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« The CESM projects a large increase in transnational ice exchanged in the Arctic by
mid-century with transit times reduced to under two years

¢ By mid-century the amount of transnational ice originating from Russia doubles and
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« Long-distance ice transport pathways disappear by 2100 in favor of regions directly

downstream, especially under the high emissions scenario
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Abstract

The Arctic is undergoing a rapid transition toward a seasonal ice regime, with widespread
implications for the polar ecosystem, human activities, as well as the global climate. Here
we focus on how the changing ice cover impacts trans-border exchange of sea ice between the
exclusive economic zones of the Arctic states. We use the Sea Ice Tracking Utility (SITU),
which follows ice floes from formation to melt, in conjunction with output diagnostics from
two ensembles of the Community Earth System Model (CESM) that follow different future
emissions scenarios. The CESM projects that by mid-century, transnational ice exchange
will more than triple, with the largest increase in the amount of transnational ice originating
from Russia and the Central Arctic. However, long-distance ice transport pathways are
predicted to diminish in favor of ice exchanged between neighboring countries. By the end
of the 215% century, we see a large difference between the two future emissions scenarios
considered: consistent nearly ice-free summers under the high emissions scenario act to
reduce the total fraction of transnational ice exchange compared to mid-century, whereas
the low emissions scenario continues to see an increase in the proportion of transnational
ice. Under both scenarios, transit times are predicted to decrease to less than two years
by 2100, compared to a maximum of six years under present-day conditions and two and a
half years by mid-century. These significant changes in ice exchange and transit time raise

important concerns regarding risks associated with ice-rafted contaminants.

Plain Language Summary

The Arctic is undergoing a rapid transition toward a thinner, less extensive, more
mobile sea ice cover. This affects the amount of sea ice exchanged between the exclusive
economic zones of Arctic states. Here we use an Earth System Model, the Community Earth
System Model (CESM), to track sea ice from where it forms to where it ultimately melts.
By mid-century, the area of sea ice exchanged between the different regions of the Arctic
is predicted to more than triple compared to the end of the 20*" century, with the Central
Arctic joining Russia as a major ice “exporter”. At the same time, the exchange of sea ice
over long distances is predicted to diminish in favor of ice exchanged between neighboring
Arctic states. By mid-century, the average time required for ice to travel from one region
to another is more than halved; by 2100, nearly all transports take less than a year, with
little multi-year ice left in the Arctic. Sea ice provides a transport mechanism for a variety

of material, including algae, dust and a range of pollutants. The acceleration, and then
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disappearance, of sea ice has important implications for managing contamination in Arctic

waters.

1 Introduction

The Arctic sea ice cover has been retreating over the past four decades and is predicted
to continue to decline throughout the 215 century (e.g., SIMIP Community, 2020; Stroeve,
Kattsov, et al., 2012; Stroeve & Notz, 2018). Sea ice loss provides easier marine access to the
Arctic and great opportunities for economic activities (Aksenov et al., 2017; Ng et al., 2018;
Schgyen & Brathen, 2011; Stephenson et al., 2013), but is also associated with growing risks
and emerging political tensions (Arctic Council, 2009; Emmerson & Lahn, 2012; Newton et
al., 2016). When ice concentrations are high, sea ice can raft various materials, including
pollutants, and transport them much farther than ocean currents across the Arctic basin
(Blanken et al., 2017). Newton et al. (2017) have shown that the total area of sea ice
exchanged across the Arctic Ocean has been increasing over the historical period as a result
of sea ice retreat and thinning, with higher ice drift speeds and associated shorter transit
times between different regions. However, long-range transport of sea ice and ice-rafted
material has started to decrease in recent years due to intensified melt in the marginal ice
zones of the Arctic Ocean (Krumpen et al., 2019; Newton et al., 2017). It is currently
unclear how transnational ice exchange will evolve in the future as the Arctic continues to
transition toward a seasonally ice-free state, in particular when considering the competing
effects of increased drift speeds versus shorter periods for sea ice to transit the Arctic as
the melt season lengthens. In this study, we investigate how transnational sea ice exchange
between the different Arctic states is predicted to change during the 215¢ century using the

Community Earth System Model (CESM1; Hurrell et al., 2013).

September sea ice extent has been declining at a rate of roughly 11% per decade since
the start of the satellite era in 1979 (Comiso et al., 2017; Stroeve & Notz, 2018) and there
is evidence that the rate of decline has accelerated since the beginning of the 215 century
(Comiso et al., 2008; Ogi & Rigor, 2013; Stroeve, Serreze, et al., 2012). In addition, there
has been an increase in the length of the open-water season in the Arctic over recent decades
(Barnhart et al., 2016; Smith & Jahn, 2019; Stroeve, Markus, et al., 2014) and the sea ice
cover has undergone substantial thinning with a considerable decline in the amount of multi-
year ice (Comiso, 2012; Kwok, 2018; Stroeve, Barrett, et al., 2014; Stroeve & Notz, 2018).

The retreat of Arctic sea ice combined with more extensive open-water periods have modified
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interactions between the different stakeholders of the High North, raising new political issues
and heightening potential conflicts among Arctic states (Emmerson & Lahn, 2012; Newton
et al., 2016; Wilhelmsen & Gjerde, 2018). Current model projections suggest that nearly
ice-free summers, defined as ice extent that falls below one million km?, are very likely unless
warming is limited to 1.5°C (Jahn, 2018; Niederdrenk & Notz, 2018; Screen & Williamson,
2017; Sigmond et al., 2018). It has been shown that if emissions of anthropogenic COs
continue on the current trajectory, nearly ice-free conditions will likely occur by the middle
of the century (Jahn et al., 2016; Wang & Overland, 2009, 2012). Trends described in
Newton et al. (2017) suggest that transnational ice exchange could continue to expand
in the near future, increasing political tensions associated with cross-border contaminant
transport (Newton et al., 2016). Here we assess how transnational ice exchange will evolve
over the 215 century, and what impact different future emissions scenarios may have on

these projections.

Sea ice acts as a transport medium for materials such as dust, aerosol deposits, sedi-
ments, organic matter, macro-nutrients, freshwater, and biological communities growing at
the bottom of the ice (Eicken et al., 2000; Eicken, 2004; Melnikov et al., 2002; Newton et
al., 2013; Niirnberg et al., 1994). Transport of ice algae and sediments by sea ice has been
shown to favor ice-associated phytoplankton blooms when the ice melts in the summer,
critically impacting the food web structure (Boetius et al., 2013; Fernandez-Méndez et al.,
2015; Gradinger et al., 2009; Jin et al., 2007; Olsen et al., 2017). As industrialization of
the Arctic continues to expand due to easier marine access, anthropogenic pollutants (e.g.,
mercury, lead, black carbon, oil, microplastics) may also be transported by sea ice over long
distances from where they first enter the ocean (AMAP, 2011, 2015; Blanken et al., 2017;
Obbard et al., 2014; Peeken et al., 2018; Pfirman et al., 1995, 1997; Shevchenko et al., 2016;
Varotsos & Krapivin, 2018; Venkatesh et al., 1990). This makes assessment of risk, attribu-
tion of responsibility for environmental and ecological consequences, as well as containment,
recovery, and cleaning operations of contaminants very difficult if not impossible (Glickson
et al., 2014; Newton et al., 2016; Peterson et al., 2003; Post et al., 2009; Sgrstrgom et al.,

2010; Wilkinson et al., 2017).

To explore the connections between future changes in Arctic sea ice and emerging
political issues related to long-distance rafting of material, we frame our analysis in the
context of exclusive economic zones (EEZs; Flanders Marine Institute, 2018) of the Arctic

states (Figure 1). This builds on the work by Newton et al. (2017), who used satellite-
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derived sea ice drifts and analyzed transnational ice transport and change from the years
pre to post-2000. An exclusive economic zone is a sea zone over which a state has special
rights regarding the exploration and use of marine resources, including energy production.
EEZs extend 200 nautical miles from the coastline, as prescribed by the United Nations
Convention on the Law of the Sea (Nordquist, 2011). There are five Arctic littoral states:
Canada, the United States, Russia, Norway (including the Svalbard archipelago and the Jan
Mayen island) and Denmark (Greenland). We also consider Iceland as part of our analysis
since it receives sea ice exported from the Arctic Ocean through Fram Strait. We define
the Central Arctic (CNT) as the region in the middle of the Arctic Ocean over which no

country has exclusive economic rights.

Figure 1. Map of the exclusive economic zones (EEZs) of the Arctic based on the definition
from the United Nations Convention on the Law of the Sea (Nordquist, 2011): Canada [purple],
the United States [dark blue], Russia [light blue], Norway [turquoise], Iceland [green] and Greenland
[orange]. The region in the middle of the Arctic Ocean that is not included within an EEZ is

referred to as the Central Arctic (CNT) for the context of this study.
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2 Methods
2.1 Community Earth System Model (CESM)

The CESM1 is a state-of-the-art global Earth System Model characterized by a nominal
1° horizontal resolution in all components (Hurrell et al., 2013). This version of the CESM
has been widely used for Arctic sea ice studies and generally performs well in capturing the
Arctic mean sea ice state, trend and variability (e.g. Barnhart et al., 2016; DeRepentigny
et al., 2016; England et al., 2019; Jahn et al., 2016; Labe et al., 2018; Smith & Jahn,
2019; Swart et al., 2015). Although this study only uses a single Earth System Model,
it uses two ensembles from that model, allowing for an assessment of scenario differences
while considering internal variability uncertainties. Furthermore, a good representation of
present-day sea ice properties has been shown to be critical for future projections of summer
sea ice conditions (Massonnet et al., 2012), making the CESM an excellent choice for this
type of analysis. Note however that results presented here are closely tied to the simulated
atmospheric circulation response to future climate forcing in the Arctic, something that
varies across climate models and is still an active area of research (Budikova, 2009; Zappa

et al., 2018).

To investigate the impact of different future emissions scenarios on the projections of ice
exchange between the different EEZs of the Arctic, we use two ensembles of the fully-coupled
climate simulations from the CESM1. The CESM Large Ensemble (CESM-LE; Kay et al.,
2015) includes 40 individual ensemble members that differ only by round-off level differences
in the initial air temperature field (order of 107!* K). These large ensemble simulations
follow the historical forcing from 1920 to 2005 and the business-as-usual Representative
Concentration Pathway 8.5 (RCP8.5; Jones et al., 2013) emissions scenario from 2006 to
2100 (Figure 2a,b). We also use the CESM ensemble simulations following the 2°C target
low warming scenario (CESM-LW; Sanderson et al., 2017). These 2°C target low warming
simulations, along with similar experiments using a target of 1.5°C and an overshoot scenario
that temporarily exceeds 1.5°C, were designed to inform assessment of impacts at 1.5 and
2°C above pre-industrial levels following the Paris Intergovernmental Panel on Climate
Change (IPCC) Agreement of December 2015 (Sanderson et al., 2017; UNFCCC, 2015). The
simulations are branched from the first 11 ensemble members (001-011) of the CESM-LE in
2006, after which they follow an emissions scenario designed so that the multi-year global

mean temperatures never exceed 2°C above pre-industrial levels (Figure 2d). Emissions
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Figure 2. Time evolution of (a) the total CO2 emissions in GtC/yr, (b) the atmospheric CO2
concentration in ppm, (c) the September Arctic sea ice extent in million km? for all ensemble
members with the threshold for a nearly ice-free Arctic shown by the grey dashed line, (d) the 20-
year running mean annual-mean global temperature anomalies for all ensemble members (relative
to pre-industrial levels, taken as 1850-1920 here) and (e) the 20-year running mean annual-mean
Arctic temperature anomalies for all ensemble members. All panels cover the historical period
of the CESM-LE [black], the future RCP8.5 scenario of the CESM-LE [blue] and the future low
warming scenario of the CESM-LW [orange]. Note the different range of the y-axis for (d) the global
temperature anomalies and (e) the Arctic temperature anomalies. The grey shaded areas highlight

the three different time periods our analysis focuses on. (Adapted from Figure S.1 of Jahn, 2018).

follow the RCP8.5 scenario from 2006 to 2017, after which they start declining rapidly
(Figure 2a), such that emissions in 2042 are half of the 2017 levels (Sanderson et al., 2017).
This low warming scenario requires a negative emissions phase in order to stay below the
2°C warming target, with combined fossil fuel and land use carbon emissions crossing net
zero in 2078 (Figure 2a). Note that we take the mean of each ensemble to represent the
model response to radiative forcing, and the spread about the mean to represent the internal

variability within each scenario ensemble.
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From all ensemble simulations, we use the v and v components of the sea ice velocity
field as well as sea ice concentration (aice), at a monthly time resolution. Each variable
is interpolated onto the 25 km Equal-Area Scalable Earth Grid (EASE-Grid; Brodzik et
al., 2012) in order to conserve sea ice area during the tracking process (see section 2.2
for more details on the ice tracking system). While the CESM-LE also provides sea ice
concentration at a daily time resolution for the entire length of the simulation, the v and
v components of the sea ice velocity field are only available at a 6-hourly time resolution
for three periods varying from 10 to 15 years between 1920 and 2100. In addition, the
CESM-LW only provides these variables available at a monthly resolution, which does not
allow for an analysis at a higher temporal resolution for this scenario. The effect of the time
resolution on our analysis has been tested by comparing weekly and monthly averages for
the CESM-LE, and the results show no major change to the conclusions presented here (see

Figures S1 and S2 in the supporting information for more details).

In this study, the CESM analysis is separated into three time periods of 20 years,
separated equally from the end of the 20*® century to the end of the 215 century: (1) 1981
to 2000, (2) 2031 to 2050 and (3) 2081 to 2100. Each period captures a different regime of
the transition toward a seasonally ice-free Arctic (see Figures 2¢ and 3 for context), allowing

us to assess the projected evolution of sea ice exchange:

1981-2000 Representative of the state of the Arctic at the end of the 20*" century, before
the start of the observed series of record low minima in September sea ice extent of
under six million km? (can be compared to the pre-2000 period used in Newton et
al., 2017);

2031-2050 Representative of a thin and dynamic ice pack, mostly consisting of first-year
ice except for the region north of Greenland and the Canadian Arctic Archipelago
(Figure 3b,c);

2081-2100 Representative of a fully seasonal ice cover for the CESM-LE, with a nearly
ice-free Arctic over three to five months for all 40 ensemble members (Figure 2c),

and nearly ice-free summers for a maximum of one month every few years for the

CESM-LW due to less sea ice loss (Jahn, 2018).

In order to provide an assessment of the performance of the CESM in simulating sea
ice transport between EEZs, we also analyze the CESM-LE over the 20-year period between

1989 and 2008 and compare it with observational data (section S2 in the supporting infor-
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Figure 3. Average September sea ice concentration for the CESM-LE over the period of (a)
1981-2000 as well as for (b,d) the CESM-LE and (c,e) the CESM-LW over the periods of (b,c)
2031-2050 and (d,e) 2081-2100. The borders of the EEZs are indicated by red lines. The cyan line

shows the 15% sea ice concentration contour.

mation). This period is slightly shifted compared to the first period of the CESM analysis
due to a low bias in satellite-derived drift vectors prior to 1989 (section S1 in the supporting
information). We use data from the National Snow and Ice Data Center’s (NSIDC) Polar
Pathfinder project (Tschudi et al., 2016) and the National Oceanic and Atmospheric Ad-
ministration (NOAA)/NSIDC Climate Data Record (Meier et al., 2017; Peng et al., 2013).
We find that the exchange of transnational ice between the different EEZs of the Arctic
simulated by the CESM-LE over the period of 1989-2008 is in good general agreement
with observations. The small differences between the CESM-LE and observations can be
attributed to a bias in the simulated atmospheric circulation over the Arctic during the
ice-covered season and the resulting sea ice circulation anomalies (see section S2 for more

details).
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2.2 Sea Ice Tracking Utility (SITU)

We use a Lagrangian approach to better understand the potential connections between
the Arctic states through the sea ice they exchange. To that end, we use a Lagrangian
tracking software called the Sea Ice Tracking Utility (SITU, http://icemotion.labs.nsidc
.org/SITU/), formerly known as the Lagrangian Ice Tracking System (LITS; DeRepentigny
et al., 2016; Williams et al., 2016; Brunette et al., 2019), that tracks ice floes from their
formation location to where they ultimately melt. This offline approach to Lagrangian
modeling uses saved output from preexisting runs of the model and requires significantly
less computational resources compared to the transport of online tracers. SITU allows us to
obtain a quantitative assessment of the evolution of ice motion by looking at the exchange
of sea ice between the EEZs of different Arctic states and how these patterns are predicted
to change in the future. This software has been successfully used to track ice floes forward
or backward in time (DeRepentigny et al., 2016; Newton et al., 2017; Williams et al., 2016)
and is based on a similar approach that has been widely used to track ice age over several
years (Fowler et al., 2004; Maslanik et al., 2007; Pfirman et al., 2004; Rigor & Wallace,
2004).

In the present analysis, SITU is used to track ice area. This requires all of the output
variables to be interpolated to an equal-area grid for the area to be conserved during the
tracking process. Note that this method does not aim to fully capture sea ice physics,
as it does not track ice volume and uses data at a 25 km resolution. Nonetheless, tracking
independent parcels of ice area provides some information on the effect of sea ice convergence,
as SITU allows for multiple tracked ice parcels to stack up in the case of convergent flow. This
approximates a rise in ice thickness through ridging by increasing the number of tracked
areal parcels of ice over a specific location. For this study, we analyze transnational ice
exchange in terms of areal flux rather than the areal flux divided by the area covered by
each EEZ, as this is more representative of the potential risk for ice-rafted contaminant

transport.

First, for every month considered within the analysis, the location of newly formed ice
floes is identified. A newly ice-covered grid cell can either be the product of ice formation
(freezing) or advection of ice from a nearby location. In order to dissociate the thermody-
namic signal from the dynamic signal, we select all grid points along the ice edge (defined

as the 15% ice concentration contour), track them forward in time for one month using the

—10-
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sea ice velocity at each grid point along the ice edge, and compare the result with the sea
ice edge of the following month. Every grid cell outside of the tracked ice edge that was not
covered by ice initially but is ice covered the following month is then considered a new ice
parcel (referred to hereafter as an ice formation event). Next, all ice formation events are
fed to SITU, which advects each newly formed ice parcel forward in time with a monthly
resolution until it ultimately melts, creating a record of ice tracks. An ice parcel is consid-
ered to have melted when it is advected to a location that is ice free when compared with
the ice concentration field of that month. Melt (and formation explained above) is defined
using a sea ice concentration threshold of 15%. The transition between ice and open water
is usually abrupt and our results show no sensitivity to the exact choice of cut-off value (not

shown).

Using time-averaged velocities (monthly averages in the case of the analysis presented
here) can result in floes being advected over land (either an island or the continent) by SITU
instead of piling up along the coast. To avoid unrealistic loss of ice floes over land within
SITU, we move the affected parcels back to the last ocean grid cell they crossed prior to
reaching land, following a linear trajectory between their initial position and their position
after one time step. These parcels continue to be tracked normally, subject to the dynamics

of their new location as if they had simply piled up along the coast.

In what follows, we analyze what we refer to as “transnational” sea ice, ice that leaves
the EEZ in which it formed, as distinguished from “domestic” ice that melts in the same EEZ
where it formed. We also refer to the fraction of transnational ice exchange, defined as the
ratio of the areal flux of transnational sea ice to the total areal flux of sea ice, transnational

and domestic combined.

3 Results
3.1 Increase in Transnational Ice Exchange

Over the last 20 years of the 20*" century, Russia dominates in terms of formation of
transnational ice (74.8% of the total areal flux of transnational ice originates from Russia)
and the majority of transnational Russian ice gets exported to Norway (Figure 4a), in general
agreement with observations (see section S2 in the supporting information or Newton et al.,
2017). Using SITU, we find an increase in the area of ice formed each year from 1.4 million

km? /yr in 1981-2000 for the CESM-LE to between 4.6 and 5.3 million km? /yr in 2031-2050

—11—
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Figure 4. Annual mean average areal flux of transnational ice for the CESM-LE over the period
of 1981-2000 [top - (a)] and for the CESM-LE [left - (b,d)] and the CESM-LW [right - (c,e)] over
the periods of 2031-2050 [middle - (b,c)] and 2081-2100 [bottom - (d,e)]. The height of each colored
portion within one bar represents the annual mean areal flux of ice between the EEZ of formation
(x-axis) and the EEZ of melt (color). Note that domestic ice is not included in this figure in order
to focus on the features of transnational ice exchange. The average amount of ice area exchanged
between all EEZs, including domestic ice, for both experiments as well as a statistical assessment
of the pathways that are significantly different between the CESM-LE and the CESM-LW can be

found in Tables S1 and S2 in the supporting information.

for the CESM-LW and the CESM-LE, respectively. This large increase in ice formation

is accompanied by an increase in the amount of transnational ice exchanged between the

—12—
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different EEZs by mid-century. In fact, the total average areal flux of transnational ice in
the Arctic increases by 252% for the CESM-LE and 204% for the CESM-LW between the
periods of 1981-2000 and 20312050 (Figure 4b,c).

The main reason for this large increase in transnational ice flux from 1981-2000 to 2031—
2050 is the poleward expansion of the seasonal ice zone (SIZ), defined as the area between
the minimum and maximum sea ice extents, due to a continued rise in simulated Arctic
temperatures (Figure 2e). By mid-century, under both scenarios, the area of annual sea ice
formation expands from the peripheral seas to almost the entire Arctic Ocean (Figure 5a-f).
Over the period of 2031-2050, the spatial differences in ice formation between the CESM-
LE and the CESM-LW are small (Figure 5c-f), with slightly more extensive ice formation
over the Central Arctic for the CESM-LE in the fall due to lower average September sea
ice extent (Figures 2c and 3b,c). By mid-century, only the region north of Greenland and
the Canadian Arctic Archipelago survives the summer melt (Figure 6¢-f) and is reliably ice
covered in September (Figure 3b,c). The increase in the area of the SIZ by 2031-2050 allows
for more ice to be formed each year and to melt in a different EEZ than the one where it

initially formed.

Another key feature of the future projections of sea ice transport is that by mid-century,
Russia and the Central Arctic strongly dominate the exchange of transnational ice in the
Arctic. The areal flux of transnational ice originating from Russia doubles by mid-century,
and for the Central Arctic it increases from less than 13 thousand km? /yr to just below one
million km? /yr for the CESM-LE (Figure 4a,b). The increase in Russian transnational ice is
predicted to occur as the whole area of the Russian EEZ becomes a source and a sink of sea
ice in 2031-2050 (Figures 5c,e and 6c,e), whereas formation and melt is limited to its coastal
regions in 1981-2000 (Figures 5a and 6a). This larger area of sea ice loss in the summer
months could potentially promote economic activities in the Russian EEZ and increase the
risk of ice-rafted contaminant transport (Newton et al., 2016; Pfirman et al., 1995). As for
the Central Arctic, it accounts for 37.2% of the total formation of transnational ice area
in 2031-2050 for the CESM-LE (Figure 4b), up from less than 2% in 1981-2000 (Figure
4a). In addition to becoming an important source region for transnational ice, the Central
Arctic also becomes an important sink, with the percentage of transnational ice melting
in this region increasing from 1.1% in 1981-2000 to 21.8% in 2031-2050 for the CESM-LE
(Figure 4a,b). This can be partly explained by the fact that ice formation/melt is present

over most of the Central Arctic by mid-century (Figures 5c,e and 6¢,e), whereas there is

—13—



309

310

311

312

313

314

315

316

1981-2000

= Ci
Fall (SON) Winter (DJF) Fall (SON) Winter (DJF)
,« ’ 3 N 3 N N
;
2 0.9
o —_
| 0.8 "
™ >
& 07 @
c
06 &
[N}
0.5 -5
04 ©
£
3 03 5
R 02 8
= 9
S 0.1
0

Figure 5. Average number of ice formation events per year in fall (SON) and winter (DJF) for
the CESM-LE over the period of 1981-2000 [top - (a,b)] and for the CESM-LE [left - (c,d,g,h)]
and the CESM-LW [right - (e,f,i,j)] over the periods of 2031-2050 [middle - (c-f)] and 2081-2100
[bottom - (g-j)]. Only grid cells that are ice covered for at least one month during the specified
season and time period and for a least one ensemble member are colored. The borders of the EEZs
are indicated by red lines. Only ice floes that formed and melted between the specified time periods

are considered.

little to no ice formation/melt over that region in 1981-2000 (Figures 5a and 6a). The large
contribution of Russia and the Central Arctic to the exchange of transnational ice is not
surprising considering the surface area covered by these two EEZs. Note however that it is
the total areal flux of transnational ice, not the flux per unit area, that best represent the

extent of potential ice-rafted contaminant transport (Newton et al., 2017).

3.2 Impact of the Future Emissions Scenario

The difference in the response of sea ice transport to the two future emissions scenarios

becomes more apparent toward the end of the 21%% century. Over the last 20 years of
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Figure 6. As in Figure 5, but for the average number of ice melt events per year in summer

(JJA) and fall (SON).

the 20" century, ice formation and melt peak in October and August, respectively (Figure
Ta,b). There is a large increase in the total annual amount of areal ice formation and melt by
2031-2050, with the peak in ice formation shifting from October to November for both future
emissions scenarios (Figure 7c,d). Large differences in the ensemble mean ice formation and
melt between the CESM-LE and the CESM-LW are projected by 2081-2100. The ensemble
mean represents the best estimate of the forced response to the future emissions scenario,
while the spread about the mean is used to assess the confidence of that forced response
based on the internal variability of the climate system. The ensemble mean of the CESM-
LE has ice formation and melt peak in January and July respectively by the end of the
century, compared to November and August for the CESM-LW (Figure 7e,f), much more
similar to present-day conditions. In addition, the annual cycles of ice formation and melt
for the CESM-LE and the CESM-LW are statistically different at the 95% confidence level
in 2081-2100 during all months of the growing and melting seasons, respectively. Compared

to the period of 1981-2000, the length of the ice-covered season (defined here as the number
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Figure 7. Annual cycle of areal ice formation [left] and melt [right] for the periods of 1981-2000
(a,b), 2031-2050 (c,d) and 2081-2100 (e,f) in the CESM-LE [blue] and the CESM-LW [orange].
The error bars show the 95% confidence intervals of the 20-year averaged ice formation/melt area
for each month across the 40 ensemble members of the CESM-LE and the 11 ensemble members
of the CESM-LW. Only ice floes that formed and melted between the specified time periods are

considered.

of months from the peak in ice formation to the peak in ice melt) is predicted to decrease
by one month for the CESM-LW and four months for the CESM-LE by 2081-2100 when
looking at the forced signal. By the end of the 215* century, earlier ice formation as well as
later melt in the CESM-LW gives more time for ice floes to transit the Arctic before the
start of the melt season compared to the CESM-LE, which has a shorter ice-covered season.
In turn, longer travel times allow for larger traveled distances, promoting transnational ice

exchange in the CESM-LW compared to the CESM-LE. Note that the annual formation
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and melt cycles of the CESM-LW over the period of 2081-2100 are very similar to the ones
of the CESM-LE in 20312050, pointing to a stabilization of the sea ice response under the
low emissions scenario around mid-century climate when atmospheric CO5 starts to slowly

decline (Figure 2b).

Spatial differences in ice formation and melt between the two future emissions scenarios
also manifest at the end of the 215¢ century. By 2081-2100, the ice formation season shifts
from fall (SON) to winter (DJF) everywhere in the Arctic for the CESM-LE, as freezing
starts and ends later in the year (Figures 5g,h and 7e; see also Smith & Jahn, 2019). For the
CESM-LW on the other hand, most of ice formation still occurs in the fall (Figures 5i and
Te), with the exception of parts of the Barents, Kara, Beaufort and Chukchi Seas (Figure
5j). Moreover, melt occurs over the whole Arctic basin in summer only for the CESM-LE
(Figure 6g,h), which simulates a nearly ice-free Arctic for several months each year by the
late 215 century (see also Jahn, 2018). For the CESM-LW, melt still occurs in the fall north
of Greenland and the Canadian Arctic Archipelago and into the Central Arctic in the late
215% century (Figure 6j), similar to mid-century conditions in the CESM-LE (Figure 6d).
As a result, there is a longer portion of the year when the Arctic is fully ice covered in the
CESM-LW, allowing more time for ice floes to move around and increasing the amount of

ice exchanged between the different EEZs.

The CESM also projects a large reduction in the average amount of time necessary
for sea ice to transit from one EEZ to another by 2031-2050, especially for long pathways
that are characterized by an average transit time of more than two years in 1981-2000
(Figure 8). This decrease in transit times is related to the poleward expansion of the SIZ,
which acts to melt a larger area of ice each summer and greatly reduce the number of
multi-year transit pathways, in combination with an increase in ice drift speed, especially
in the winter months (not shown; see also Tandon et al., 2018). The increase in ice drift
speed is mainly associated with a decrease in ice thickness as we find no significant change
in the average wind speed over the Arctic throughout the 21%° century (not shown). By
2081-2100, all exchange pathways have average transit times of less than one year for the
CESM-LE (Figure 8). This is the result of a seasonal ice cover over the whole Arctic basin,
which prevents the formation of multi-year ice in all of the 40 ensemble members and does
not allow for transit times longer than one year. On the other hand, the CESM-LW shows
transit times in 2081-2100 that are similar to those of the CESM-LE in 2031-2050 (Figure

8), again pointing to a stabilization of the sea ice response to the reduced atmospheric CO5
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concentration in the CESM-LW scenario toward the end of the century (Figure 2b). Note
that transit times for all exchange pathways for the CESM-LW by 2081-2100 are statistically
different from 1981-2000 transit times at the 95% confidence level, except for ice forming
in the Central Arctic and melting in the United States (Figure 8). Moreover, for the period
of 2081-2100, all transit time differences between the CESM-LE and the CESM-LW are

statistically significant.
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Figure 8. Average transit time in years for the 15 pathways exchanging the largest areal flux of
transnational ice throughout all three time periods and both experiments. The error bars show the
95% confidence bounds of the 20-year averaged transit time for the 40 ensemble members of the

CESM-LE and the 11 ensemble members of the CESM-LW.

As the melt season is projected to get longer and average transit times shorten to less
than one year for the CESM-LE by the end of the 215 century, long-distance ice transport
pathways are predicted to diminish in favor of ice exchanged between neighboring EEZs,
specifically the ones downstream of each EEZ of formation following the general Arctic sea
ice circulation. As a result, the diversity of EEZs of melt for each EEZ of formation is
reduced for the CESM-LE compared to the CESM-LW in 2081-2100, especially for Russia
and the Central Arctic where the largest amount of transnational ice originates (Figure

4d,e). This implies a continuation in the future of the negative trend in Siberian shelf ice
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reaching Fram Strait since the beginning of the 21%% century recently found by Krumpen et
al. (2019). Note that for all exchange pathways over the period of 2081-2100, only the flux of
ice from Canada to Russia, from the United States to Russia and from Norway to Greenland
(i.e., relatively short-distance downstream fluxes) are not statistically different between the
CESM-LE and the CESM-LW at the 95% confidence level. By 2081-2100, consistent nearly
ice-free summers in the CESM-LE act to reduce the fraction of transnational ice exchange
(as defined in section 2.2), whereas the CESM-LW continues to see an increase. Indeed, the
fraction of transnational ice exchange grows from 46% to 48% to 49% for the CESM-LW
throughout the three time periods of interest, whereas it initially increases from 46% to 47%
between the first two time periods for the CESM-LE, but then reduces to 44% by the end
of the 21%% century. Note that the fractions of transnational ice exchange are statistically
different from each other at the 95% confidence level between the three time periods only
for the CESM-LE. It is important to note that even though the fraction of transnational
ice exchange decreases for the CESM-LE between 2031-2050 and 2081-2100, the total areal
flux of transnational ice increases slightly over the same period. Nonetheless, this result
points to the fact that when the Arctic reaches nearly ice-free conditions and the SIZ covers
the full Arctic Ocean, increases in the melt season length associated with continuously
warmer Arctic temperatures (Figure 2e) will eventually act to reduce the absolute amount
of transnational ice exchange, reversing the trend predicted by the CESM-LE over the 215t

century.

4 Discussion

In this contribution, we show that as the SIZ expands the amount of sea ice formed
each year increases greatly by mid-century, leading to an increase of more than 200% in
the area of sea ice exchanged between the different regions of the Arctic. This increase
in transnational ice exchange amplifies the potential for ice-rafted contaminant transport,
raising environmental risks and accentuating emergent political tensions as the Arctic states
are effectively brought into closer contact with each other (Arctic Council, 2009; Emmerson
& Lahn, 2012; Newton et al., 2016; Pfirman et al., 1995). A prominent example is the
export of ice from Russia to Norway. A heated debate persists in Norway about whether
their regulations of offshore drilling, which are some of the most extensive in the world,
are sufficient. However, our study indicates that the main risk for Norway in the next

few years might be from Russian oil spills, since about 400,000 km? of ice transit from the

—19—



417

418

420

421

423

424

426

427

428

429

430

431

432

433

434

436

437

438

439

440

442

443

444

445

446

448

449

Russian to the Norwegian EEZ annually by mid-century. In addition, our results show that
the trajectory of future greenhouse gases emissions will have a high impact on export of ice
from Russia to Norway, as the low emissions scenario predicts a similar amount of ice transit
by 2100 as mid-century conditions, compared to a reduction by more than half under the

high emissions scenario.

Pollutants of primary concern in the Arctic are organochlorines, heavy metals, radionu-
clides and oil (Pfirman et al., 1995), which can take years to biodegrade in the Arctic due
to the cold Arctic waters (Fingas & Hollebone, 2003). While freezing ejects many dissolved
contaminants found in sea water, ice formed in shallow regions (< 50 m) of the Siberian
seas has been shown to entrain sediments and organic material (Smedsrud, 2001, 2002) and
hence also incorporates associated contaminants. After several years of transport, due to
annual surface melting and ablation, a concentrated lag deposit of sediment, organic mate-
rial and/or contaminants can form on the surface of the ice (Pfirman et al., 1995; Tremblay
et al., 2015). Although some contaminants are lost in meltwater runoff, other pollutants are
also added from atmospheric deposition of Arctic haze (Octaviani et al., 2015). Further-
more, potential oil spills or shipping accidents can also add contaminants on the ice surface
(Fingas & Hollebone, 2003; Glickson et al., 2014; Izumiyama et al., 2004; Venkatesh et al.,
1990; Wilkinson et al., 2017). As a result, the majority of ice-rafted pollutants are released

when the entire floe melts despite differences in their sources (Pfirman et al., 1995).

Based on our analysis of sea ice transport between the different EEZs of the Arctic,
a little more than half of the ice melts in the same EEZ where it formed, meaning that
a large part of the contaminants introduced into sea ice will be released within the same
EEZ (Newton et al., 2017). However, we find that due to a large increase in the area of
sea ice formed every year, the absolute amount of transnational ice exchanged between the
different Arctic nations increases by a factor of three between the end of the 20*" century
and the middle of the 215 century. As such, the potential for sea ice to carry contaminants
is greatly amplified. The doubling of transnational ice originating from the Russian EEZ
by mid-century is of especially high relevance given that most of the Russian EEZ consists
of shallow seas where contaminants can be easily incorporated during sea ice formation. In
addition, the prospect of undiscovered oil and gas on the Siberian shelves (Bird et al., 2008)
and the increase in shipping activities along the Northern Sea Route (Aksenov et al., 2017;
Ostreng et al., 2013; Schgyen & Brathen, 2011; Stephenson et al., 2013) will amplify the

risk of pollutants being introduced in these shallow Arctic waters.
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The opening of the Central Arctic is also of high significance given the prospect for
commercial ships to use the Transpolar Sea Route in order to avoid crossing the EEZ of
several Arctic states (Stephenson et al., 2013), increasing the risk of accidental release of
contaminants onto sea ice. The lack of risk management policies regulating the release
of pollutants in these international waters combined with a short operational season, large
distances to ports and other infrastructure, and the generally challenging Arctic environment
will likely make this region very vulnerable to long-term contamination. Compared to the
Russian shelf seas, the Central Arctic covers mostly deep waters, so contamination of surface
waters by oil spills and atmospheric deposition of black carbon and other emissions are likely

the main concerns for this region.

5 Conclusions

In this study, we have addressed the question: “How will the exchange of transnational
sea ice evolve in the future?”, using two ensemble experiments of the CESM that range
from 2°C to over 4°C of global warming by 2100. We find a large increase in the area of
transnational ice exchanged in the Arctic throughout the 215* century, continuing the trend
reported by Newton et al. (2017) over the observational period. The CESM captures the
exchange of transnational ice in the Arctic well when compared to satellite observations
over the 1990s and 2000s, with a few disagreements that can be attributed to a bias in
the simulated atmospheric circulation over the Arctic during the ice-covered season. When
looking at future projections, we found that the CESM projects the largest increase in the
amount of transnational ice exchange between the end of the 20*" century and the middle of
the 215¢ century, under both forcing scenarios. This increase is associated with the expansion
of the SIZ from the peripheral seas toward the middle of the Arctic Ocean, as global and
Arctic temperatures continue to rise. The expansion of the SIZ in 2031-2050 allows for more
ice to be formed each year which, combined with a decrease in the average time it takes for
an ice floe to go from one EEZ to another, acts to promote transnational ice exchange in

the Arctic.

The increase in transnational ice exchange by mid-century and until 2100 is not uniform
everywhere in the Arctic, but is dominated by Russia and the Central Arctic as they include
a large fraction of the SIZ. We find that by 2031-2050, 78% of transnational ice originated
from these two regions, while also accounting for 44% of the melt of transnational ice in

the CESM-LE. Long exchange pathways that are characterized by an average transit time
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of more than two years in 1981-2000 see a large reduction in travel time as less ice transits
along these routes, with all pathways exchanging ice in two years or less by mid-century.
We also find that differences in the forced sea ice response to a high versus low emissions
scenario become most apparent toward the end of the 215 century. By 2081-2100, the
CESM-LW has a longer ice-covered period than the CESM-LE, due to earlier ice formation
and later ice melt. This gives ice floes more time to travel from one EEZ to another before
the start of the melt season, promoting transnational ice exchange in the CESM-LW. Indeed,
we find that all exchange pathways have average transit times of one to two years for the
CESM-LW that persist through 2081-2100, similar to mid-century transit times for both
scenarios. By comparison, average transit times are all less than one year for the CESM-LE
by 2081-2100 due to consistent nearly ice-free summers of three to five months for all 40

ensemble members (Jahn, 2018).

Ice transport along long-distance pathways are predicted to diminish in favor of ice
exchange between neighboring EEZs by the end of the 215¢ century under the high emissions
scenario, specifically shifting to the EEZs downstream of each EEZ of formation. This is
the result of a projected lengthening of the melt season, which decreases average transit
times to less than one year for the CESM-LE, continuing the trend recently reported by
Krumpen et al. (2019) and Newton et al. (2017). In fact, the CESM-LE shows a decrease
in the fraction of transnational ice exchange between the periods of 2031-2050 and 2081—
2100, whereas the CESM-LW continues to see an increase. Even though the total areal
flux of transnational ice continues to increase slightly for the CESM-LE over the same time
window, the decline of the fraction of transnational ice exchange has important implications
for transnational ice exchange after 2100. A previous version of the CESM, the Community
Climate System Model Version 4 (CCSM4), RCP8.5 simulations and their extension to 2300
show that September ice extent will not recover under this business-as-usual scenario, and
March ice extent will continue to decrease and reach nearly ice-free conditions toward the
middle of the 23" century (Jahn & Holland, 2013). Our results suggest that the predicted
increase in melt season length associated with continuously warmer Arctic temperatures
would eventually act to reduce the total amount of transnational ice exchanged between the
EEZs of the Arctic, reversing the trend predicted by the CESM over the 215 century for all

scenarios.

To conclude, our study shows that the characteristics of transnational ice exchange

will change dramatically over the 215% century, even under a low warming scenario. As a
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result, the potential for ice-rafted contaminant transport across EEZs will increase greatly
in the next few decades. Given the associated societal risks, our results suggest that in order
to support risk management strategies for ice-rafted contaminants, more detailed modeling
should be undertaken in the future, to simulate specific pollutants. Such a model would have
to include exchange and transport of multiple tracers with a surface deposition source for
atmospheric aerosols and particulates, sedimentary inclusion for sea ice formed in shallow

waters, and a potential for ice-trapped oil from open-water spills.
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The National Snow and Ice Data Center’s (NSIDC) Po-
lar Pathfinder project provides sea ice motion vectors on
the 25 km EASE-Grid from the beginning of polar-orbiting
satellite observations in November 1978 to 2017 (Tschudi et
al., 2016). This gridded product is derived through optimal
interpolation of observations from the International Arctic
Buoy Program (IABP), as well as the Scanning Multichan-
nel Microwave Radiometer (SMMR), the Special Sensor Mi-
crowave Imager (SSM/I), the Special Sensor Microwave Im-
ager Sounder (SSMIS), the Advanced Microwave Scanning
Radiometer - Earth Observing System (AMSR-E) and the
Advanced Very High Resolution Radiometer (AVHRR) sen-
sors. It is complemented with free drift estimates derived
from 10 m winds provided by the National Centers for En-
vironmental Prediction and the National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis dataset where
no observations were available. We also use sea ice concen-
tration data derived from passive microwave brightness tem-
perature from the National Oceanic and Atmospheric Ad-
ministration (NOAA)/NSIDC Climate Data Record (Meier
et al., 2017; Peng et al., 2013). It is a product of differ-
ent algorithms used to combine observations made by the
SMMR, SSM/I and SSMIS sensors, available from late 1978
to 2017.

The Polar Pathfinder and Climate Data Record datasets
were previously used in Newton, Pfirman, Tremblay, and
DeRepentigny (2017), where a similar analysis of transna-
tional ice exchange over the observational period was per-
formed. Newton et al. (2017) used a weekly time resolution
while we here use a monthly resolution to allow for a di-
rect comparison with model data, which is only available
at a monthly resolution for one of the two forcing scenarios
analyzed here (see section 2.1). The reduction of temporal
resolution from weekly to monthly has been shown to lead to
an increase of the error in drift distance when compared to
buoy data by approximately 45 km (less than two grid cells)
after a year of tracking when using the ice tracking system
(DeRepentigny et al., 2016). In the context of this study, we
find that the flux of transnational ice is reduced slightly to-
wards the end of the 215 century for most pathways when

going from a monthly to a weekly resolution (Figure S2).
However, none of the conclusions from this study are af-
fected by the change in time resolution from monthly to
weekly.

All observational analyses presented here use satellite-
derived sea ice velocity and concentration between January
1989 and December 2008. We begin the analysis in 1989 to
avoid earlier satellite-based drift vectors, based on retrievals
from the relatively low-resolution SMMR sensor, that ex-
hibit a low bias in sea ice velocity compared to co-located
buoy data (Bruno Tremblay, Robert Newton and Charles
Brunette, personal communication, May 16, 2019). Com-
parison between observations and model data presented in
section S2 is therefore done over the 20-year period of 1989—
2008.

Text S2. Comparison of the CESM with Observa-
tions

To provide an assessment of the performance of the
CESM in simulating sea ice transport between the different
EEZs of the Arctic, we compare CESM results to results
from SITU using satellite observations from the period of
1989 to 2008. We find that the annual cycle of areal ice for-
mation and melt in the CESM-LE compares well with the
observations (Figure S3). Ice formation peaks in October
and ice melt peaks in August (peak of ice formation/melt
here refers to the month with the largest area of simulated
ice formation/melt using SITU). Note, however, that the
average amount of formation and melt area obtained from
the observations does not fall within the spread of internal
variability of the CESM-LE during the months of peak ice
formation and melt (i.e., October and August, respectively),
with the CESM-LE simulating too little ice formation and
melt (Figure S3). The spatial distributions of areal ice for-
mation and melt are also well represented in the CESM-
LE (Figures S4 and S5) despite slightly larger frequencies
of detected fall formation and summer melt over the pe-
ripheral seas for the observations (in agreement with results
presented in Figure S3).

The exchange of transnational ice between the different
EEZs of the Arctic simulated by the CESM-LE over the pe-
riod of 1989-2008 is in good general agreement with observa-
tions (Figure S6). Both the observations and the CESM-LE
show that most of the transnational ice formed in Canada
melts in the US EEZ, most of the transnational ice formed in
the United States melts in Russia, and most of the Russian
transnational ice melts in Norway (Figure S6; see also New-
ton et al., 2017). However, the observed transnational ice
transport is slightly outside the range of internal variabil-
ity of the CESM-LE for two pathways: (1) ice forming in
the United States and melting in Russia is underestimated
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in the CESM, and (2) ice forming in Russia and melting in
Norway and Iceland is overestimated in the CESM (Figure
S6).

The small inconsistencies in areal flux of US ice towards
Russia and Russian ice towards Norway and Iceland between
observations and the CESM-LE do not extend throughout
the full area of the EEZ of formation, but are present only
in the region directly upstream of the EEZ of melt, follow-
ing the general Arctic sea ice circulation (Figure S7). For
the slightly lower simulated flux of US ice towards Russia
by the CESM compared to observations (Figure S6), there
is a smaller area of high transnational ice promotion proba-
bility within the US EEZ close to the Russian border for the
CESM-LE compared to the observations (Figures S7a, S7b,
and S7d). The slightly higher flux of Russian ice towards
Norway and Iceland in the CESM-LE (Figure S6) is mainly
driven by higher simulated probabilities of transnational ice
promotion in the Kara and Barents Seas than what is ob-
served (Figures S7a—S7c).

Differences in transnational ice exchange between the
CESM-LE and observations for US ice melting in Russia
and Russian ice melting in Norway and Iceland can be at-
tributed to a bias in the simulated atmospheric circulation
over the Arctic during the ice-covered season and the re-
sulting sea ice circulation anomalies. DeRepentigny et al.
(2016) showed that the variability in winter sea-level pres-
sure in the CESM-LE results in higher sea ice velocities off
the coast of Russia in the Kara and Barents Seas compared
to observations, transporting more ice away from the coast
and into the Transpolar Drift Stream (see their Figures 6¢
and 6d). Moreover, the observations are characterized by
a strong current along the coast of Alaska, which is not
simulated in the years of low winter sea-level pressure in
the CESM-LE (see their Figures 6a and 6b). As one would
expect, sea ice motion, and consequently transnational ice
exchange, is intimately linked to the atmospheric circulation
over the Arctic that drives the sea ice.

References

DEREPENTIGNY ET AL.: FUTURE ICE EXCHANGE

DeRepentigny, P., Tremblay, L. B., Newton, R., &
Pfirman, S. (2016). Patterns of Sea Ice Retreat
in the Transition to a Seasonally Ice-Free Arc-
tic. Journal of Climate, 29(19), 6993-7008. doi:
https://doi.org/10.1175/JCLI-D-15-0733.1

Meier, W., Fetterer, F., Savoie, M., Mallory, S., Duerr,
R., & Stroeve, J. (2017). NOAA/NSIDC Climate
Data Record of Passive Microwave Sea Ice Con-
centration, Version 3 Revision 1 [monthly aver-
ages from January 1989 to December 2008]. Na-
tional Snow and Ice Data Center, Boulder, Col-
orado, USA, Accessed July 2018. doi: https://
doi.org/10.7265/N59P2ZTG

Newton, R., Pfirman, S., Tremblay, B., & DeRe-
pentigny, P. (2017). Increasing transnational sea-
ice exchange in a changing Arctic Ocean. Earth’s
Future, 5(6), 633-647. doi: https://doi.org/10
.1002/2016EF000500

Peng, G., Meier, W., Scott, D., & Savoie, M. (2013).
A long-term and reproducible passive microwave
sea ice concentration data record for climate stud-
ies and monitoring. FEarth System Science Data,
5(2), 311-318. doi: https://doi.org/10.5194/essd
-5-311-2013

Tschudi, M., Fowler, C., Maslanik, J., Stewart, J. S.,
& Meier, W. (2016). Polar Pathfinder Daily 25
km EASE-Grid Sea Ice Motion Vectors, Version 3
[monthly averages from January 1989 to Decem-
ber 2008]. NASA National Snow and Ice Data
Center Distributed Active Archive Center, Boul-
der, Colorado, USA, Accessed March 2016. doi:
http://dx.doi.org/10.5067/O57VAIT2AYYY



DEREPENTIGNY ET AL.: FUTURE ICE EXCHANGE X-3

40— — 40—
(a) 1990-2005 = Monthly (b) 1990-2005
Weekly
3.0t 1 3.0t 1
2.0f 1 20f 1
1.0+ 1 1.0F 1
‘ |
T 40777 W7
N?" (c) 2026-2035 f (d) 2026-2035
£ >
X 3.0t 1 NE 3.0t 1
) <
z ©
s 201 1 9 20f 1
G) N
< S
1.0t 1 2 qo0f 1
.5 T |
T 5]
£ 00— —— = 00 — :
o 40———7———————— @ 40—
'}'{, (e) 2071-2080 o (f) 2071-2080
2 30t 1 3.0t 1
2.0 1 2.0f 1
1.0t 1 1.0F |
|
0.0 LN . — 0.0 e
5@0 Qé/o @'b" vé @’5\ 5\)(\ 5& VQQ%QJQ 06\ eo\\ o®o 50'0 Qé)o @'b"\ ?Q‘\ @'ﬁ 500 §\>\ ?\\)Q%Q)Q OC"\V\.OA OQO
Months Months

Figure S1: Annual cycle of ice formation (a, c, €) and melt (b, d, f) over the periods of 1990-2005 (a, b), 2026-2035 (c, d)
and 2071-2080 (e, f) for the first 35 members of the CESM-LE using a monthly (burgundy) and weekly (light blue) time
resolutions. Only ice floes that formed and melted between the specified time periods are considered. Note that some of
the differences between the weekly and monthly time resolution can be attributed to the way weeks are distributed into
months as every month contains either 29, 30 or 31 days and thus always includes part of a week.
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Figure S2: Annual mean average areal flux of transnational ice for the CESM-LE over the periods of 1990-2005 (a, b),
20262035 (c, d) and 2071-2080 (e, f) using a monthly (a, ¢, e) and weekly (b, d, f) time resolutions. The height of each
colored portion within one bar represents the annual mean areal flux of ice between the EEZ of formation (z axis) and the
EEZ of melt (color). Note that domestic ice is not included in this figure in order to focus on the features of transnational
ice exchange.
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Figure S3: Annual cycle of mean areal ice formation (a) and melt (b) in the observations (green) and the CESM-LE (blue)
for the period of 1989-2008. The error bars show the maximum and minimum 20-year averaged formation/melt area for
each month across the 40 ensemble members of the CESM-LE, showing the range of internal variability for this ensemble.
Only ice floes that formed and melted between 19892008 are considered. Note that the values shown here are not meant
to represent the actual amount of ice that forms and melts in the Arctic every year, but rather the area of ice formation
and melt we obtain from SITU (see section 2.2).
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Figure S4: Average number of ice formation events per year in fall (SON) (a, c) and winter (DJF) (b, d) over the period
of 1989-2008 for both observations (a, b) and the CESM-LE (c, d). The borders of the EEZs are indicated by red lines.
Only ice floes that formed and melted between 1989-2008 are considered.
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Figure S5: As in Figure S4, but for the average number of ice melt events per year in summer (JJA) (a, ¢) and fall (SON)
(b, d).
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Figure S6: Annual mean areal transnational ice flux for the observations (wide bar) and annual mean minimum (left narrow
bar), average (middle narrow bar) and maximum (right narrow bar) areal transnational ice flux for the 40 members of the
CESM-LE for the period of 1989-2008. The height of each colored portion within one bar represents the annual mean
areal flux of ice between the EEZ of formation (z axis) and the EEZ of melt (color). The CESM-LE is consistent with the
observations when the observed value for each pathway lies between the range of the CESM-LE (minimum to maximum).
Note that domestic ice is not included in this figure in order to focus on the features of transnational ice exchange.
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Figure S7: Probability of transnational ice promotion for observations (a), the ensemble mean of the CESM-LE (b) as
well as the ensemble mean + one standard deviation for the CESM-LE (c, d) over the period of 1989-2008. The color
represents the probability that an ice parcel forming at each grid cell gets promoted from domestic ice to transnational
ice. The borders of the EEZs are indicated by red lines. Note that the probability is calculated for each grid cell in which
at least one ice parcel forms and thus gives no indication of how many ice parcels are considered in the calculation.
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Table S1: Annual mean average areal flux of ice exchanged between all EEZs for the CESM-LE over the three time periods.
The EEZ of formation is indicated in the first column and the EEZ of melt in the first row. All numbers are in km2/year.
The last column contains the total annual mean average areal flux of ice formed in each EEZ, only considering ice floes
that melted before the end of the time period. The numbers in bold highlight the pathways that are statistically different
between the CESM-LE and the CESM-LW over a same time period at the 95% confidence level using a t-test.

From/To | Canada USA Russia  Norway Iceland Greenland  Central Total
1981-2000
Canada 39,426 32,741 3,177 32 218 96 631 76,321
USA 3,616 49,083 96,402 546 4,232 1,444 4,184 159,507
Russia 1,635 4,900 563,494 305,730 112,159 60,825 2,217 | 1,050,960
Norway 0 0 677 108,733 2,331 1,223 0 112,964
Greenland 0 0 0 4 113 31 0 148
Central 163 802 9,026 292 1,585 581 934 13,383
2031-2050
Canada 107,566 128,998 25,926 441 1,563 4,855 62,049 331,398
USA 6,297 105,809 176,848 0 0 0 34,613 323,567
Russia 11,480 10,188 1,597,911 385,601 37,521 122,715 452,339 | 2,617,755
Norway 10 0 737 135,196 33,191 31,475 18 200,627
Greenland 789 11 8 10,823 41,205 27,128 51 80,015
Central 184,175 52,953 352,701 69,168 81,513 194,498 833,752 | 1,768,760
2081-2100
Canada 327,395 114,877 33,716 3,209 175 70,427 102,810 | 652,609
USA 6,742 66,614 184,671 0 0 0 60,638 318,665
Russia 2,495 13,346 1,429,691 162,929 4 40,631 654,681 | 2,303,777
Norway 9 0 1,692 91,323 1,331 38,416 821 133,592
Greenland | 7,436 0 64 41,848 13,268 177,128 603 240,347
Central 437,773 17,441 250,289 111,080 410 310,993 1,360,152 | 2,488,138
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Table S2: As in Table S1, but for the CESM-LW and for the time periods of 2031-2050 and 2081-2100 only.

From/To| Canada USA Russia  Norway Iceland Greenland Central Total
2031-2050
Canada 67,835 116,784 28,938 9 401 423 38,568 252,958
USA 4,134 102,824 181,077 3 28 20 20,594 308,680
Russia 17,224 13,310 1,529,744 416,960 73,301 137,656 311,557 | 2,499,752
Norway 0 0 918 137,622 29,449 24,446 0 192,435
Greenland 97 0 0 4,560 25,810 9,903 0 40,370
Central 95,631 53,6563 357,849 40,909 78,207 117,193 540,412 | 1,283,854
2081-2100
Canada 84,594 139,616 41,702 85 1,153 2,207 67,080 | 336,437
USA 3,884 95,500 196,153 0 0 0 25,227 320,764
Russia 16,006 8,551 1,600,756 386,994 38,009 153,526 428,526 | 2,632,368
Norway 51 0 739 130,358 38,855 35,565 0 205,568
Greenland | 1,307 125 6 8,969 51,634 24,952 57 87,050
Central | 192,349 55,827 411,670 53,332 84,082 189,324 813,423 | 1,800,007
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Text S1. Observational Datasets

The National Snow and Ice Data Center’s (NSIDC) Po-
lar Pathfinder project provides sea ice motion vectors on
the 25 km EASE-Grid from the beginning of polar-orbiting
satellite observations in November 1978 to 2017 (Tschudi et
al., 2016). This gridded product is derived through optimal
interpolation of observations from the International Arctic
Buoy Program (IABP), as well as the Scanning Multichan-
nel Microwave Radiometer (SMMR), the Special Sensor Mi-
crowave Imager (SSM/I), the Special Sensor Microwave Im-
ager Sounder (SSMIS), the Advanced Microwave Scanning
Radiometer - Earth Observing System (AMSR-E) and the
Advanced Very High Resolution Radiometer (AVHRR) sen-
sors. It is complemented with free drift estimates derived
from 10 m winds provided by the National Centers for En-
vironmental Prediction and the National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis dataset where
no observations were available. We also use sea ice concen-
tration data derived from passive microwave brightness tem-
perature from the National Oceanic and Atmospheric Ad-
ministration (NOAA)/NSIDC Climate Data Record (Meier
et al., 2017; Peng et al., 2013). It is a product of differ-
ent algorithms used to combine observations made by the
SMMR, SSM/I and SSMIS sensors, available from late 1978
to 2017.

The Polar Pathfinder and Climate Data Record datasets
were previously used in Newton, Pfirman, Tremblay, and
DeRepentigny (2017), where a similar analysis of transna-
tional ice exchange over the observational period was per-
formed. Newton et al. (2017) used a weekly time resolution
while we here use a monthly resolution to allow for a di-
rect comparison with model data, which is only available
at a monthly resolution for one of the two forcing scenarios
analyzed here (see section 2.1). The reduction of temporal
resolution from weekly to monthly has been shown to lead to
an increase of the error in drift distance when compared to
buoy data by approximately 45 km (less than two grid cells)
after a year of tracking when using the ice tracking system
(DeRepentigny et al., 2016). In the context of this study, we
find that the flux of transnational ice is reduced slightly to-
wards the end of the 215 century for most pathways when

going from a monthly to a weekly resolution (Figure S2).
However, none of the conclusions from this study are af-
fected by the change in time resolution from monthly to
weekly.

All observational analyses presented here use satellite-
derived sea ice velocity and concentration between January
1989 and December 2008. We begin the analysis in 1989 to
avoid earlier satellite-based drift vectors, based on retrievals
from the relatively low-resolution SMMR sensor, that ex-
hibit a low bias in sea ice velocity compared to co-located
buoy data (Bruno Tremblay, Robert Newton and Charles
Brunette, personal communication, May 16, 2019). Com-
parison between observations and model data presented in
section S2 is therefore done over the 20-year period of 1989—
2008.

Text S2. Comparison of the CESM with Observa-
tions

To provide an assessment of the performance of the
CESM in simulating sea ice transport between the different
EEZs of the Arctic, we compare CESM results to results
from SITU using satellite observations from the period of
1989 to 2008. We find that the annual cycle of areal ice for-
mation and melt in the CESM-LE compares well with the
observations (Figure S3). Ice formation peaks in October
and ice melt peaks in August (peak of ice formation/melt
here refers to the month with the largest area of simulated
ice formation/melt using SITU). Note, however, that the
average amount of formation and melt area obtained from
the observations does not fall within the spread of internal
variability of the CESM-LE during the months of peak ice
formation and melt (i.e., October and August, respectively),
with the CESM-LE simulating too little ice formation and
melt (Figure S3). The spatial distributions of areal ice for-
mation and melt are also well represented in the CESM-
LE (Figures S4 and S5) despite slightly larger frequencies
of detected fall formation and summer melt over the pe-
ripheral seas for the observations (in agreement with results
presented in Figure S3).

The exchange of transnational ice between the different
EEZs of the Arctic simulated by the CESM-LE over the pe-
riod of 1989-2008 is in good general agreement with observa-
tions (Figure S6). Both the observations and the CESM-LE
show that most of the transnational ice formed in Canada
melts in the US EEZ, most of the transnational ice formed in
the United States melts in Russia, and most of the Russian
transnational ice melts in Norway (Figure S6; see also New-
ton et al., 2017). However, the observed transnational ice
transport is slightly outside the range of internal variabil-
ity of the CESM-LE for two pathways: (1) ice forming in
the United States and melting in Russia is underestimated
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in the CESM, and (2) ice forming in Russia and melting in
Norway and Iceland is overestimated in the CESM (Figure
S6).

The small inconsistencies in areal flux of US ice towards
Russia and Russian ice towards Norway and Iceland between
observations and the CESM-LE do not extend throughout
the full area of the EEZ of formation, but are present only
in the region directly upstream of the EEZ of melt, follow-
ing the general Arctic sea ice circulation (Figure S7). For
the slightly lower simulated flux of US ice towards Russia
by the CESM compared to observations (Figure S6), there
is a smaller area of high transnational ice promotion proba-
bility within the US EEZ close to the Russian border for the
CESM-LE compared to the observations (Figures S7a, S7b,
and S7d). The slightly higher flux of Russian ice towards
Norway and Iceland in the CESM-LE (Figure S6) is mainly
driven by higher simulated probabilities of transnational ice
promotion in the Kara and Barents Seas than what is ob-
served (Figures S7a—S7c).

Differences in transnational ice exchange between the
CESM-LE and observations for US ice melting in Russia
and Russian ice melting in Norway and Iceland can be at-
tributed to a bias in the simulated atmospheric circulation
over the Arctic during the ice-covered season and the re-
sulting sea ice circulation anomalies. DeRepentigny et al.
(2016) showed that the variability in winter sea-level pres-
sure in the CESM-LE results in higher sea ice velocities off
the coast of Russia in the Kara and Barents Seas compared
to observations, transporting more ice away from the coast
and into the Transpolar Drift Stream (see their Figures 6¢
and 6d). Moreover, the observations are characterized by
a strong current along the coast of Alaska, which is not
simulated in the years of low winter sea-level pressure in
the CESM-LE (see their Figures 6a and 6b). As one would
expect, sea ice motion, and consequently transnational ice
exchange, is intimately linked to the atmospheric circulation
over the Arctic that drives the sea ice.
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Figure S1: Annual cycle of ice formation (a, c, €) and melt (b, d, f) over the periods of 1990-2005 (a, b), 2026-2035 (c, d)
and 2071-2080 (e, f) for the first 35 members of the CESM-LE using a monthly (burgundy) and weekly (light blue) time
resolutions. Only ice floes that formed and melted between the specified time periods are considered. Note that some of
the differences between the weekly and monthly time resolution can be attributed to the way weeks are distributed into
months as every month contains either 29, 30 or 31 days and thus always includes part of a week.
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Figure S2: Annual mean average areal flux of transnational ice for the CESM-LE over the periods of 1990-2005 (a, b),
20262035 (c, d) and 2071-2080 (e, f) using a monthly (a, ¢, e) and weekly (b, d, f) time resolutions. The height of each
colored portion within one bar represents the annual mean areal flux of ice between the EEZ of formation (z axis) and the
EEZ of melt (color). Note that domestic ice is not included in this figure in order to focus on the features of transnational
ice exchange.



DEREPENTIGNY ET AL.: FUTURE ICE EXCHANGE X-5

,I-’“1_25 T T T T T T T T T T T T

= (a)

e

E£1.007 1

o

o

=075} ] 1

Qo

< |

c 050 1

o

©

€025} —

LE T

(0] %—.

©0.00—— — ] [
1.25 — T T T T T T T T T T T

— (b) = CESM-LE

'; —— QObservations

o 1.00F 1

€

X

5075+ T 1

g

<7:0.50— l 1

@

=0.25¢ I 1

8 !

_ooo e ma ?
P SO PR S

FEPF R Y PPR IS

Months

Figure S3: Annual cycle of mean areal ice formation (a) and melt (b) in the observations (green) and the CESM-LE (blue)
for the period of 1989-2008. The error bars show the maximum and minimum 20-year averaged formation/melt area for
each month across the 40 ensemble members of the CESM-LE, showing the range of internal variability for this ensemble.
Only ice floes that formed and melted between 19892008 are considered. Note that the values shown here are not meant
to represent the actual amount of ice that forms and melts in the Arctic every year, but rather the area of ice formation
and melt we obtain from SITU (see section 2.2).
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Figure S4: Average number of ice formation events per year in fall (SON) (a, c) and winter (DJF) (b, d) over the period
of 1989-2008 for both observations (a, b) and the CESM-LE (c, d). The borders of the EEZs are indicated by red lines.
Only ice floes that formed and melted between 1989-2008 are considered.
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Figure S5: As in Figure S4, but for the average number of ice melt events per year in summer (JJA) (a, ¢) and fall (SON)
(b, d).
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Figure S6: Annual mean areal transnational ice flux for the observations (wide bar) and annual mean minimum (left narrow
bar), average (middle narrow bar) and maximum (right narrow bar) areal transnational ice flux for the 40 members of the
CESM-LE for the period of 1989-2008. The height of each colored portion within one bar represents the annual mean
areal flux of ice between the EEZ of formation (z axis) and the EEZ of melt (color). The CESM-LE is consistent with the
observations when the observed value for each pathway lies between the range of the CESM-LE (minimum to maximum).
Note that domestic ice is not included in this figure in order to focus on the features of transnational ice exchange.
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Figure S7: Probability of transnational ice promotion for observations (a), the ensemble mean of the CESM-LE (b) as
well as the ensemble mean + one standard deviation for the CESM-LE (c, d) over the period of 1989-2008. The color
represents the probability that an ice parcel forming at each grid cell gets promoted from domestic ice to transnational
ice. The borders of the EEZs are indicated by red lines. Note that the probability is calculated for each grid cell in which
at least one ice parcel forms and thus gives no indication of how many ice parcels are considered in the calculation.
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Table S1: Annual mean average areal flux of ice exchanged between all EEZs for the CESM-LE over the three time periods.
The EEZ of formation is indicated in the first column and the EEZ of melt in the first row. All numbers are in km2/year.
The last column contains the total annual mean average areal flux of ice formed in each EEZ, only considering ice floes
that melted before the end of the time period. The numbers in bold highlight the pathways that are statistically different
between the CESM-LE and the CESM-LW over a same time period at the 95% confidence level using a t-test.

From/To | Canada USA Russia  Norway Iceland Greenland  Central Total
1981-2000
Canada 39,426 32,741 3,177 32 218 96 631 76,321
USA 3,616 49,083 96,402 546 4,232 1,444 4,184 159,507
Russia 1,635 4,900 563,494 305,730 112,159 60,825 2,217 | 1,050,960
Norway 0 0 677 108,733 2,331 1,223 0 112,964
Greenland 0 0 0 4 113 31 0 148
Central 163 802 9,026 292 1,585 581 934 13,383
2031-2050
Canada 107,566 128,998 25,926 441 1,563 4,855 62,049 331,398
USA 6,297 105,809 176,848 0 0 0 34,613 323,567
Russia 11,480 10,188 1,597,911 385,601 37,521 122,715 452,339 | 2,617,755
Norway 10 0 737 135,196 33,191 31,475 18 200,627
Greenland 789 11 8 10,823 41,205 27,128 51 80,015
Central 184,175 52,953 352,701 69,168 81,513 194,498 833,752 | 1,768,760
2081-2100
Canada 327,395 114,877 33,716 3,209 175 70,427 102,810 | 652,609
USA 6,742 66,614 184,671 0 0 0 60,638 318,665
Russia 2,495 13,346 1,429,691 162,929 4 40,631 654,681 | 2,303,777
Norway 9 0 1,692 91,323 1,331 38,416 821 133,592
Greenland | 7,436 0 64 41,848 13,268 177,128 603 240,347
Central 437,773 17,441 250,289 111,080 410 310,993 1,360,152 | 2,488,138
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Table S2: As in Table S1, but for the CESM-LW and for the time periods of 2031-2050 and 2081-2100 only.

From/To| Canada USA Russia  Norway Iceland Greenland Central Total
2031-2050
Canada 67,835 116,784 28,938 9 401 423 38,568 252,958
USA 4,134 102,824 181,077 3 28 20 20,594 308,680
Russia 17,224 13,310 1,529,744 416,960 73,301 137,656 311,557 | 2,499,752
Norway 0 0 918 137,622 29,449 24,446 0 192,435
Greenland 97 0 0 4,560 25,810 9,903 0 40,370
Central 95,631 53,6563 357,849 40,909 78,207 117,193 540,412 | 1,283,854
2081-2100
Canada 84,594 139,616 41,702 85 1,153 2,207 67,080 | 336,437
USA 3,884 95,500 196,153 0 0 0 25,227 320,764
Russia 16,006 8,551 1,600,756 386,994 38,009 153,526 428,526 | 2,632,368
Norway 51 0 739 130,358 38,855 35,565 0 205,568
Greenland | 1,307 125 6 8,969 51,634 24,952 57 87,050
Central | 192,349 55,827 411,670 53,332 84,082 189,324 813,423 | 1,800,007




