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Abstract
Heterogeneous Holocene climate evolutions in the Northern Hemisphere high latitudes are primarily
determined by orbital-scale insolation variations and melting ice sheets. Previous inter-model comparisons
have revealed that multi-simulation consistencies vary spatially. We, therefore, compared multiple model
results with proxy-based reconstructions in Fennoscandia, Greenland, north Canada, Alaska and Siberia.
Our model-data comparisons reveal that data and models generally agree in Fennoscandia, Greenland and
Canada, with the early-Holocene warming and subsequent gradual decrease to 0 ka BP (hereinafter referred
as ka). In Fennoscandia, simulations and pollen data suggest a 2°C warming by 8 ka, but this is less
expressed in chironomid data. In Canada, a strong early-Holocene warming is suggested by both the
simulations and pollen results. In Greenland, the magnitude of early-Holocene warming ranges from 6°C in
simulations to 8°C in δ18O-based temperatures.
Simulated and reconstructed temperatures are mismatched in Alaska. Pollen data suggest strong earlyHolocene warming, while the simulations indicate constant Holocene cooling, and chironomid data show a
stable trend. Meanwhile, a high frequency of Alaskan peatland initiation before 9 ka can reflect a either high
temperature, high soil moisture or large seasonality. In high-latitude Siberia, although simulations and proxy
data depict high Holocene temperatures, these signals are noisy owing to a large spread in the simulations
and between pollen and chironomid results. On the whole, the Holocene climate evolutions in most regions
(Fennoscandia, Greenland and Canada) are well established and understood, but important questions
regarding the Holocene temperature trend and mechanisms remain for Alaska and Siberia.
Keywords Holocene, Paleoclimatology, Paleoclimate modeling, Fennoscandia, N

America, Europe,

Greenland, Russia, Continental biotic proxies, Ice cores

1. Introduction
The Holocene, the most recent geological epoch, experienced detectable climate change. Generally, the
Holocene climate evolution can be characterized by an early cool phase followed by substantial warming

1/25

towards the well-known Holocene Thermal Maximum (HTM) and finally a long-term cooling that ended in
the preindustrial era (Marcott et al. 2013; Renssen et al. 2009). The main long-term cooling primarily
resulted from solar insolation variations due to changing astronomical parameters (Berger, 1988; Denton et
al., 2010; Abe-Ouchi et al., 2013; Buizert et al., 2014). These parameters determine the incoming solar
radiation at the top of atmosphere, and lead to latitudinal climate patterns (Berger & Loutre, 1991; Berger,
1978). Retreating ice sheets, including the Laurentide Ice Sheet (LIS) and Fennoscandian Ice Sheet (FIS),
add spatial irregularities to this latitudinal pattern, resulting in heterogeneous spatial distributions of
simulated temperatures. This spatial heterogeneity was characterized by relatively cool conditions in the
early Holocene in some regions, while other areas were relatively warm, as revealed in palaeoclimate
modelling studies (Renssen et al., 2009; Blaschek & Renssen, 2013; Zhang et al., 2016). However, the
spatio-temporal details of climate during the early Holocene are still uncertain, and inter-model comparisons
have been conducted to identify consistently simulated climate patterns among independent model results
and to detect inconsistent features (Bothe et al., 2013; Eby et al., 2013; Bakker et al., 2014; Zhang et al.,
submitted). For example, Zhang et al. (submitted) have compared Holocene simulations performed with four
different models (LOVECLIM, CCSM3, FAMOUS and HadCM3) and found good multi-model agreements
over regions directly influenced by strong ice-sheet cooling, such as in northern Canada, northwest Europe
and Greenland. Yet, divergent early-Holocene temperatures across models have been identified in regions
where the climate was indirectly affected by the ice sheets, such as Alaska and Siberia.
Even though climate models are useful tools for linking proxy records and understanding the impact of
forcings on climate, proxy data are required to validate climate models at an early development stage
(Braconnot et al., 2012) and to evaluate the simulations when multiple models perform differently. Climate
proxy records are relatively abundant for the Holocene (e.g. Marcott et al., 2013; Sundqvist et al., 2014). To
investigate the general patterns of climate evolution, Marcott et al. (2013) for instance have stacked the
proxy records over the latitude bands of 30–90°N and 30°S–30°N, and found that the high-latitude cooling
trend is opposite to a warming trend in low latitudes during the last 11 kyr. Eldevik et al. (2014) also have
compiled climate records on a regional scale to shed light on the climate history of Norway and the
Norwegian Sea. Recent progress in proxy-based reconstructions and newly established databases provides
ground for a systematical spatio-temporal investigation of Holocene temperature evolutions. For instance,
based on the Holocene database of Sundqvist et al. (2014), temperature changes in the north Atlantic region
and Fennoscandia (Sejrup et al., 2016), Alaska (Kaufman et al., 2016), the Canadian Arctic and Greenland
(Briner et al., 2016) have been recently examined. Although considerable improvements have been achieved
in proxy-based reconstructions, proxy data still contain inherent uncertainties. Firstly, climate proxies archive
a matrix of environmental variables rather than only a climate signal of interest, as they are influenced by
confounding effects (Brooks & Birks, 2001; Birks et al., 2010, Velle et al., 2010). For instance, a summer
temperature reconstruction derived from pollen can include a signal related to other variables, such as winter
temperature, precipitation, or even non-climatic factors (Seppä et al., 2004; Birks et al., 2010; Li et al.,
2015). Moreover, the interpretations of proxy results are primarily based on observed contemporary
relationships, implying potential uncertainties in reconstructions as these relationships may change slightly
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over time (e.g. Jackson et al., 2009). In addition, many processes, such as sediment disturbance and
contamination, affect the translation of climate signals to depositional proxy signals, some of which may
bring uncertainty into the interpretation of proxy-based results. Consequently, comprehensive comparisons of
proxy data with model simulations may shed light on a better climatic interpretation of proxy-based results.
Combining proxy and model results provides opportunities to improve our understanding of climate
mechanisms in addition to the interpretation of proxy results and evaluating models. Owing to recent
progress in proxy-based reconstructions and model simulations, it is possible to conduct comprehensive
model-data comparisons by identifying consistent features and analyzing discrepancies. Indeed, numerous
model-data comparisons have been conducted. For instance, model results (in 30–90N and globally) were
recently compared with proxy-based reconstructions to investigate the contradiction of Holocene temperature
trends between the reconstructed cooling and the simulated warming, although some of simulations did not
include the freshwater forcing (Liu et al., 2014). Another model-data comparison revealed that increasing
CO2 precedes global warming during the last deglaciation (Shakun et al., 2012). These model-data
comparisons, however, have only used one or two model results to compare with stacked reconstructions and
primarily focused on large-scale climate change, such as over 30° latitude bands (i.e. 30–60N, 60–90°N).
The Palaeoclimate Modeling Inter-comparison Project (PMIP) also has conducted several model-data
comparisons of Holocene climate, but focused mainly on the mid-Holocene (e.g. Masson et al., 1999;
Bonfils et al., 2004; Brewer et al., 2007; Zhang et al., 2010; Jiang et al., 2013). Therefore, comparisons
between transient multi-model simulations and proxy-based datasets on a detailed sub-continental scale
remain unexamined.
In order to evaluate Holocene simulations and to improve our understanding of the transient early-Holocene
climate, we compare the four Holocene climate simulations performed with the LOVECLIM, CCSM3,
FAMOUS and HadCM3 models that have been discussed by Zhang et al., (submitted), with proxy-based
reconstructions of terrestrial temperatures from the Northern Hemisphere high latitudes. In particular, the
present study aims to: 1) evaluate model results by identifying consistencies and mismatches between the
model results and proxy data over regions on a sub-continental scale; 2) analyze the uncertainty sources of
simulations and of quantitative proxy records to illustrate what we can learn about validation of simulations
and the interpretation of proxy results; and 3) identify the most probable temperature trends during the
Holocene on a sub-continental scale with the aid of additional available evidence.

2. Methods
2.1 Data & analysis
Proxy data were mainly derived from the Arctic Holocene database of Sundqvist et al. (2014). Sundqvist et
al. (2014) collected as many published records as possible, with the selection criteria of: 1) latitude: sites
north of 58°N; 2) time-frame: proxy time series extending back at least to 6 ka; 3) temporal resolution:
higher than 400 ± 200 yr; and 4) dating frequency: interval in age models smaller than 3000 yr. We picked
terrestrial records providing quantitative reconstructions of temperature and conducted a further selection
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based on the time-frame of the records. As we are interested in climate evolutions of the entire Holocene, the
records shorter than 9.5 ka were excluded in order to obtain records that also cover the early Holocene. The
exception of this further selection was north Canada where long records are limited by coverage of the LIS
before the final melting at ~6.8 ka. In order to obtain a comparable record density in north Canada, all
records in the database were collected despite some being shorter than 9.5 kyr. With these extended criteria,
8 pollen records were obtained from the database and used in our analysis, together with additional 4 pollen
records from Kerwin et al. (2004). Only one chironomid record was available from north Canada that is not
included in our dataset, as we aim to compile multiple records to obtain a regional reconstruction. All
together, we selected 61 records from 54 sites that are unevenly distributed over the study area (Fig. 1). High
data density is represented in Alaska and Fennoscandia, whereas high-latitude Siberia has a low density. Site
information on these proxy records is available from the supplementary information (Table.SI1).

Figure 1. Map showing the locations of 61 proxy records (from 54 sites) used in the study and the domains of the five
regions applied in the analysis of the model simulations.

The temperature reconstructions are mainly based on pollen and chironomid assemblages, since these proxy
data have been quantitatively interpreted as representing summer temperature, which is our target climatic
variable. This proxy-based climate reconstruction conducted by the original authors of individual records
involves three main steps: 1) establishing modern training sets; 2) constructing a numerical (transfer
function) model based on the relationship between the climate and biological datasets; 3) applying the
transfer function model on fossil stratigraphical records and evaluating the resulting reconstruction before
finally obtaining the quantitative climate record (Juggins & Birks, 2012). The transfer-function-based
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reconstruction facilitates conversion of the past fossil assemblages to quantitative temperature, precipitation
and other climate variables, assisting direct comparison with model results. These quantitative
reconstructions also allow us to statistically estimate their performance and sample-specific uncertainty. For
instance, empirical tests have shown that in pollen-based Holocene climate reconstructions the samplespecific uncertainty generally varies from 0.9 to 1.3°C (Seppä & Bennett, 2003). This uncertainty of
individual reconstructions, however, was not taken into account in the present study, because we compiled
the individual records to regional reconstructions. In Greenland oxygen isotopic data from ice cores, used
here as a paleo-thermometer, were collected and calibrated into temperatures based on the published
relationship between δ18O and temperature (Cuffey et al., 1995). As suggested by Cuffey et al. (1995), the
deglacial isotopic sensitivity value of 0.33 ‰/°C was applied before 8 ka, and 0.25 ‰/°C was used for the
rest of the Holocene. In addition, borehole-based temperature measurements from the GRIP ice core (72.6°N,
37.6°W) in Greenland were also included as these measurements directly relate to the past temperature
changes (Dahl-Jensen et al 1998).
We applied three steps to compile the original individual records into one single composite reconstruction for
a given region. Firstly, the anomalies from the present day (average of the last 200 yr) were calculated for
each individual record of our data collection. Secondly, a binning procedure at 500-yr interval was applied
for each individual record to filter out the high frequency variability and to obtain a consistent temporal
interval. We took the median of these anomalies within the same bin to represent the individual record for
corresponding 500-yr intervals. Thirdly, according to the location, these binned individual records were
grouped into the five regions, including Fennoscandia, Greenland, north Canada, Alaska and Siberia (Fig. 1).
The final reconstruction for each region was compiled from these temporally-equally distributed proxy data,
except for Siberia where each individual record was separately presented due to low density records. For a
given region, we used the median of the proxy data values within the same bin as the reconstruction with the
range of variability, as indicated by their lower and upper quartiles of these values. For the sake of clarity, we
use the term “reconstruction” together with a proxy name (e.g. the pollen-based reconstruction) to refer to
the composite regional reconstructions, and the term “record” to refer to individual site-based datasets.

2.2 Forcings & simulations
The orbital parameters (ORB) determine the seasonal and latitudinal variation of incoming solar radiation at
the top of the atmosphere. During the Holocene, summer (JJA) insolation at 65°N decreased by 30 W m-2, as
shown in Figure 2 (Berger, 1978). According to ice core measurements of CO2, CH4 and N2O, greenhouse
gases (GHG) caused a total radiative forcing variability of 1W m-2 during the Holocene (Joos & Spahni,
2008; Schilt et al., 2010). The GHG forcing peaked at 10 ka before reaching a low value at 8 ka and then
increased again toward the preindustrial level. Ice-sheet forcing includes the orography, spatial extent and
meltwater flux (FWF), which were constrained by geological evidence. The presence of the LIS and FIS
enhanced the surface albedo, which however declined over time as the thickness and extent of these ice
sheets generally decreased before their final vanishing at around 6.8 and 10 ka (Peltier, 2004; Ganopolski et
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al., 2010). The total freshwater release during the Holocene was the equivalent of a 60 m sea level rise
(Lambeck et al., 2014), with slightly varying estimations of temporal and spatial distribution (Licciardi et al.,
1999; Carlson et al., 2007; Jennings et al., 2015). Although ocean sediment data (e.g. detrital carbonate, ice
rafted detritus) and geochemical tracers (e.g. δ18O,

87

Sr/86Sr, U/Ca) can provide some constraints on FWF

routing (Carlson et al. 2007; Jennings et al. 2015), FWF forcing is still uncertain in terms of exactly spatial
and temporal distribution of this total freshwater release. This uncertainty in the spatial-temporal
distributions of FWF stems mainly from the various FWF magnitudes suggested by different proxies
(Carlson et al. 2007). Defining well-agreed geographical locations of FWF discharges is hindered by the
sparse distribution of proxy records.

Figure 2. Climate forcings in the simulations. (A) GHG forcings and summer (JJA) insolation at 65°N (both in W m -2)
during the Holocene. (B) Change of ice sheet areas (km2) and FWF release into the oceans (mSv = Sverdrup×10-3 =
1×103 ms-1) during the early Holocene.

We employed four Holocene simulations that were performed with different models, namely LOVECLIM,
CCSM3, FAMOUS and HadCM3. As these simulations have been discussed in detail by Zhang et al.
(submitted), we give here only a brief description of the models and the experimental setup. The
LOVECLIM simulation was performed with the LOVECLIM model, which explicitly represents the
components of the atmosphere, ocean and sea ice, and vegetation with intermediate complexity (Goosse et
al., 2010). Despite its intermediate complexity, the model simulates synoptic variability associated with
weather patterns. The simulation is an 11.5 kyr long transient run, which was named OGIS_FWF-v2 in
Zhang et al. (2016). The simulation was initialized from an equilibrium experiment for 11.5 ka and run with
annually-based transient ORB and GHG forcings. Additional ice-sheet configurations were prescribed at a
time step of 250 yr, and associated FWF (the most plausible version2, Zhang et al., 2016) was applied at
irregular time intervals (Fig. 2b). The CCSM3 simulation was conducted with the CCSM3 model, which is a
coupled ocean–atmosphere–sea-ice–land surface general circulation model (GCM), with a T31 resolution in
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the atmospheric component (Collins et al., 2006; Yeager et al., 2006). The simulation was truncated from a
transient simulation performed for the whole period since the LGM, with transient ORB and GHG forcing
(He, 2011). The ice-sheet configuration (derived from the ICE-5G reconstruction and updated every 250 yr)
and freshwater fluxes were prescribed at the stepwise time intervals (Fig. 2b) discussed by He (2011). The
HadCM3 simulation was carried out with the HadCM3 GCM, which consists of coupled components for the
atmosphere-ocean-sea-ice system, and has a resolution of 2.5 × 3.75 × L19 (lat × lon × vertical layers) in the
atmospheric component (Gordon et al., 2000; Pope et al., 2000). The simulation consists of a set of snap-shot
experiments performed at every 1 kyr, and the last 30 yr of each 300-yr run was used for the analysis. Apart
from the GHG and ORB radiative forcings, the topography and spatial extent of the ice sheets were updated
in each snap-shot experiment according to the ICE-5G reconstruction, but no exclusive FWF was applied
into the oceans. The high spatial resolution of the HadCM3 model is one main consideration of including
these experiments. The FAMOUS simulation is the Holocene part of a 22 kyr-long simulation performed
with the FAMOUS model. The FAMOUS is a low-resolution version (approximately half) of HadCM3 with
almost identical parameterizations of physical and dynamical processes to those of HadCM3, and can run
around ten times quicker (Smith et al., 2008). This simulation involved the forcings of GHG, ORB and
prescribed 3-dimension ice sheets, derived from the ICE-5G reconstruction and updated every 1 kyr together
with associated weak FWF (Fig. 2b), and the Bering Strait was opened at around 9 ka. The extents and
topography of ice sheets in the CCSM3, FAMOUS and HadCM3 simulations were based on the ICE-5G
reconstructions (Peltier 2004). The setup for ice sheet in these simulations are mainly comparable with the
ice sheet configurations in LOVECLIM, which were based on existing moraine dating results. According to
these data, the retreating ice sheets were updated every 250 yr in LOVECLIM and CCSM3 and every 1 kyr
in FAMOUS and HadCM3. Brief information on the involved climate models and simulations is summarized
in Table1. The domains of the five selected regions, including Fennoscandia, Greenland, Canada, Alaska and
high-latitude Siberia, are indicated in Figure 1. We obtained the simulated areal average summer (JJA)
temperatures for these regions to compare with proxy data that reflect summer or July conditions, with the
exception of Greenland where we obtained the annual mean temperature to match the annual temperatures
from δ18O and borehole ice core data. We applied a running mean of 500 yr to these obtained temperatures to
filter out high-frequency variability of simulated temperatures. The results are presented as anomalies from
the preindustrial era (i.e. negative value means cooler and positive represents warmer than the preindustrial).
To obtain the overall temperature trend throughout the Holocene, we calculated the ensemble mean by
averaging all transient simulations, as in other paleoclimate simulation studies (e.g. Lunt et al., (2013);
Bakker et al., (2014)). The HadCM3 results are based on snapshots and therefore shown separately. The
name of the climate models hereinafter will be used equivalently to the corresponding simulation to remove
redundancy.

3. Results & discussion
Given the spatially heterogeneous climate during the early Holocene, we compare the simulated
temperatures with the proxy-based reconstructions on a sub-continental scale in the NH extratropics.
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Correspondingly, the following sections will firstly discuss separately the results for Fennoscandia,
Greenland, Canada, Alaska and high-latitude Siberia. Together with the model-data comparisons, we
investigate the uncertainty sources from both the simulation and proxy-based reconstruction perspectives.
Additional evidence of climate change that is independent of δ18O, pollen- and chironomid data (e.g. glacier
frequency and peatland initiation data) is used when available to further demonstrate how the climate most
likely evolved in a given region. The closing section summarizes the overall Holocene climate history of
these regions and discusses the implications of these model-data comparisons.

3.1 Temperatures in Fennoscandia
3.1.1 Model-data comparisons
The ensemble mean summer temperature of the simulations is consistent with the pollen-based
reconstruction in Fennoscandia. Both simulations and proxy data suggest that the summer temperature rises
from -2°C at the onset of the Holocene to 1°C by 8 ka, after which the temperature gradually decreases
toward the preindustrial value (Fig. 3). The spread of the composite pollen-based reconstruction, statistically
represented by its upper and lower quartiles of 13 records, stays at about ±0.5°C during most of the
Holocene. Multi-model differences are large, up to 2°C before 8 ka, and are mainly caused by lower values
in FAMOUS and HadCM3. Compared to this good agreement with pollen data, less consistency is found in
the comparisons of chironomid-based reconstruction and simulated temperatures. In particular, the
chironomid-based data indicate a relatively
stable climate during the Holocene, with
about

1°C

decrease

in

temperature

throughout the Holocene. The range of
variability in chironomid data, however, is
up to 2°C, which is larger than in the
pollen-based reconstruction. In general,
both composite pollen-based temperature
reconstruction and simulations reveal an
early-Holocene warming trend until 8 ka,
differing from almost stable temperatures
in the chironomid data.
Figure 3. Comparisons of simulated summer
(JJA)
temperatures
with
pollen- and
chironomid-based temperature reconstructions
in Fennoscandia. The grey and light blue
shading indicate the range between lower and
upper quartiles of 13 pollen and 11 chironomid
records, respectively.
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3.1.2 Uncertainty sources
From the simulation-perspective, paleo-topographical changes related to the melting of ice sheets during the
early Holocene are critical issues that influence the simulated temperature, as temperatures will go down by
0.65°C with every 100 m rise in altitude according to the environmental lapse rate. At the onset of the
Holocene, the ice sheet enhanced the surface elevation by more than 200 m over the center of the FIS that
existed until ~10 ka (Peltier, 2004; Ganopolski et al., 2010; Cuzzone et al., 2016). However, isostatically
depressed ground rose during the Holocene with the ice-sheet load being removed, which adjusted the
topography in an opposite direction to what the thick ice sheet did. In response to the FIS thickness of about
2.5 km during the LGM (Ehlers, 1990), the maximum of uplift was about 250 m since the last deglaciation
(Vorren et al., 2008), which is comparable with the elevation effects of the LIS during the early Holocene.
Consequently, the net paleo-topography effect due to ice-sheet thickness and post-glacial rebound is
relatively small since these two processes partially balance each other out. Considering that corrections on
this small change would bring extra uncertainty, we therefore have not applied such correction in the
simulated temperatures.
The post-glacial rebound might also influence the reconstructed temperatures. A warmer bias would be
induced when the reconstructed temperature is strictly defined as the temperature at the same elevation
without considering relative sea level changes. During the early Holocene, the maximum warm bias in
Scandinavia is estimated to be up to 1°C (Mauri et al., 2015). Global sea level, however, rose by almost 60 m
during the Holocene (Lambeck et al., 2014), which partially compensated for the influence of this postglacial rebound. In addition, the amplitudes of the rebound at proxy sites that are typically located near the
margin of the ice sheet have been smaller than the estimated regional average. Therefore, considering the
relatively small effects of post-glacial rebound on reconstructions and the potential uncertainty resulting
from a correction, we applied no correction in the reconstructed Fennoscandian temperatures, despite our
awareness of this effect.

3.1.3 Additional evidence of climate evolution
The glacier record, used as a geophysical proxy of climate, also suggest an early-Holocene warming trend
(Nesje et al., 2009). Glacier growth and retreat are a response to changes in ambient environment (e.g.
summer temperature and snow accumulation in winter), and thus the temporal glacier variations can reflect
climate history (Nesje, 2005; Nesje et al., 2009). The extensive glacier during the early Holocene (Fig. 4a)
primarily illustrate relatively cool summer temperatures that were followed by a distinct warm peak at 7~6
ka (Nesje et al., 2009). Therefore, multiple pieces of evidence indicate that the Fennoscandian climate was
cool at 11.5 ka followed by warming trend until around 6 ka, implying that the relatively stable temperature
suggested by chironomid data is probably arguable. Although it is well agreed that chironomid-based
temperature records can provide reliable reconstructions on climatic variability during the Late-glacial period
(Brooks et al., 2012; Heiri et al., 2014), there has been a discussion on how to interpret early-Holocene
chironomid assemblage data obtained from Fennoscandia (Velle et al., 2010; Brooks et al., 2012; Velle et al.,
2012). One argument mentioned in this discussion is the influence of non-climatic processes following the
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last deglaciation on chironomid data. These non-climatic factors included, for example, the nutrient
availability, trophic state, and dissolved and total organic carbon in the lake, which may have changed
following deglaciation process in the lake catchment. Apart from temperature, these non-climatic factors also
influenced chironomid distribution and abundance, and thus potentially biased the assumed relationship
between chironomids and temperature (Brooks & Birks, 2001; Velle et al., 2010).

Figure 4. (A) A frequency-distribution histogram of glacier-size variations in Fennoscandia (based on Nesje et al.,
2009). (B) Composited geochemical proxy (average of records from Lake Hvítárvatn and Haukadalsvatn) in Iceland
(derived from Geirsdottir et al., 2013). (C) Frequency of peatland initiation in Alaska (based on Jones & Yu, 2010) and
(D) simulated soil moisture in LOVECLIM.

3.2 Temperatures in Greenland
3.2.1 Model-data comparisons
Simulated annual temperatures and δ18O-based climate data in Greenland are generally consistent for
Holocene trends (Fig. 5). One exception is the slightly stronger magnitude of the early-Holocene warming in

δ18O data, leading to a higher temperature peak than in the simulations. In general, the temperature at 11.5 ka
is 6°C lower than 0 ka, which is followed by a warming, reaching a 2°C warmer condition at ~7 ka. The
spread in the δ18O-based temperatures is large (about 3°C) in the early Holocene, but reduces to 2°C by 7 ka
and stays within 1°C after 3 ka. The median values in the early Holocene are very close to the upper
quartiles, and may thus seem implausible at the first sight. However, an inspection of a boxplot of the six
temperature records (Fig. S1) reveals that the median of reconstructed temperatures is indeed similar to the
upper quartile before 10 ka because the reconstructions primarily fall into two groups and the distribution is
dominated by the upper one. The largest inter-model difference, up to 4°C, was found at 8.5–8 ka since the
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FAMOUS simulation gives a drop of temperature that contrasts with the continuous temperature rise in the
LOVECLIM simulation.
The borehole temperature record suggests a higher temperature than the simulation, especially around the
mid-Holocene. At the onset of the Holocene the measured GRIP borehole temperatures show a less negative
anomaly (compared with 0 ka) and matches better with simulated temperatures in comparison with the δ 18O
data. From 10 to 9 ka the borehole data is closer to the simulations than the δ18O does. However, the positive
anomaly of more than 2°C during the mid-Holocene in the borehole data is higher than in the simulations,
thus diminishing its agreement with the model results.
When comparing these borehole measurements with
individual simulations, a better consistency is found
with the temperature of LOVECLIM than with others.
Even though the present study mainly focuses on long
term climate change, it is worth noticing that the
borehole data also suggest a temperature contrast
between the Medieval Warm period and the Medieval
Climate Anomaly, which is absent in the simulations,

except for CCSM3.
Figure 5. Comparisons of Greenland temperatures between
simulations and δ18O-based reconstruction (based on Cuffey
et al., 1995) and borehole measurements at GRIP (DahlJensen et al., 1998). The grey shading represents the range
between the lower and upper quartiles of 6 δ18O records. No
binning procedure was applied to process the borehole data,
as indicated by the symbol of the dotted line.

3.2.2 Uncertainty sources
The conversion of δ18O measurements to paleo-temperature estimates was obtained through a simple relation
called the isotopic paleo-thermometer (Cuffey et al., 1995). However, two sources of uncertainty are
involved in establishing this paleo-thermometer. First, the true coefficients are unknown because many
factors in addition to local environmental temperature affect the isotopic composition, such as changes in
sea-surface composition (Fairbanks, 1989), atmospheric circulation (Charles et al., 1994), and the seasonality
of precipitation (Fisher et al., 1983). Second, all these factors may vary with time (Cuffey et al., 1995).
Therefore, the complex δ18O response and its uncertain sensitivity to temperature might explain some of this
mismatch in early-Holocene climate. The borehole temperatures are down-core measurements of the GRIP
ice core, and thus might include a site-specific signal of this individual record (Dahl-Jensen et al., 1998),
which likely could explain its intense warmth in the mid-Holocene. This site-specific signal is also reflected
by considerable differences between the GRIP and Dye-3 borehole temperatures, with the latter indicating a
peak warming between 5–4 ka, which is absent in the GRIP record (Dahl-Jensen et al., 1998).
From the simulation-perspective, the relatively low temperature in the simulation (compared to proxy data)
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may be due to the difficulty of simulating a correct climate over the Greenland ice sheet. One of the
challenges in simulating temperatures over ice sheets is that the accuracy of climate simulation highly
depends on the model resolution, as high resolution allows detailed representation of topography and precise
description of thermodynamics (e.g., turbulence and convection) (Genthon et al., 1994; Ettema et al., 2009).
Meanwhile, the Greenland region in simulations is simplified and represented as a rectangular box, which
may bring some uncertainties, especially over places where a strong gradient can be expected, such as near
the southeastern coastal area. In addition, if the models do not simulate a correct magnitude of the reduction
in Atlantic Meridional Overturning Circulation (AMOC) in the early Holocene, the Greenland climate is
likely to be biased as well. The climate over southern Greenland is highly influenced by the AMOC strength
through the heat transport from the south and associated sea-ice feedbacks (Bond et al., 1993; Barlow et al.,
1997; Rahmstorf, 2002). A weak early-Holocene AMOC is evidenced by
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sediment cores from the North Atlantic (McManus et al., 2004) and geochemical proxies from Iceland (Fig.
4b) (Geirsdóttir et al., 2013), which is roughly consistent with the slowdown of AMOC in the simulations
(e.g. LOVECLIM discussed by Zhang et al. (2016)). However, it is not straightforward to accurately evaluate
the magnitudes of AMOC weakening in simulations with spatially-scattered proxy records, implying
uncertainty in the absolute values of the AMOC reduction and hence in the estimations of early-Holocene
warming in coastal Greenland and regions influenced by AMOC.

3.3 Temperatures in north Canada
3.3.1 Model-data comparisons
Simulations and proxy data show similar Holocene temperature trends in north Canada, with a cooler early
Holocene in both pollen data and the ensemble mean of the simulations (Fig. 6). The ensemble mean
indicates a 5°C warming from 11.5 to 8 ka with a ~3°C inter-model spread, and an even stronger warming is
shown in HadCM3 (up to 8°C). The pollen-based reconstruction is compiled from 12 pollen records with a
varied number of available records (as shown in Fig. 6), which extends only back to 10 ka. This composite
pollen-based reconstruction indicates a 1~2°C warming until 7 ka with a 3°C spread, despite the overall low
number of records before 8 ka. From 7 ka onwards, simulations and pollen data are consistent and indicate a
~1°C cooling trend toward 0 ka.

Figure 6. Comparisons of simulated temperatures with pollen-based reconstruction in north Canada. In total, 12 records
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are available and the temporal variations of number of record are illustrated by the green circles at the top, and the range
between lower and upper quartiles of individual records are represented by the grey shading.

3.3.2 Uncertainty sources
Similar to Fennoscandia, simulated temperatures in north Canada might be influenced by paleo-topography
changes due to the reducing thickness of the LIS and the post-glacial rebound. The maximum thickness of
the LIS during the LGM was up to 3–4 km (Peltier, 2004). As a rough estimate, the ice load will produce an
isostatic depression of one-third of the ice-sheet thickness, since the specific gravity of ice is one third of that
of rock (Vorren et al., 2008). Accordingly, the rough estimation of this total isostatic rebound is about 1–1.3
km, although the estimation of rebound is influenced by multiple factors, such as different ice-sheet loads,
usage of linear or non-linear rheology, the delay between load release and uplift (Wu & Wang, 2008; der Wal
et al., 2010). Therefore, the effects of ice thickness (e.g., about 1.6–2 km at 11.5 ka, Peltier, 2004) and postglacial rebound are roughly assumed to compensate each other when the uncertainty of different estimations
was taken into account. This simplified assumption is plausible to some extent, but uncertainty could be
induced in simulated temperatures by simply leaving out corrections on the associated paleo-topography.
From the proxy-perspective, no correction associated with paleo-topography is applied in reconstructed
temperatures in north Canada, as the correction of relatively small effects would induce considerable
uncertainty. Moreover, uncertainty due to the coarse time resolution and poor dating control might be
induced in some records, as the expanded selection criteria were applied in selecting proxy records. These
expanded selection criteria implied that all records, as long as being interpreted as a temperature proxy by
the original author(s), were included without further considerations on resolution and dating interval, as
explained in Section 2.1. Additionally, the low number of records together with large spread during the early
Holocene adds a further uncertainty to the early part of reconstruction (before 7 ka), as a potential sitespecific signal of the individual records might be induced. In particular, some of those records are located in
different climatic regions, but no clearly different pattern was found after further inspection of the individual
records. Lastly, disequilibrium vegetation dynamics during the transient early Holocene in N Canada may
influence the accuracy of pollen-based Canadian temperature records. It has been suggested that the postglacial migration of trees to deglaciated regions such as Canada may have been constrained by their limited
speed dispersal and population growth rates (Ritchie 1986; Birks 1986; Webb 1986). Such a time lag in their
migration history would prevent the pollen records from tracking rapid climate changes, especially in the
early Holocene. Thus it is possible that the considerable temperature rise by 7 ka in N Canada, as indicated
by the models, was not fully reflected in pollen-based climate reconstruction, leading to an underestimation
of the early-Holocene warming in pollen data.
Nevertheless, other evidence suggest a compatible climate signal as the above model-data results. For
instance, a chironomid-based temperature record (extending back to around 7 ka) from the lake K2 in Arctic
Quebec suggests a slightly cool climate till 6~5 ka (Fallu et al., 2005), despite a potential influences of nonclimatic process following the deglaciation, as discussed in the section 3.1.3. The low δ18O values of the ice
core of from the Penny and Agassiz ice caps before 10 ka also reflect a relatively cool early-Holocene
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climate (Fisher et al., 1995; 1998), although the quantitative temperature reconstruction based on these δ18O
measurements would be more complex than in Greenland. Overall, proxy data and simulations agree
reasonably well in the general trend of Holocene temperature in northern Canada.

3.4 Temperatures in Alaska
3.4.1 Model-data comparisons
Discrepancies between simulated summer temperatures and proxy-based reconstructions are found in Alaska,
particularly in comparisons with the pollen-based temperature reconstruction (Fig. 7). The ensemble mean of
the simulations shows a 2°C cooling trend during the Holocene with a 1–2°C range across individual models,
while pollen data suggest a 4°C lower temperature at 11.5 ka, followed by a warming trend until 6 ka, with a
spread of 2°C. At the same time, the chironomid-based reconstruction shows almost stable Holocene values
with a 2°C spread by 9 ka. Overall, the signal of
the

composite

pollen-based

reconstruction

regarding the sign of early-Holocene temperature
is incompatible with the model results, which is
also

different

from

the

chironomid-based

reconstruction. Large differences in pollen-based
and

chironomid-based

temperature

reconstructions during the early Holocene reflect
the complexity and large uncertainty of the earlyHolocene climate change in Alaska.
Figure 7. Comparisons of simulated temperatures
with pollen- and chironomid-based reconstructions in
Alaska. The grey and light blue shading indicates the
range between lower and upper quartiles of 9 pollen
and 5 chironomid records, respectively.

3.4.2 Uncertainty sources
Apart from the influences of non-climatic factors discussed in section 3.3.1, the different responses of the
pollen and chironomid proxies to seasonality might also contribute to the incompatible climate signals
between these proxies-based reconstructions. The occurrence and abundance of chironomids in lakes are
strongly determined by summer air and water temperatures, as the ice-cover in lake decouples their habitat
from the direct influence of temperature in winter (Heiri et al., 2014). This implies that chironomid-based
temperature estimations predominantly reflect summer temperature and are less influenced by winter
temperature than many other biotic temperature indicators. Pollen data, however, could be also influenced by
other factors rather than summer temperature only, such as precipitation, water availability and winter
temperature. For example, it is known that the low cold tolerances of some plant species, such as Atlantic
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element in Europe, can limit their distribution and growth (Dahl 1998). This restriction of low temperature
on the plants also depends on the latitudinal location of proxy records. Commonly, the records from high
latitudes, especially the Arctic, are interpreted as a summer temperature signal, as the growing season is short
and plants are dormant and biologically inactive during the winter (e.g. Woodward, 1987). In addition, most
of pollen-based reconstructions in Alaska used the modern analogue technique, which also potentially
induces technique-related uncertainties (this will be discussed in more detail in Section 3.6.2). Therefore, the
chironomid assemblage would be a more suitable proxy for reconstructing summer temperature in this case
than pollen. Accordingly, the chironomid-based reconstruction in Alaska would be more reliable than pollen
records given a relatively large seasonality with cold winters and warm summers in Alaska. However, this
benefit of chironomids would disappear when the climate conditions changed. In Fennoscandia and Canada,
where the early-Holocene temperatures were low in both summer and winter (Zhang et al., submitted), this
advantage of chironomid proxy (i.e. strictly constraining to summer temperature) is no longer obvious. A
further investigation of this issue requires a species by species examination of pollen diagrams, which is
outside the scope of the present study.
3.4.3 Additional evidence of climate evolution
Additional evidence of Holocene climate history is the reconstructed frequency of peatland initiation, which
primarily responds to high temperature, soil moisture, or large seasonality (Jones & Yu, 2010; Korhola et al.,
2010). Correspondingly, the high frequency of peatland initiation during the early Holocene in Alaska (Fig.
4C) can result from either one of these factors. If the frequency value of peatland initiation is mainly
determined by temperature (Kaufman et al., 2004), the simulated decreasing temperature in the course of
Holocene would be consistent with the diminishing frequency of peatland initiation. If the peatland initiation
process is predominantly controlled by the availability of soil moisture (Strack et al., 2009; Zona et al., 2009;
Jones & Yu, 2010), the peatland data would agree reasonably well with the LOVECLIM simulation on the
high soil moisture during the early Holocene (Figs. 4C and D). If the seasonality was the main contributor to
the initiation of peatlands in Alaska (Jones & Yu, 2010; Kaufman et al., 2016), the LOVECLIM simulation
might overestimate the LIS induced winter warmth, leading to reduced early-Holocene seasonality compared
with the pre-industrial (Zhang et al., 2016). Therefore, the Holocene temperature trend in Alaska is still
inconclusive despite of the peatland-initiation data, as these data can reflect either temperature, soil moisture
or seasonality. The inconclusive Holocene climate in Alaska has also been illustrated by the divergent winter
temperatures among different simulations (Zhang et al., submitted). From proxy viewpoint, this inconclusive
Alaskan temperature trend during the Holocene has been reflected by the multiple timings of the HTM in
different studies. A recent study has suggested that the HTM occurred as late as 8–6 ka in Alaska (Kaufman
et al., 2016), which is much later than the earlier finding (~11–9 ka) of Kaufman et al. (2004).

3.5 Temperatures in high-latitude Siberia
3.5.1 Model-data comparisons
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The Holocene-temperature signals in the comparisons between simulations and proxy-based reconstructions
are overall noisy in high-latitude Siberia, despite the simulations matching better with chironomid results
than with pollen data (Fig. 8). The ensemble mean of simulations shows a 2.5°C cooling trend with a range
of more than 4°C in CCSM3 to 0.5°C in LOVECLIM. Two of the three chironomid records show 2–3°C
Holocene cooling, while the Temje record suggests no clear trend, but a fluctuant Holocene temperature.
This led to the large spread in the chironomid records with a cooling Holocene trend of 1°C in the median of
the dataset, which is slightly smaller than in the
ensemble mean of the simulations. Pollen data
suggest an increasing temperature until 7 ka,
reaching a period with distinct warmth of 2°C
above the preindustrial level that lasts until 4
ka, after which the temperatures decreases to
the 0 ka level. Nevertheless, both simulations
and

proxy

data

suggest

that

Holocene

temperatures in high-latitude Siberia were
overall higher than at 0 ka.
Figure 8. Comparisons of simulated temperatures
with pollen- and chironomid-based reconstructions
in high-latitude Siberia. The dots indicate the median
of 2 pollen or 3 chironomid records. Different line
styles represent individual records identified with ID
numbers.

3.5.2 Uncertainty sources
In high-latitude Siberia, only two pollen and three chironomid records were used in the reconstructions due
to limited data availability (Sundqvist et al., 2014). This low number of available records may lead to a
decreased reliability in the Siberian reconstruction, as these limited records may induce some site-specific
signals in the complied regional temperature reconstruction. Although the four sites are located in
climatically different environments (e.g. with respect to continentality, climate type), no obviously difference
was found in the temperature reconstructions. From the simulation-viewpoint, the inter-model comparison
reveals that more than 4°C early-Holocene warmth in CCSM3 is far higher than in other simulations. This
overestimated warmth in CCSM3 is further supported by pollen and chironomid-based temperature
reconstructions. This overestimation is caused by its substantially positive albedo anomaly in CCSM3 due to
an overestimated snow cover at 0 ka in newly adopted formulation of the turbulence coefficient (Oleson et
al., 2003; Collins et al., 2006; Zhang et al. submitted). In addition, biomarker records, such as the records
from Kyutyunda and Billyakh along the Lena River in Siberia, suggest a slightly increasing temperature
during the early Holocene that is followed by the relatively warm mid-Holocene (Biskaborn et al., 2016).
Overall, a higher Holocene temperature than at the preindustrial is suggested by simulations and available
proxy data, although the temperature signal is weak because of the large multi-model spread and the very

16/25

limited number of records.

3.6 Summarized discussion on model-data comparisons
3.6.1 Implications of model-data comparisons on the Holocene climate history
The Holocene climate shows regional differences due to different mechanisms over various regions. Based
on the current studies, insolation variations on the orbital timescale and the presence of the LIS and FIS
during the early Holocene are the main drivers of Holocene climate change (Berger, 1978; Renssen et al.,
2009; Denton et al., 2010; Blaschek & Renssen, 2013; Zhang et al., 2016). Our earlier simulation study
(Zhang et al. 2016) has revealed that the cooling effects of the ice sheets overwhelms the higher summer
insolation in some regions, such as N Canada and Fennoscandia, which leads to low temperature during the
early Holocene. This cool climate was followed by an early-Holocene warming with shrinking of the FIS and
LIS. Meanwhile, the retreating ice sheets caused a freshwater release to the oceans, weakening the AMOC,
which together with the anomalous atmospheric circulation influenced the climate beyond the ice-sheet
boundaries, such as in Alaska, Siberia. To further investigate these effects and evaluate the simulations, an
inter-model comparison was conducted by Zhang et al. (submitted), in which they have found that multimodel consistencies varied spatially. A relatively consistent climate was suggested by multiple simulations
over regions where the climate was directly influenced by the ice sheets, such as north Canada and
Fennoscandia. However, in other regions, such as Alaska, Arctic and E Siberia, the multiple models indicate
a divergent climate, implying that model-dependences exist (Zhang et al., submitted).
By systematically comparing with the proxy-based temperature reconstructions, this study further confirmed
the Holocene climate trends in the regions of Fennoscandia, Greenland and north Canada discussed by
Zhang et al. (submitted). Since the model simulations and proxy data are independent methods to investigate
the climate history, we consider the Holocene climate in the above three regions to be relatively well
established. However, the Holocene climate evolutions in Alaska and Siberia are, unfortunately, still
inconclusive. The large uncertainty of proxy reconstructions hinders us to draw conclusions on the climate of
these two regions. In Alaska, the simulations, pollen- and chironomid-based reconstructions all show
different temperature trends. In Siberia, the pollen- and chironomid-based reconstructions are also different,
which together with the low number of records impair the reliability of reconstructions.

3.6.2 Implications of model-data comparisons for the interpretation of proxy results
Proxy data can provide evidence of past climates, but multiple factors potentially induce an uncertainty in the
interpretation of proxy results, thus impairing the quality of the proxy reconstructions. Combining the proxy
data with simulations could shed light on the more plausible interpretation of proxy data. The above modeldata comparisons suggest that the uncertainty sources of proxy reconstructions may vary over different
regions, implying that different factors should be taken into consideration when compiling the proxy-based
results. In newly deglaciated regions, the influence of non-climatic limnological factors preceded by
deglaciation process probably impair the accuracy of proxy-based reconstructions. In Fennoscandia, the
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influence of non-climatic factors following the last deglaciation potentially contributes to a weak earlyHolocene warming in chironomid data. Over the areas with δ18O data of ice cores, such as Greenland,
converting measured δ18O to temperature probably induces some degree of uncertainty to δ18O-based
temperature reconstruction, as the relationship between the δ18O and temperature was simplified in this
conversion (Cuffey et al., 1995). In the regions experiencing relatively fast post-glacial temperature changes,
the pollen data potentially underestimate this changes due to disequilibrium vegetation dynamics with local
climate conditions. In Canada, for instance, the early-Holocene temperature rise was probably
underestimated due to the vegetation establishing following the last deglaciation. Meanwhile, the uncertainty
of composite pollen-based reconstructions in Canada may also partially result from the uncertainty of
individual records due to extended selection criteria and a low number of proxy records in the earlier part of
the reconstruction (before 7 ka). In Alaska, on the other hand, the pollen-based reconstruction may be biased
by the winter temperature to some degree due to the large seasonality. Finally, in high-latitude Siberia, the
low number of records is the main obstacle to make conclusions on Siberian climate history during the
Holocene.
From a methodological point of view, our model-data comparisons also suggest uncertainties associated with
the choice of quantitative reconstruction method. The weighted averaging partial least square regression and
calibration (WAPLS) and modern analog technique (MAT) are the commonly used methods in the proxybased temperature reconstruction (Table 1). MAT is based on a direct space-for-time substitution by
assuming that similar biological assemblages are deposited under similar environmental conditions (Birks et
al., 2010). Thus, the similarity, in terms of species composition and abundances, of the fossil pollen and the
modern training-set is firstly measured to find the sample(s) of the highest similarity from a training-set and
their climate condition is assigned to the fossil sample. WAPLS, which combines weighted-averaging
regression (WA) and partial least squares (PLS), has the attractive features of these both methods, such as the
ability to model unimodal response (of WA) and efficient of components (of PLS) (Juggins & Birks, 2012).
MAT and WAPLS have their own merits and weaknesses. MAT is a direct and efficient method to reconstruct
the environmental condition through identifying analogous modern samples, but it could yield unreliable
reconstructions when good analogues do not exist (Juggins & Birks, 2012). WAPLS has been shown to be
robust for different response models and it enables extrapolation, but its efficiency is impacted by its
assumption of a unimodal species-environment response model (Juggins & Birks, 2012). Moreover, the edge
effect is one inherently limitation of WAPLS since that results in distortions at the ends of the environmental
gradient (ter Braak and Juggins, 1993). Therefore, one method can outperform another for particular datasets,
depending on differences in training-set size, taxonomic diversity, and complexity of the speciesenvironment relationship. Telford & Birks (2005; 2009) have compared the performance of a range of
methods and found that MAT is particularly sensitive to spatial autocorrelation. In some of the pollen-based
temperature records from Alaska and Canada, the MAT method rather than WAPLS was applied to build the
relationship between the climate and biological data-sets (Table. SI1), which might explain some of the
above model-data discrepancies as well. Nevertheless, it is too complex and also out of the scope of the
present study to draw conclusions on whether MAT gives higher or lower temperature than the WAPLS does.
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4. Conclusions
In this study, we compared four simulations with composite proxy reconstructions over Fennoscandia,
Greenland, north Canada, Alaska and high-latitudes Siberia. Related uncertainty sources were also examined
and additional evidence was employed to identify the most possible Holocene temperature trends. The main
findings are outlined below:
Simulated and reconstructed temperatures in Fennoscandia, Greenland and north Canada are generally
consistent. During the last 11.5 ka, overall temperature evolution patterns are the early-Holocene warming
until the mid-Holocene warmth at around 8–6 ka and subsequent decrease to 0 ka. Within this generally
consistent frame, the degrees of consistency, however, vary among these regions due to various sources of
uncertainties. In Fennoscandia, pollen data and the ensemble mean of simulations consistently indicate ~2°C
early-Holocene warming, while this warming is small in the composite chironomid-based reconstruction.
Glacier frequency data from Fennoscandia show a high value during the early Holocene, and this value
decreases until 7 ka, implying an early-Holocene warming trend that is probably underestimated in
chironomid data. The influence of non-climatic factors following the last deglaciation provides a potential
explanation for this underestimation. In north Canada, the early-Holocene warming is slightly stronger in
simulations than in pollen data, despite a potentially large uncertainty in the composite proxy-based
reconstruction induced by the low number of long proxy records. In addition, paleo-topography changes due
to the thick ice sheets and post-glacial rebound following the last deglaciation also exert uncertainty in
model-data comparisons in Fennoscandia and north Canada. In Greenland, minor differences between the
simulations and proxy records can either result from underestimation of the warm peak in the model results
or from overestimation of δ18O-based temperatures due to simplified calibration of δ18O to temperatures.
The ensemble mean of simulations mismatches with the proxy-based reconstructions in Alaska. The pollenbased reconstruction suggests a 4°C cooler early Holocene with a spread of ±1°C, while the ensemble mean
of simulations indicates a constant cooling throughout the Holocene with a 1–2°C range across individual
models. Therefore, the signal in the pollen-based temperature reconstruction is incompatible with the model
results, which is also different from the signal recorded by chironomid data. Basal peat dates depict highfrequencies of peatland initiation in Alaska during the early Holocene, but these frequent initiations can
reflect either a high summer temperature, increased soil moisture or large seasonality. Consequently, the
temperature evolution in Alaska remains inconclusive despite additional available peatland initiation data. In
Siberia, temperatures during the early-to-mid Holocene were probably higher than during the preindustrial,
but the signals of specific temperature trends are noisy. In particular, the spread of the simulations is wideranging, with the constant cooling in CCSM3 and FAMOUS contrasting with the result of LOVECLIM that
shows a much smaller temperature decrease following a minor increase. Meanwhile, the pollen- and
chironomid-based reconstructions are compiled from a low number of available proxy records and are
divergent as well.
These comparisons of multi-model simulations with proxy reconstructions further confirm the Holocene
climate evolution patterns in Fennoscandia, Greenland and North Canada. This implies that the mechanisms
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behind these changes (Zhang et al., 2016) would be plausible, and that the multiple simulations provide a
reasonable representation of Holocene climate (Zhang et al., submitted). However, the Holocene climate
history and their underlying mechanisms in the regions of Siberia and Alaska remain inconclusive. Thus,
more work is still needed to pin down the uncertainties in climate estimations. For instance, more records
from Siberia with a broad spatial coverage are highly demanded. Further examinations on the quantitative
contribution of these interpreted variables would be helpful to identify the climate signal, which can also
improve our understanding of Holocene climate variability and underling mechanisms. Meanwhile, with
detailed regional models, conducting sensitivity test on different aspects regarding the climatic
interpretations of Alaskan peatland would also provide evidence to narrow down this inconclusive Holocene
temperature.

Acknowledgement
This work was funded by the China Scholarship Council. We are grateful to Prof. Hans Petter Sejrup for his comments
on this study at the early stage. We also would like to thank the Arctic Holocene proxy climate database for making the
proxy data available. The constructive comments of two anonymous reviewers and the editor are acknowledged.

Table 1. Summary of involved climate models and simulations
Model

LOVECLIM

CCSM3

HadCM3

FAMOUS

Components

Ocean, Sea ice, Atm, Veg

Ocean, Sea ice, Atm, Veg

Ocean, Sea ice, Atm, Veg

Ocean, Sea ice, Atm

~3.75°×3.75°×L26

3.75°×2.5°×L19

5°×7.5°×L11

Dynamic-thermodynamic
(CSIM)

Zero-layer
thermodynamics

Zero-layer
thermodynamics

3.6°×variable×L25

1.25°×1.25°×L20

2.5°×3.75°×L20

Berger 1978

Berger&Loutre (1991)

Berger&Loutre
(1991)

Resolution
of
atmospheric
5.6°×5.6°×L3
component(lat*lon)
Dynamic-thermodynamic
(CLIO)

Sea ice model

Resolution
of
3°×3°×L20
oceanic component
ORB Berger 1978
Prescribed
forcing

GHG

Loulergue et al. 2008;
Joos&Spahni 2008
Schilt et al. 2010

FWF Icesheet, FWF

Spahni et al. 2005; Spahni et al. 2005;
Loulergue et al. 2008
Loulergue et al. 2008

Icesheet, FWF

Icesheet

Icesheet, FWF

Initial condition

Equilibrium expt.
at 11.5 ka (1.2 kyr)

Transient expt.
of 21 kyr

Pre-industrial
snapshot

Transient expt.
of 21 kyr

Length of expt.

11.5 kyr

21 kyr

Multiple snapshots

21 kyr
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