Lake.

For the Northwest Pacific and the Sea of Okhotsk, the inferred summer SST anomalies of around
-1.5 K by Kiefer et al. (2001) (foraminifera assemblages) and Meyer et al. (2016) (TEX86), and -3 K
by Seki et al. (2009) (TEXS86) are within the uncertainties of our estimate (—2.3 & 1.9 K). Similar to
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Table 3: Comparison of our reconstructions with previous work based on five subdomains. For our
reconstructions, we show the spatial mean anomalies and standard deviations from the state es-
timates. To homogenize the Ty, estimates from other studies, we aggregate them in qualitative
categories. For definitions of subdomains and translations of quantitative temperature recon-
structions into qualitative characterizations (where available) see Online Resource 1. For the
Jenissei region, we aggregate estimates from Tarasov et al. (1999); Wu et al. (2007a); Cleator
et al. (2020); for Lake Baikal from Tarasov et al. (1999); Dorofeeva et al. (2002); Wu et al.
(2007a); Cleator et al. (2020); for Arctic Ocean and Yana from Kienast et al. (2005); Sher et al.
(2005); Pitul’Ko et al. (2007); Andreev et al. (2011); Ashastina et al. (2018); for Eastern Siberia
from Alfimov and Berman (2001); Berman et al. (2011); and for Pacific from Kiefer et al. (2001);
Seki et al. (2009); MARGO Project Members (2009); Meyer et al. (2016, 2017); Meyer and Barr

(2017).
Mean  Std. dev. Literature estimates Mean Std. dev. Literature
Region Tyu K] Tia [K] summer temperature MI [m/m] MI [m/m]  hydroclimate
Jenissei +0.1 1.7 Similar -0.43 0.25 Dryer
Lake Baikal -3.4 1.6 Moderately lower to similar +0.05 0.14 Dryer to similar
Arctic Ocean and Yana +0.7 1.3 Moderately lower to slightly higher +0.07 0.16 Dryer
Eastern Siberia +0.2 0.8 Substantially lower to slightly higher +0.02 0.11
Pacific -2.3 1.9 Moderately lower to similar -0.05 0.29 Similar

MARGO Project Members (2009), our reconstruction features rising temperature anomalies from south
to north in the North Pacific.

To conclude, the spatial summer temperature patterns emerging from the literature review are reflected
in our reconstruction. However, some of the lowest reported anomalies are outside of our uncertainty
estimates. This is perhaps due to the smoothing effect of the spatial interpolation which is not present
in previous studies.

Consistently dryer conditions during the LGM inferred from pollen and plant macrofossils by previous
studies (e.g. Tarasov et al., 1999; Sher et al., 2005; Pitul’Ko et al., 2007; Lozhkin et al., 2007; Wu et al.,
2007a; Andreev et al., 2011; Ashastina et al., 2018; Cleator et al., 2020) are in agreement with the local
MI reconstructions when not correcting for the lower CO2 concentrations. However, the corrected MI
values are mostly wetter than previous estimates. As most previous studies have not separated reduced
moisture availability from lower COgy concentration effects, a direct comparison with our estimates is
only possible for the studies by Wu et al. (2007a) and Cleator et al. (2020). Our MI estimates for
the Jenissei region are in agreement with the reduced moisture availability reconstructed from pollen
sequences by Tarasov et al. (1999), Wu et al. (2007a), and Cleator et al. (2020), although the magnitude
of MI reduction is larger in Cleator et al. (2020) than in our reconstruction (—1.10 m/m compared to
—0.43 m/m). For the Baikal region, our MI anomaly (+0.05 + 0.14 m/m) is higher than the Cleator
et al. (2020) state estimate (mean of —0.22 m/m), whereas the actual over potential evapotranspiration
anomalies by Tarasov et al. (1999) range from —22% to +22% in accordance with our state estimate. Wu
et al. (2007a) reconstructs slightly negative actual over potential evapotranspiration anomalies, which
are still within the uncertainty ranges of our reconstruction. Thus, we find similar spatial gradients
between the Jenissei and Baikal regions than Tarasov et al. (1999), Wu et al. (2007a), and Cleator et al.
(2020). However, further work is needed to explain the lower MI anomalies in Cleator et al. (2020)
compared to our state estimate.

5.2 Implications for the Siberian LGM climate

Our reconstructions provide evidence for higher LGM summer temperature anomalies in Siberia com-
pared to other high-latitude regions and moisture availability similar to present-day levels. As noted
previously (Bakker et al., 2020), LGM simulations have a wide ensemble spread for summer temperature
over Siberia. Our state estimate anomaly is comparable to the cluster of PMIP3 and PMIP4 simulations
with the highest summer temperature anomalies. Interestingly, the spread of the four PMIP4 simula-
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tions in our ensemble is smaller than in the PMIP3 simulations (see Table 2). This might be due to
the smaller number of simulations, changes in boundary conditions from PMIP3 to PMIP4, or changes
in model formulation. All PMIP4 simulations are in the high temperature anomaly cluster and thus
suggest improved representation of Siberian summer temperatures compared to PMIP3. However, the
simulations with the highest posterior weights are still from PMIP3 for Ty, and MIL.

There is a substantial wetting effect from correcting the MI reconstructions for lower COy concentra-
tions, which shifts the local reconstructions from a mean drying to very small changes. This wetting
effect is in concordance with inverse modelling studies (Wu et al., 2007a; Izumi and Bartlein, 2016; Wu
et al., 2019). In these studies, small effects from COg on pollen-based temperature reconstructions were
found for Northern Eurasia, North America, and China. Other studies suggest reconstruction biases
towards lower temperatures due to lower CO2 concentrations, albeit not explicitly for Northern Eurasia
(Cowling and Sykes, 1999; Wu et al., 2007b). The latter would imply even higher Ty, anomalies than
reconstructed here. Thus, the two main findings from our Ty, reconstruction summarized above would
be further strengthened. Another argument against significant biases in our Ty, state estimate is the
agreement with vegetation-independent (e.g. fossil insects, biomarkers, geochemical indices) summer
temperature reconstructions for Northern Siberia, the Sea of Okhotsk, and the North Pacific discussed
in Sect. 5.1. Since none of the proxies involved in these studies is expected to be biased by lower
glacial CO9 concentrations, they provide independent evidence for our inferred Ty, ranges. Due to the
uncertain effects of COo changes on pollen-based reconstructions, we recommend further assessments of
different modelling strategies to account for these.

The comparison of posterior weighted and equally weighted ensemble means provides insights into
the mechanisms behind the reconstructed Ty, and MI changes. Siberian temperature and precipitation
changes are mostly decoupled in the simulations and higher temperatures in Siberia are a regional
but not a global property (Table 2). Indeed, the posterior weighted means do not show substantially
higher temperature anomalies outside of Northern Eurasia (Fig. 9a). The increased geopotential height
anomaly in the posterior weighted mean is likely a direct consequence of the higher temperatures.
Previous modelling studies showed a strong sensitivity of Siberian climate to ice sheet topographies
through atmospheric circulation changes, in particular stationary wave patterns (Lofverstrom et al.,
2014; Bakker et al., 2020). Our results support these findings, as the posterior weighted ensemble
mean shows weakened eastward flow in the mid-latitudes and enhanced northward flow in Asia. These
anomalous circulation patterns could lead to increased transport of warm air from Central and Eastern
Asia to Siberia as suggested by Bakker et al. (2020). Similarly, local feedbacks such as the reduced cloud
cover in the posterior weighted means might contribute to higher temperatures (Bakker et al., 2020).

The northward shift of the Arctic Ocean coastline has a strong effect on the surface heat capacity and
energy balance. These changes should lead to increased seasonality on the Siberian shelf and nearby
coastal areas, i.e. a stronger contrast between summer and winter temperatures. Such a change was also
found for Western Siberia by Tarasov et al. (1999), Wu et al. (2007a), and Cleator et al. (2020), indicating
that seasonality was stronger in large parts of Siberia. It would also reconcile our relatively high summer
temperature estimates with findings of strong winter temperature decreases from isotopic compositions
measured in ice wedges (Meyer et al., 2002; Wetterich et al., 2011; Opel et al., 2019; Wetterich et al.,
2021), and the lower T,,, anomalies in the state estimates by Annan and Hargreaves (2013) and Tierney
et al. (2020).

The physical mechanisms behind the absence of a large Siberian ice sheet during the LGM are still an
open question. Previous studies suggest a combination of too high summer temperatures (e.g. Niu et al.,
2019), too small precipitation amounts (e.g. Stauch and Gualtieri, 2008), or albedo effects from high
dust levels (e.g. Krinner et al., 2006). Our results supports recent studies suggesting a dominant role of
summer temperature (Meyer and Barr, 2017; Niu et al., 2019) as our reconstructions are in agreement
with temperature anomalies preventing the growth of ice sheets in these studies. Our state estimate
indicates that reduced precipitation and potential evapotranspiration balance each other, which leads to
small MI changes. Independent proxies or theoretical constraints are needed to decompose the change
in moisture availability into precipitation and evapotranspiration contributions. Further insights into
the roles of temperature, precipitation, and dust could be gained by forcing ice sheet models with our
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data-constrained estimates.

We suggest that future work should focus on closing the remaining data gaps in Central Siberia, where
our state estimate is only weakly constrained by proxies. As pollen-based reconstruction are subject to
various sources of uncertainties and potential biases (Birks et al., 2010; Chevalier et al., 2020), further
vegetation-independent reconstructions (e.g. boreholes, geochemical tracers) are desirable for future
research to evaluate our reconstructions.

6 Conclusions

We presented Last Glacial Maximum (LGM) climate state estimates from a new compilation of Central
and Eastern Siberian pollen records with harmonized chronologies and taxonomy. Summer temperature
(Tju) and moisture availability (MI) are estimated with WAPLS transfer functions and an a posteriori
method to correct the MI reconstructions for the lower COg concentrations during the LGM. We combine
the local reconstructions with a multi-model ensemble of PMIP3 and PMIP4 simulations for the LGM
and infer the first gridded state estimate constrained by proxies from Central and Eastern Siberia.

Our reconstructions feature higher summer temperature anomalies than most high-latitude areas and
moisture availability similar to present-day. The latter is likely due to balancing decreases in precipitation
and potential evapotranspiration. The state estimate mostly follows the local reconstructions but with
additional spatial smoothing. The posterior ensemble member weights from the reconstructions show
that simulation combinations with higher LGM summer temperature anomalies than the ensemble mean
and small changes in moisture availability in Siberia fit best with local reconstructions. A comparison of
posterior weighted and equally weighted ensemble means shows that the anomalously high temperatures
are a regional but not a global signal. High Tj, anomalies are associated with reduced cloud cover in
Northern Siberia, weaker zonal flow in Eurasia, and increased northward flow in Central and Eastern Asia.
Together with evidence from isotope compositions in ice wedges, our results suggest enhanced seasonality
in Siberia during the LGM due to the northward shift of the Arctic Ocean coastline and anomalous
atmospheric circulation patterns in response to the built-up of the Fennoscandian and Laurentide ice
sheets.

The correction of MI reconstructions for lower COq levels shows that a perceived drying diagnosed by
the statistical transfer functions can be explained by the lower CO5 levels. We do not apply correction
factors to our temperature reconstructions. If these are biased low due to low COy concentrations as
some studies suggest, our conclusions on Siberian summer temperatures compared to other high latitude
regions and the fit of simulations would be further strengthened. For future research, further method
inter-comparisons would be valuable to assess the varying findings on the CO; influence on pollen-based
reconstructions.

Our new state estimate is well-suited for future investigations of Siberian LGM climate. In particular,
our results can provide new insights into the role of different climatic factors for the absence of a Siberian
ice sheet during the LGM. Additionally, they could help to reconcile data and model-based findings on
deglacial carbon fluxes in Siberia (Zech et al., 2011; Lindgren et al., 2018; Jeltsch-Thommes et al., 2019)
by providing more accurate atmospheric forcing to carbon cycle models.
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