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a b s t r a c t

Driftwood is frequently used to estimate past changes of sea ice extent and circulation in the Arctic.
Nevertheless, driftwood observations are difficult to interpret because of the potentially complex relation
with climate change. In order to determine the origin of the observed changes, we built a driftwood
transport model (DTM) simulating the driftwood trajectories from the boreal forest to Arctic coasts. The
model is driven by three main variables, which are the sea ice velocity, concentration and the sea surface
current velocity that can be derived from observations or climate model outputs (e.g. from a General
Climate Model e GCM). Overall, the DTM model agrees with the observations, although this comparison
needs to be taken with caution because of the sparse data and the uncertainties of driftwood provenance.
Through simulations performed with the DTM model, we confirm the strong influence of the variability
of the atmospheric circulation on the spatial driftwood distribution. Model simulations of the Mid-
Holocene period driven by six GCMs show that small local changes in sea ice circulation e a west-
ward shift in the Transpolar Drift and a reduced Beaufort Gyre during the Mid-Holocene compared to the
present period e suffice to explain the driftwood landing change during the Mid-Holocene, with a non-
negligible contribution from reduced sea ice concentration. Consequently, a change in driftwood deposit
should not be directly interpreted as large modifications in atmospheric circulation and the complexity
of the response of driftwood trajectories to past climate changes clearly highlights the interest of using a
model to interpret driftwood records.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Driftwood represents a unique record that can provide infor-
mation on sea ice state over several millennia (Hellmann et al.,
2017; Funder et al., 2011; Nixon et al., 2016; Dyke et al., 1997).
Driftwood from boreal (Canadian and Siberian) forests enters in the
Arctic Ocean via river systems because of natural processes such as
shoreline erosion or storms. For Siberia, timber originating from
industrial activities is also currently an important source of drift-
wood (Eggertsson, 1993; Hellmann et al., 2013). The woods trans-
ported to the Arctic Ocean are trapped into sea ice and then follow
sea ice drift. Driftwood can then be transported on long distances
before being deposited on Arctic coasts.

The Siberian driftwood is directly transported by the Transpolar
roxy system model, (PSM);
BG); Transpolar Drift, (TPD);
).

. Dalaiden).
Drift (TPD) e a strong current from the Siberian coasts to Fram
Strait and later along the eastern coasts of Greenland. The Canadian
driftwood is generally incorporated into the Beaufort gyre (BG) e
an anticyclonic circulation located north of the Beaufort sea e

before reaching the TPD. The journey of Canadian driftwood across
the Arctic is therefore 6e7 years long while the minimum duration
of Siberian driftwood transport is 2e3 years (Rigor et al., 2002;
Funder et al., 2011). However, the speed and direction of sea ice
drift are not the only elements to take into account. Sea ice melting
and reduced ice extent play also a large role in the driftwood
transport as once driftwood is released from sea ice, it becomes
waterlogged and eventually sinks far from the shores (Eggertsson,
1993; H€aggblom, 1982). Driftwood transport across the Arctic is
thus several years long and driftwood is an indicator of the pres-
ence of the multiyear pack sea ice (sea ice that is several years old;
Funder et al., 2011; Dyke et al., 1997).

It seems well established that the main source of driftwood
found on the Arctic coasts is presently the Siberian forests
(Eggertsson, 1993, 1994; Hellmann et al., 2013, 2017, 2015). The first
reason is that the voyage from Canada is more precarious because
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the Canadian driftwood must make a detour in BG before reaching
the TPD, increasing the probability to sink in the Arctic Ocean
(Funder et al., 2011). Furthermore, a larger amount of driftwood
comes from the Siberian rivers (compared to Canadian rivers)
because of a significant loss of industrial timber (Eggertsson, 1993;
Hellmann et al., 2016). Driftwood is found in many locations in the
Arctic but observations show that four different regions display the
highest occurrence: Ellesmere Island, Greenland, Svalbard and
Iceland (Hellmann et al., 2017). Driftwood of Siberian origin dom-
inates in all regions but Greenland (England et al., 2007; Hellmann
et al., 2017; Eggertsson, 1993; Funder et al., 2011). Assigning a
specific source for each driftwood is complicated as some tree
species are present both on Siberian and Canadian sides (Hellmann
et al., 2017). Detailed analyses of macroscopy and microscopy,
driftwood anatomy and species composition allow a decrease in the
driftwood origin uncertainties (Hellmann et al., 2013; Hole and
Macias-Fauria, 2017). Moreover, the driftwood sampling is not
usually often representative of the total amount deposited in each
region because of: the use of driftwood by the local population
(Alix, 2005; Wheeler and Alix, 2004), wood decay caused by fungal
colonisation making difficult the species determination (Hellmann
et al., 2013) and heterogeneous geographic coverage of sampling.
Furthermore, the lack of driftwood deposit can be interpreted as
the presence of perennial landfast sea ice preventing driftwood
from being released on the shore (Kelly and Bennike, 1992; Hole
and Macias-Fauria, 2017; Funder et al., 2011). Observations of
driftwood deposit have been used to reconstruct changes in sea ice
extent and circulation in the Arctic over several thousand years
(Hole and Macias-Fauria, 2017; Funder et al., 2011; Bennike, 2004;
Dyke et al., 1997). Nevertheless, because of the complex interpre-
tation of the driftwood observations, the available information is
often qualitative.

One additional difficulty is that driftwood transport is influenced
by both changes in sea ice circulation and concentration. Such a
complex dependence is standard in palaeoclimatology. Generally,
the climatic variables (sea ice velocity and concentration in our
study) can be derived from observations (driftwood occurrence and
position in our analysis) using an inverse procedure (e.g. Sachs et al.,
1977; Evans et al., 2013). Nevertheless, the inverse proceduremay be
ill-conditioned because of the multi-variate and non-linear nature of
the link between paleoclimatic observations and the climatic vari-
ables of interest (Evans et al., 2013; Dee et al., 2015).

An alternative solution is to use a proxy system model (PSM)
which predicts the measured quantity on the basis of our current
understanding of the processes that lead to the observations and
estimates the climatic or environmental forcings (Evans et al., 2013;
Dee et al., 2015). In other words, a PSM transposes in a mathe-
matical program the mechanical processes by which climate in-
formation is recorded and then observed in the archives (Dee et al.,
2015). PSMs improve the interpretation of the signal recorded in
archives and isolate the contribution of individual processes in the
sensor response. Furthermore, PSMs facilitate the comparison of
model results to observations by simulating the directly observed
variable using climate model results as inputs. This approach is
currently developed for several archives including speleothems, ice
cores and woods (e.g. Evans et al., 2013; Dee et al., 2015).

In this study, we propose a PSM for the driftwood transported by
sea ice. The model is designed to study the influence of thermo-
dynamic and dynamic changes on driftwood deposits. The next
section presents the driftwood transport model (DTM). This first
part is accompanied by a short evaluation of fields used to drive the
DTM model. The experiments performed with the DTM model are
described in section 3. Then, in section 4, two applications of the
DTM model are presented. The first application consists in the
study of the impact of a change in the atmospheric circulation on
the driftwood distribution. In the second application, the DTM is
driven by the results of six climate models for the mid-Holocene in
order to improve our understanding of past sea ice changes and to
illustrate from a practical example the interest of the approach.

2. Model description

2.1. Transport model

The main equation of the driftwood transport model (DTM) is

viðtÞ ¼
dxiðtÞ
dt

(1)

x and v are the position and velocity of each simulated wood (i
ranging 1 to n, the total number of simulated woods), respectively. t
is the time. Equation (1) is discretised using the forward Euler
method:

xiðt þ 1Þ ¼ xi þ viðtÞ � Dt (2)

The model time step Dt is one day. As long as sea ice concen-
tration is higher than a threshold (referred to as icethr in the DTM
model), woods drift with sea ice (driftwood velocity is equal to sea
ice velocity). When sea ice concentration is lower than the
threshold, woods follow the ocean surface currents (driftwood
velocity is equal to the ocean surface velocity) for a limited duration
equal to the icetime parameter beforewoods sink (Eggertsson, 1993).

The DTM model can be driven by the sea ice velocity and ocean
currents derived from large-scale models. However, those present
large biases in sea ice velocity near the shores because of their coarse
resolution which does not allow a correct representation of the
coastal processes. The local processes related to small scale circula-
tion, tides, the landfast ice that blocks the driftwood beaching
(Wadhams, 2000), etc., which contribute to the trapping of woods by
the ice and to their release on the coast, are not represented in the
simulated trajectories. In order to remove this bias in sea ice velocity
due to coastal processes, the coastal regions are not explicitly
included in the DTM model. Woods are assumed to be released at a
prescribed distance from the coast and be deposited on the coast
when they are actually at some distance from it (referred to as
coastthr in the DTM model). After calibration tests, we have chosen
the effective depart zone as a 100 km band located 300 km from the
coast. Within this band, the initial driftwood positions are randomly
generated due to the high uncertainty in these positions.

Only ”active” driftwood is retained in the simulations. A drift-
wood is active when it does not go directly back to land (typically
when the winds are blowing towards the shore). Moreover, if the
distance between the initial and arrival positions is too small
(1000 km), driftwood is not taken into account since it is not linked
to large-scale sea ice patterns but local processes (Hole andMacias-
Fauria, 2017).

The DTM model includes three main parameters for which
values are uncertain and difficult to estimate from observations,
namely coastthr, icethr and icetime. To select adequate values of these
parameters, we have performed simulations with the DTM model
driven by the outputs of the NEMO-LIM sea ice model (Nucleus for
European Modelling of the Ocean and Louvain-la-Neuve sea Ice
Model; Barth�elemy et al., 2015; see section 2.2) varying each of
these parameters in a reasonable range (coastthr: 75 km and
150 km; icethr: 5%, 10%, 15% and 25%; icetime: 15 days and 45 days;
see Table A1 for the details of the calibration simulations).
Compared with Eggertsson (1993), the tested values for the icetime

parameter are relatively small as the transport duration of the
wood from the continent to the open ocean and the drift duration
before the beaching are not taken into account.
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Figure A1 represents the driftwood proportions for each arrival
coast (South Greenland, North Greenland, Iceland, Svalbard and
Ellesmere Island) for the 12 calibration simulations. Figures A2 and
A3 show the initial and final positions of simulated woods from
each calibration simulation. Since Siberian driftwood landing is
common in North Greenland (Funder et al., 2011; Hole and Macias-
Fauria, 2017; Hellmann et al., 2017), simulations characterised by a
weak driftwood deposit in this region are excluded (simulations 1,
2, 3, 7, 8 and 9). Otherwise, these simulations for which the coastthr
is equal to 75 km show driftwood landing in the southern part of
South Greenland (Fig. A2) which does not agree with driftwood
observations (Hellmann et al., 2013, 2017). The results of the other
simulations are close to each other but we chose the simulation for
which the driftwood deposit is the largest in Iceland in order to
match at best with the driftwood records (Hellmann et al., 2017;
the simulation 10). Consequently, the set of best values parameters
for the DTM model is: icethr is 5%, coastthr is 150 km and icetime is 45
days. However, our results are not very sensitive to the values
tested in those experiments.
2.2. Inputs of the driftwood transport model

The DTM model needs three climatic fields as inputs: sea ice
velocity, sea ice concentration and the ocean surface currents.
These inputs are derived here from the results of the ocean-ice
model NEMO-LIM (version 3.5; Barth�elemy et al., 2015). OPA, the
oceanic component of NEMO-LIM, is a finite difference, hydrostatic,
primitive equation model (Madec, 2008). LIM, the sea ice compo-
nent, uses an elastic-viscous-plastic (EVP) rheology (Hunke and
Dukowicz, 1997) on a C-grid (Bouillon et al., 2009), an ice thick-
ness distribution and a multi-layer halo-thermodynamic module
(Vancoppenolle et al., 2009). The spatial resolution of NEMO-LIM is
1+ on the global tripolar ORCA1 grid. The atmospheric forcing used
in NEMO-LIM simulations is based on NCEP/NCAR reanalyses
(Kalnay et al., 1996).

Additionally, Global Climate Models (GCMs) in the framework
from the third phase of the Palaeoclimate Modelling Intercompar-
ison Project (PMIP3; Otto-Bliesner et al., 2009), for which the interest
variables, are available are used to drive DTMmodel during the Mid-
Holocene. While the NEMO-LIM simulation is driven by an atmo-
spheric reanalysis, the GCMs include an interactive atmospheric
component, meaning that any bias in their wind field, for instance,
may have a significant impact of the driftwood trajectories. Sea ice
velocity is not available for all GCMs (except HadGEM2-CC and
HadGEM-ES) and is derived from sea ice transport. See Table 1 for the
name and modelling centre corresponding to each GCM.

The International Arctic Buoy Programme (IABP) C buoy dataset
(Rigor, 2015) for the period 1992e2011 is used to evaluatemodelled
sea ice velocity. The sea ice velocity derived from buoy positions
covers the Arctic Ocean (excluding the East Greenland Current) and
is provided on a 100-km resolution regular grid with a temporal
resolution of 12 h. Over the entire period, only 6 days have missing
Table 1
PMIP3/CMIP5 GCMs used in this study.

Model name Modelling centre

CNRM5-CM5 Centre National de Recherches Meteorologiques Centre Europeen de

CSIRO-Mk3L-1-
2

Commonwealth Scientific and Industrial Research Organization in col
Excellence

GISS-E2-R NASA Goddard Institute for Space Studies and Center for Climate Sys
HadGEM2-CC Met Office Hadley Centre
HadGEM2-ES Met Office Hadley Centre
MPI-ESM-P Max Planck Institute for Meteorology
data. It is important to note that a very small number of buoys cover
the region off the Siberian coasts. Consequently, the sea ice velocity
evaluation for this region is very uncertain.

The mean sea ice drift pattern from observations over the
1992e2011 period (Fig. 1) captures the main features of the Arctic
sea ice drift, i.e. BG and TPD (Gordienko, 1958; Colony and
Thorndike, 1984). The pattern of sea ice velocity for NEMO-LIM is
similar to observations except that the BG is not completely closed
and velocities are particularly weak in North Greenland and Elles-
mere Island. The NEMO-LIM slightly underestimates sea ice drift
averaged over the whole Arctic (4.84 km/day against 5.30 km/day
for IABP buoys over the 1992e2011 period) except for the East
Greenland Current where the sea ice drift is too high (as in
Massonnet et al., 2011). The patterns of GCM sea ice velocity are
generally characterised by a strong BG and a weak TPD (except for
the CNRM-CM5 model). The CNRM-CM5 and HadGEM2-ES models
overestimate the sea ice drift compared to the buoy observations
over the 1992e2004 period (7.36 km/day for CNRM-CM5, 7.01 km/
day for HadGEM2-ES and 5.12 km/day for observation; output of
the GCMs is only available up to 2004). MPI-ESM-P and HadGEM2-
CC are closed to the mean observed drift (5.15 km/day and 4.55 km/
day) while the CSIRO-Mk3-6-0 and GISS-E2-R underestimate the
drift (3.87 km/day and 2.69 km/day).

The evaluation of sea ice concentration from all models is based
on the global reprocessed dataset (OSI-409-a) from OSI SAF
(EUMETSAT OSI SAF, 2015) over the same period as for sea ice ve-
locity (1992e2011). The spatial resolution of OSI SAF sea ice con-
centration dataset is 10 km. Based on daily data, we analyse only
here the summer (JAS) mean sea ice concentration since the
driftwood transport mainly depends on the summer sea ice
concentration.

NEMO-LIM overestimates sea ice concentration, especially in
the Beaufort Sea, Chukchi Sea and East Siberian Sea (the average
summer sea ice extent obtained from NEMO-LIM is 10.65 , 106 km2

against 9.61 , 106 km2 for OSI SAF satellites data over the
1992e2011 period). The GCMs (except CSIRO-Mk3-6-0 for which
the sea ice extent is overestimated e 11.50 , 106 km2) underesti-
mate the extent at Fram Strait and in the Atlantic Sector of the
Arctic. The sea ice extent is 7.49 , 106 km2, 6.04 , 106 km2, 8.33 ,
106 km2, 8.94 , 106 km2 and 7.45 , 106 km2 for CNRM-CM5, GISS-
E2-R, HadGEM-CC, HadGEM2-ES and MPI-ESM-P respectively
against 10.12 , 106 km2 from OSI SAF satellites over the 1992e2004
period. Even though the sea ice concentration is, for most of GCMs,
too weak nearby the coast compared to the observations, the
simulated Arctic sea ice concentration pattern is globally well
represented.
3. Experimental design

3.1. Reference run for the present period

The first step is to obtain a reference state of the spatial
Reference

Recherche et Formation Avancees en Calcul Scientifique Voldoire et al.
(2013)

laboration with Queensland Climate Change Centre of Rotstayn et al.
(2010)

tems Research Schmidt et al. (2014)
Collins et al. (2011)
Collins et al. (2011)
Stevens et al. (2013)



Fig. 1. Mean Arctic sea ice drift for IABP buoys (1992e2011), NEMO-LIM (1992e2011) and GCMs (1992e2004). For readability, the drift vectors are interpolated onto a common grid.
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driftwood distribution simulated by the DTMmodel for the present
period (1992e2011). The inputs of the DTM model (i.e. the sea ice
velocity, concentration and the sea surface current velocity) are
continuous over 10 years for NEMO-LIM and 6 years for the GCMs
(because their outputs are only available until 2004) to catch the
interannual variability of the sea ice drift. The simulation duration
in the DTMmodel is 30 years. Consequently, for example when the
NEMO-LIM outputs are used, after 10 and 20 years of the DTM
model run, woods are again subjected to the same environmental
conditions as at the beginning of the simulation. Finally, since the
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driftwood departure occurs in spring and summer period (Alix,
2005), the wood departure is uniformly distributed all along this
period in 7 waves within which 500 woods are simulated for each
wave. These experiments are herafter referenced as REF. NEMO-
LIM and REF. GCMs (one experiment for each GCM; Table 2).

We also drive the DTM model with observed ice velocity in or-
der to test the impact of climate model biases. As the dataset of sea
ice velocity derived from IABP buoys does not contain any obser-
vation south of Fram Strait (Fig. 1), it was completed by the NEMO-
LIM sea ice velocity. The results of the study of Massonnet et al.
(2011) concluded that NEMO-LIM overestimates the sea ice drift
for the East Greenland Current. Consequently, the sea ice velocity of
NEMO-LIM are reduced by 20% before merging thenwith IABP data
to obtain a full spatial coverage. Moreover, the ocean current ve-
locities and the sea ice concentration used for the REF. IABP run
(Table 2) are those of NEMO-LIM.
3.2. Impact of atmospheric change on the driftwood distribution

The two main features of the Arctic sea ice drift pattern (i.e. BG
and TPD) are a direct response of the atmospheric circulation (Rigor
et al., 2002; Thorndike, 1984) and are thus strongly influenced by
atmospheric variability (Rigor and Wallace, 2004; Goosse and
Holland, 2005; Funder et al., 2011). At the paleo-timescales, the
sea ice circulation is also influenced by the changing bathymetry or
freshwater forcing (Prange and Lohmann, 2003). In the North
Atlantic, the dominant mode of atmospheric variability is the North
Atlantic Oscillation (NAO), which is associated with changes in the
position and intensity of the Westerlies (Hurrell et al., 2003). The
NAO has a clear impact in the Arctic (Rigor et al., 2002). When the
NAO index (defined as the difference in normalised pressure be-
tween the Azores and Iceland) is negative, a large anticyclone
centered in the Beaufort Sea induces a strong BG and a weak TPD
(Kwok, 2000). Conversely, when the NAO index is highly positive,
the BG is less developed andweaker (Rigor et al., 2002) because of a
weaker anticyclone over the Beaufort Sea (Kwok, 2000). Addi-
tionally, for positive NAO, the gyre center is closer to the coast, the
TPD is stronger and travels eastward through the North Pole (Rigor
et al., 2002). In some years, the position change of TPD is accom-
panied by a large cyclonic circulation centered north of the Kara Sea
(Rigor et al., 2002). However, it is rare to observe a predominant
cyclonic situation and the BG still persists (Rigor et al., 2002).
Finally, the East Greenland Current is faster and closer to the coast
in NAO þ situations (Kwok, 2000).

Because of its impact on sea ice drift, the NAO variability has also
likely an influence on driftwood trajectories. This hypothesis has
been used for instance to interpret past changes in driftwood de-
posit (Bennike, 2004; Funder et al., 2011; Klein et al., 2014; Hole and
Macias-Fauria, 2017). We will test here if this influence of the NAO
Table 2
Characteristics of the model experiments, with the name of experiments (column 1), the
out (columns 5e6). *IABP buoys used in this study does not contain observations south of
LIM reduced by 20% to be consistent with the observations (Massonnet et al., 2011).

SIM NAME Inputs field

ICE VEL ICE CONC

REF. IABP IABPeNEMO-LIM* NEMO-LIM
REF. NEMO-LIM NEMO-LIM NEMO-LIM
REF. GCMs GCMs GCMs
EXP. NAOþ NEMO-LIM NEMO-LIM
EXP. NAO- NEMO-LIM NEMO-LIM
EXP. MH1 GCMs GCMs
EXP. MH2 GCMs GCMs
EXP. MH3 GCMs GCMs
can be illustrated using the driftwood model and is compatible
with the common interpretation based on qualitative arguments.
To do that, we drive the DTMmodel with the outputs of NEMO-LIM
for two extreme years in terms of NAO index: 1995 (NAO index:
1.03) and 2010 (NAO index: �1.90). The configurations of the DTM
model are the same as previously except that the model runs for
environmental conditions of a particular year. In other words, for
the NAO þ run, the run is based on the sea ice velocity, concen-
tration and ocean surface currents of 2010 during the whole
simulation.

Since the sea ice models show some biases in sea ice velocity, we
will also drive the DTMmodel with the sea ice velocity fromNEMO-
LIM model corrected using the IABP buoys, to be sure that these
biases do not affect the main conclusions of our experiments. The
velocity is corrected in the following way:

uCORRECTED MODELðx; y; tÞ ¼ uMODELðx; y; tÞ � uBIAISðx; y; t0Þ (3)

where uCORRECTEDMODEL is the sea ice velocity from NEMO-LIM
model corrected using IABP buoys, uMODEL is the sea ice velocity
for NEMO-LIM model and uBIAIS is the mean difference in sea ice
velocity between the model and observations over the whole
period considered (uMODEL (x,y,t)�uIABP(x,y,t)) for each month.

3.3. Application of driftwood transport model to Mid-Holocene

The second application is devoted to the Mid-Holocene (MH)
period (6 ka BP), using the outputs of 6 GCMs (CNRM-CM5, CSIRO-
Mk3-6-0, GISS-E2-R, HadGEM2-CC, HadGEM2-ES and MPI-ESM-P).
The comparison with results of the DTM model for present-day
conditions allows evaluating the potential impact of past changes
in sea ice concentration and velocity on driftwood trajectories and
thus a direct comparison with observed beaching. The Mid-
Holocene period is well documented by model results since it is a
standard experiment for PMIP but also by the abundant proxy data.
The Mid-Holocene period is thus a classic period for past studies
(Braconnot et al., 2007). At 6 ka BP, the Arctic sea ice extent was
reduced compared to pre-industrial conditions (Fig. 2) due to a
higher summer insolation at high latitudes at this time (Berger and
Loutre, 1991). Some models present a large difference in summer
sea ice concentration between both periods (HadGEM2-ES, CNRM-
CM5 and HadGEM2-CC), while others present a weak decrease as
CSIRO-Mk3-6-0 andMPI-ESM-P and even an increase for GISS-E2-R
(Fig. 2). In the HadGEM2-ES model, the decrease in sea ice extent
reaches 2 , 106 km2 in summer, which is in the upper range of the
values obtained in PMIP simulations (Goosse et al., 2013). By
contrast, the mean pattern of sea ice drift for each GCM at 6 ka BP
(Fig. A5) is very similar to that of the present period (Fig. 1).

The configuration of the DTM model is the same as in the two
precedent applications. In order to identify the contribution of sea
input fields (columns 2e4), and the periods over which the experiments are carried
Fram Strait (Fig. 1), thus this dataset was completed by the sea ice velocity of NEMO-

Period

OCEAN CURRENTS VEL CONC

NEMO-LIM 1992e2011 1992e2011
NEMO-LIM 1992e2011 1992e2011
GCMs 1992e2011 1992e2011
NEMO-LIM 1995 1995
NEMO-LIM 2010 2010
GCMs 6 ka BP 1992e2011
GCMs 1992e2011 6 ka BP
GCMs 6 ka BP 6 ka BP



Fig. 2. Difference between Arctic summer (JAS) sea ice concentration over the MidHolocene period and present period (1992e2004) for all GCMs.
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ice extent and velocity changes at 6 ka BP, three experiments for 6
ka BP (MH1, MH2 and MH3 experiments) are compared to the
standard experiment (REF experiment). The characteristics of each
experiment are presented in Table 2. The first experiment (MH1)
uses the present day sea ice concentration but the sea ice velocity
from the Mid-Holocene period. The second experiment (MH2) uses
the present day sea ice velocity but sea ice concentration from the
Mid-Holocene period. This way, we can assess whether a more
restrained sea ice extent plays a role in the driftwood distribution.
The last experiment (MH3) uses sea ice concentration and sea ice
velocity from the Mid-Holocene period.

4. Results and discussion

4.1. Driftwood transport model evaluation over 1992-2011

Fig. 3 shows some representative examples of driftwood tra-
jectories and the average of Canadian and Siberian driftwood dis-
tributions for the present period (1992e2011) derived from the
simulations of the DTM model using the sea ice velocity derived
from observations (REF. IABP) and the NEMO-LIM model outputs
(REF. NEMO-LIM).
First of all, as in the driftwood observations (Hellmann et al.,
2017; Hole and Macias-Fauria, 2017), wood beaching mainly oc-
curs in the Arctic Ocean in REF. IABP (i.e. in North Greenland,
Ellesmere Island and Svalbard; Fig. 3). Indeed, less than 5% of all
modelled driftwood (Canadian and Siberian woods) ends up south
of Fram Strait. North Greenland and Ellesmere Island are the main
arrival regions for the Canadian driftwood in REF. IABP, in agree-
ment with the results of Hellmann et al. (2017). Therefore, the
Canadian woods end up in a restricted geographical region. For
Siberian woods, the fraction of driftwood passing Fram Strait is
higher than for the Canadian driftwood (Fig. 3; 1% for the Canadian
against 8% for the Siberian) because of the Siberian woods are
rapidly taken into the TPD and go further south compared to Ca-
nadian wood. Moreover, the proportion of Siberian driftwood
arriving in Svalbard is larger compared to the Canadian, as in ob-
servations (Hellmann et al., 2017). The driftwood proportion
ending up to the south of Fram Strait in REF. NEMO-LIM experiment
is larger (24.8%) than the REF. IABP experiment meaning that
NEMO-LIM tends to overestimate the proportion of driftwood in
southern regions. On average over all the DTM REF experiments
using the GCMs outputs, the Siberian driftwood simulated is
consistent with the REF. IABP since the most of driftwood mainly



Fig. 3. Examples of driftwood and fractions of driftwood originating from either Siberia or Canada that is deposited at each location relative to all beached driftwood. These results
come from the DTM simulations using the IABP buoys and NEMO-LIM outputs. In black, the initial positions of driftwood and in red, the final positions after the travel. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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ends up in North Greenland (46%) and Svalbard (24%). As much for
the Canadian driftwood, the GCMs experiments show an over-
estimation of the driftwood export to the Atlantic (24% for the
Canadian and 29% for the Siberian driftwood beach in South
Greenland or Iceland on average). However, the main arrival coast
for the Canadian driftwood derived from the experiments using the
GCMs outputs is North Greenland (53%) as the REF. IABP.

Those driftwood trajectories are consistent with sea ice drift
simulated in the models with a clear difference between the sim-
ulations using the NEMO-LIM models and GCMs for the present
period (Fig. 1). For the GCMs, the BG is often very strong, leading
woods to be often trapped into the BG before being released. It is
the opposite for NEMO-LIM where the TPD is wider resulting in
more direct trajectories towards Fram Strait (Fig. 3). The REF.
NEMO-LIM experiment shows that most of Siberian driftwood
(80%) ends up in Svalbardwhile Canadian driftwood ends up on the
Arctic coasts in a slightly more homogeneous way (Fig. 3). Wood
(Canadian and Siberian) preferentially ends up in Svalbard (50%)
and nowood beached in Ellesmere Island in contrast to observation
(Fig. 3; England et al., 2007). For the GCMs presenting a wide BG
and a weak TPD as the CSIRO-Mk3-6-0, HadGEM2-CC and
HadGEM-ES GCMs, a small fraction is exported to Fram Strait
leading to a beaching in North Greenland (Fig. 6). In the opposite
situation (weaker BG and stronger TPD) as for the CNRM-CM5GCM,
Canadian wood mainly ends up to the south of Fram Strait and
Svalbard while the Siberian wood is mainly deposited in Svalbard.
In the other GCMs (GISS-E2-R and MPI-ESM-P), the driftwood
distribution is more distributed over the whole Arctic coasts
(Fig. 6). Unfortunately, the REF experiment using the GISS-E2-R
outputs simulates no Canadian driftwood deposit due to the too
weak sea ice concentration near the Canadian coasts.

4.2. Impact of atmospheric change on the driftwood distribution

The patterns of sea ice drift for two specific years derived from
NEMO-LIM are in agreement with the expected response to NAO
(Kwok, 2000; Funder et al., 2011; Rigor et al., 2002). We observe a
weak BG and a strong TPD in 1995 (NAO þ situation) and the
opposite case in 2010 (NAO- situation; Figs. 4 and A6). The NAO has
nearly no impact on the distribution of Siberian driftwood (Fig. A6).
The effect is larger for Canadian driftwood. In 2010, the strong BG
drives the Canadian driftwood closer to the Ellesmere Island and
North Greenland (Fig. 4). At the opposite, in 1995 when the BG is
weaker, the Canadian driftwood tends to rapidly reach the TPD
making beaching in Ellesmere Island or North Greenland almost
impossible (Fig. 4). In 2010, 18% of driftwood ends up in North
Greenland, while 7% does in 1995 (Fig. 5). We also observe that the
arrival positions of driftwood in North Greenland is further west in
2010 than 1995 (Fig. 4). Because of the strong TPD in
NAOþ conditions, a large part of Canadian driftwood ends up to the
south of Fram Strait. Indeed, the Canadian driftwood proportion
ending up in Iceland and South Greenland in 1995 is 69% against
16% in 2010 (Fig. 5). Finally, the proportion increase of Canadian
driftwood in Svalbard in NAO- situation is due to a strong BG
bringing driftwood to the Siberian coasts and thus increasing the
probability of beaching in Svalbard (Figs. 4 and 5).

Because of biases in NEMO-LIM sea ice velocity north of Elles-
mere Island, very few woods end up in Ellesmere Island. Thanks to
the correction of NEMO-LIM sea ice velocity on the basis of IABP
buoys, the sea ice velocity for this region is more directed to the



Fig. 4. (A and d) Mean annual patterns of sea ice drift of NEMO-LIM for 1995 (NAO index is 1.05) and 2010 (NAO index is �1.90). (b, c, e and f) Fractions of driftwood originating from
either Siberia or Canada that is deposited at each location relative to all beached driftwood. These results come from the two simulations of driftwood model using NEMO-LIM for
repeated conditions 1995 and these of 2010. In black, the initial positions of driftwood and in red, the final positions after the travel. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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land (Fig. 4 and A6). Generally, a small change in the sea ice drift
pattern (here, due to the sea ice velocity correction) has a large
impact on the spatial driftwood distribution. Indeed, after correc-
tion, no driftwood (Siberian or Canadian) passes Fram Strait in
NAO- situation (Figs. 4 and 5). Even though the Canadian driftwood
distribution is relatively similar between both NAO situations
(Fig. 5), we observe that driftwood in 1995 ends up further east in
North Greenland than in 2010 (Fig. A6). In NAOþ conditions, for the
Siberian driftwood, driftwood is more evenly distributed on the
whole Arctic coasts than for non-corrected NEMO-LIM due to a
small change in the direction of TPD (Fig. 5). The large part of Si-
berian driftwood beaching in North Greenland in 2010 (77%; Fig. 5)
is explained by the strong BG and a shift in TPD (unlike non-
corrected sea ice velocity), leading to a driftwood deposit in Elles-
mere Island and North Greenland (Fig. A6).

4.3. Application of driftwood transport model to Mid-Holocene

On the basis of a large driftwood data base, Hole and Macias-
Fauria (2017) suggested a shift towards more positive NAO condi-
tions during the Mid-Holocene associated with a reduced BG,
combined with an expansion of the TPD. Compared to the present
period, the TPD would have been slightly shifted to the west.
Consequently, the driftwood deposit was higher in North
Greenland in comparison to the present period (Hole and Macias-
Fauria, 2017).

Our experiments with the DTM model driven by the GCM out-
puts during theMid-Holocene (MH3 experiment, Table 2) generally
agree with the observed changes in deposit (Fig. 6). In particular,
the MH3 experiment, using all the GCM outputs except CNRM-CM5
and GISS-E2-R, shows an increase of driftwood beaching in North
Greenland at 6 ka BP in comparison to the present period (REF
experiment; Fig. 6). This change in driftwood deposit is explained
by a reduced BG and a westward shift of the TPD. These results
match well with the driftwood records (Bennike and Weidick,
2001; Nixon et al., 2016; Dyke et al., 1997; Hole and Macias-
Fauria, 2017). Hole and Macias-Fauria (2017) suggested that the
changes in driftwood deposit may be due to relatively large
changes in the sea ice circulation. However, in these GCMs, the
change in sea ice circulation between both periods is small (Figs. 1
and A.5). Consequently, small local changes in sea ice circulation are
enough to explain large changes in driftwood landing.

In contrast, the driftwood proportion in North Greenland for the
MH3 experiment driven by CNRM-CM5 outputs is weaker than for
the present period (REF experiment). The Canadian driftwood
proportion is higher for South Greenland and weaker for Svalbard



Fig. 5. Average proportions of driftwood for arriving in selected regions of the Arctic (S.G.: South Greenland; N.G.: North Greenland; Ic.: Iceland; Sv.: Svalbard; E.I.: Ellesmere Island)
relative to all beached driftwood departing from Siberian and Canadian coasts. These results coming from the two simulations of driftwood transport model using NEMO-LIM (aeb)
and corrected NEMO-LIM (ced) for repeated conditions 1995 and these of 2010.
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compared to the present period (Fig. 6). This result can be explained
by a too weak westward shift of the TPD. Consequently, driftwood
comes closer to North Greenland but not enough to observe a
beaching in this region. However, this shift in TPD induces a
reduction of the proportion of Canadian driftwood in Svalbard in
theMH3 experiment compared to the REF experiment. The Siberian
driftwood proportion beaching in Svalbard is also larger at 6ka BP
than now, supporting a stronger TPD.

The driftwood studies mainly mentioned a change in sea ice
circulation to explain a past change in driftwood deposit for the
mid-Holocene (e.g. Hellmann et al., 2013; Hole and Macias-Fauria,
2017) but in our experiments, the impact of sea ice extent change
is also present. Consequently, the driftwood deposit change cannot
be only interpreted as a change in sea ice dynamic even though this
change has a larger impact than that of the change in sea ice extent.
By comparing the MH1 (sea ice velocity during the Mid-Holocene
and sea ice concentration at present period) and MH3 (full Mid-
Holocene conditions) experiments, we notice large differences in
driftwood landing (Fig. 6). Due to the weak sea ice concentration at
Fram Strait during the Mid-Holocene (Fig. 2), wood tends to sink
faster than during the present period. Additionally, Canadian
woods taken in the BG tend to sink because of the reduced ice cover
at 6 ka BP. For example, the Canadianwood in the MH3 CNRM-CM5
experiment at Fram Strait sinks before reaching South Greenland or
Iceland. This leads to a relative increase in driftwood deposit in
Svalbard and a decrease in South Greenland in MH3 experiment
compared to MH1 experiment (Fig. 6). The impact of the sea ice
concentration change is also present in the MH3 HadGEM2-CC
experiment. The Canadian driftwood does not have the time to
reach the Ellesmere Island once driftwood has reached North
Greenland because of weak sea ice concentration around Fram
Strait. Therefore, driftwood sinks before reaching Ellesmere Island,
leading to a relative increase of driftwood landing in North
Greenland and a decrease in Ellesmere Island.

The experiments driven by the HadGEM2-ES outputs show an
interesting synergy between changes in sea ice velocity and extent
not present in the other GCMs. Using sea ice concentration during
the Mid-Holocene and sea ice velocity for the present period in the
DTM model (MH2 experiment), we do not see a large difference
with the REF experiment. However, the results of REF and MH1
experiments are different. For Canadian wood, compared to the
present period, the proportion of driftwood deposit is higher in
Ellesmere Island and weaker in North Greenland (Fig. 6). This
change can be explained by a slight westward shift in TPD. Addi-
tionally, the difference results of REF and MH3 HadGEM2-ES is far
more large than that of REF and MH1 experiments. For the Cana-
dian wood, no driftwood ends up on a coast during all the MH3
experiment. This result illustrates that the impact of the combi-
nation of the two changes (sea ice extent and circulation) is not
equivalent to the sum of the individual contributions. The response
is non-linear and the changes of sea ice concentration combined
with the ones in velocity have thus a decisive impact on the drift-
wood transport during the Mid-Holocene. In HadGEM2-ES model,
the BG is slightly stronger at 6 ka BP leading to a transport of Ca-
nadian wood closer to the Siberian coasts where the sea ice con-
centration is very low. Consequently, wood rapidly sinks after their
departure from the Canadian coasts. We have tested the sensitivity
of this conclusion using values of icetime up to 180 days without a
significant impact on our results showing they are independent of
the parameter choice. The total absence of Canadian driftwood
deposit in MH3 experiment with the HadGEM2-ES outputs is in
clear disagreement with observations (Hole and Macias-Fauria,
2017). The unrealistic behaviour of Canadian driftwood is prob-
ably related to an underestimation of the ice extent for 6 ka BP,
HadGEM2-ES being one of the model with the largest decrease in
summer ice extent among PMIP3 models (Goosse et al., 2013).

5. Conclusions

Proxy system models have proved their utility for many



Fig. 6. Proportions of driftwood for each arrival coast (S.G.: South Greenland; N.G.: North Greenland; Ic.: Iceland; Sv.: Svalbard; E.I.: Ellesmere Island) relative to all beached
driftwood and according to the depart zone (Siberian or Canadian coasts). These results come from the four experiments (REF. GCM, MH1, MH2 and MH3; see Table 2 for details)
with the driftwood transport model using the GCMs outputs.
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paleoclimate observations. Our study demonstrates that a relatively
simple model is able to reproduce the main characteristics of
observed driftwood. It is thus an interesting tool to interpret past
changes and to evaluate climate model results. The comparison
between simulated results and observations performed here is not
quantitative because of the uncertainties in the wood age and the
driftwood origin collected on the shore. Nevertheless, driven by the
output of climate models, the DTM model simulates the main fac-
tors controlling driftwood trajectories and their potentially non-
linear interactions in order to simulate the variable that is
observed (i.e. driftwood deposit). Thanks to our model, we are able
to bridge the gap between the paleoclimate observations and
climate models (e.g. GCMs) by bringing climate model outputs into
the proxy space. The qualitative comparison betweenmodel results
and observations is thus much more direct and objective and this
constitutes an important step towards a more objective quantifi-
cation of the differences between climate model results and
observations.

Many studies interpret past changes in driftwood deposit as
modifications of the atmospheric circulation, in particular as a shift
in NAO. Consequently, to directly study the impact of an atmo-
spheric circulation change on the spatial distribution of driftwood,
we performed two simulations with the DTM model driven by the
outputs of NEMO-LIM sea ice model for two widely different NAO
conditions. The results exhibit a clear dependence of the spatial
driftwood distribution on the atmospheric circulation. Indeed, in
NAO- situation, when the BG is strong and the TPD weak, the
driftwood ends up north of Fram Strait, mainly in Ellesmere and
North of Greenland. In contrast, the NAO þ conditions are charac-
terised by a weak BG and a strong TPD leading to a larger driftwood
deposit south of Fram Strait (South Greenland and Iceland).

A second application is devoted to the Mid-Holocene period (at
6 ka BP) using the DTM model driven by the outputs of six GCMs.
Compared to the present period, a decrease in the summer sea ice
extent during the Mid-Holocene is observed due to orbital forcing.
We have shown that most of DTM simulations driven the GCMs
outputs are in agreement with the driftwood records at 6 ka BP. The
driftwood deposit change during the Mid-Holocene compared to
the present period is mainly explained by a change in the sea ice
circulation. Compared to the present period, we deduced a reduced
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BG and awestward shift of the TPD from our experiments at 6 ka BP.
Specifically, our experiments have shown that small local changes
in sea ice circulation suffice to explain the observed change in
driftwood deposit at 6 ka BP compared to the present period.
Therefore, large changes in driftwood deposit should not neces-
sarily be interpreted as large changes in sea ice velocity and at-
mospheric circulation. The interpretation of driftwood in term of
significant local circulation changes and their links with large scale
patterns must thus be performed with caution. Additionally, a
change in sea ice circulation associated with a change in sea ice
extent may have a much larger impact on driftwood deposit than
the sum of two individual impacts. For instance, in contrast to the
present period, no Canadian driftwood ends up on Ellesmere Island
and North Greenland during the Mid-Holocene in the DTM model
driven by HadGEM2-ES. Taking into account this non linear
behaviour is critical to interpret the observations and also to eval-
uate climatemodels using driftwood data. In this context, the use of
a model that explicitly simulates driftwood trajectory provides thus
as a relevant tool to interpret driftwood deposit.
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