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Outline 

� Sea ice projections/ensembles 101 

� How is Arctic sea ice projected to 
change in the 21st century? 



Kinds of Predictability 
Of the First Kind:  
•  Initial value problem 

(e.g., weather, seasonal 
to decadal predictions) 

•  Predictability is lost after 
a certain time due to 
chaotic system behavior 

Of the Second Kind: 
•  Boundary value problem 
•  Prediction of statistical 

properties of the climate 
system subject to some 
external forcing (e.g., 
climate projections 
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Ensembles 101 
Different kinds of ensembles: 
•  Initial conditions ensembles 
•  Perturbed physics ensembles 
•  Multi-model ensembles 

40 

(round of level perturbation to 
surface air temperature) 

2100 

FIG. 1. CESM1(CAM5) component models and cou-
pling (Hurrell et al. 2013). All components were run 
at ~1° horizontal resolution. CESM1(CAM5) consists 
of coupled atmosphere (CAM5, 30 vertical levels), 
ocean [Parallel Ocean Program, version 2 (POP), 60 
vertical levels], land [Community Land Model, version 
4 (CLM4)], and sea ice [Los Alamos Sea Ice Model 
(CICE)] component models.

FIG. 2. Global surface temperature anomaly (1961–90 base period) for the 
1850 control, individual ensemble members, and observations (HadCRUT4; 
Morice et al. 2012).

potential temperature and salinity data. The PHC2 da-
taset represents a blending of the Levitus et al. (1998) 
with Steele et al. (2001) data for the Arctic Ocean. 
Ocean biogeochemical tracers were initialized from 
a separate 600-yr spinup.

Our 1850 ocean initialization strategy leverages 
two assumptions. First, the upper ocean equilibrates 
on much shorter time scales than the deep ocean. 
Therefore, the upper ocean adjusts to a preindustrial 
state after several decades under constant forcing. 
Second, modern observations still reflect preindus-
trial conditions at depth because of the long abyssal 
ocean equilibrium time scales. After an expected 
initial surface ocean cooling, the 1850 control arrived 
at a balanced coupled state with climate drift only 

in the deep ocean (global ocean temperature drift of 
~0.005 K century–1 for years 400–1000).

After a few centuries, the control run climate was in 
quasi equilibrium with the 1850 forcing. At this point, 
we started the first ensemble member using initial 
conditions from a randomly selected date in the 1850 
control run: 1 January, year 402 (Table 1). Ensemble 
member 1 was integrated forward from 1850 to 2100 
(Fig. 2). Ensemble members 2–30 were all started on 
1 January 1920 using slightly different initial condi-
tions (Table 1). Spread in ensemble members 3–30 
was generated by round-off level differences in their 
initial air temperature fields. Specifically, we applied 
random round-off level (order of 10–14 K) differences 
to the air temperature field of ensemble member 1 to 
generate atmospheric initial conditions for ensemble 
members 3–30. With the exception of their initial air 
temperature field, ensemble members 3–30 all had the 
same initial conditions. For technical reasons, ensem-
ble member 2 was started using a 1-day lagged ocean 
initial condition. Because all 30 CESM-LE members 
share essentially the same ocean initial conditions, the 
CESM-LE does not sample internal climate variability 
resulting from differing ocean states.

All CESM-LE ensemble members have the same 
specified external forcing. Following the CMIP5 design 
protocol, we applied historical forcing from 1920 to 
2005 (Lamarque et al. 2010) and representative con-
centration pathway 8.5 (RCP8.5) forcing (Meinshausen 
et al. 2011; Lamarque et al. 2011) from 2006 to 2100. 
Unlike the CMIP5 CESM runs, which specified ozone 
forcing from the CAM-Chem model (“CMIP5 CESM 
ozone”; Lamarque et al. 2010, 2011; Meehl et al. 2012), 
the CESM-LE simulations use ozone concentrations 
calculated by a high-top coupled chemistry–climate 

model {CESM1[Whole 
Atmosphere Community 
Climate Model (WACCM)]; 
Marsh et al. 2013} with 
specified ozone depleting 
substances (Table 1).

In response to the ap-
plied historical and RCP8.5 
external forcing from 1920 
to 2100, the global surface 
temperature increases by 
approximately 5 K in all 
ensemble members (Fig. 
2). This consistent ~5-K 
global warming signal in all 
ensemble members by year 
2100 reflects the climate 
response to forcing and 
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Kay et al. (2015), BAMS 
CESM Large Ensemble 

CESM Large ensembles (40): RCP8.5 (Kay et al., 2015, BAMS) 
CESM Medium ensemble (15): RCP4.5 (, Sanderson et al. 2015, J. Clim.) 
Other large ensembles exist (Canadian Model, GFDL, MPI, Hadley Center Model) 

CESM ensembles available at: https://www.earthsystemgrid.org/home.html 



Sea ice projections 101 

Ensemble mean: thick line, average of all models and many runs, reduces 
internal variability influence strongly  

BUT: We don’t live in an ensemble mean world, we live in one realization, no 
reason to expect we get the ensemble mean 
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Ensemble mean versus individual runs 
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NSIDC observations 
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How is Arctic sea ice 
projected to change? 



CMIP5 Arctic sea ice extent projections 

IPCC 2013 

Large model spread and after ~2040 large impact of emission 
scenario à but all going down 



Projection uncertainty from different scenarios 
and internal variability:  
September sea ice extent  

Until ~2045, internal variability uncertainty dominates the prediction 
uncertainty, after 2045 scenario uncertainty takes over à for the next 

decade, internal variability will make up >80% of projection uncertainty 

Calculated following Hawkins and Sutton’s (2009) uncertainty decomposition method, using 
CESM1.1.1 ensembles 
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September sea ice and global 
temperature (CMIP3) 

only for sea ice area greater than 1.0 million km2. This
threshold will be referred to as nearly ice-free throughout the
paper, since the Arctic is largely ice free even though some
ice remains north of Greenland and Canada [see Wang and
Overland, 2009]. The linearity between sea ice and temper-
ature is supported by recent model results that find little
evidence for tipping points and that simulate recovery of the
sea ice within a few years even after strong perturbations
[Amstrup et al., 2010; Armour et al., 2011; Notz, 2009;
Sedláček et al., 2012; Tietsche et al., 2011; Winton, 2006].
In this study we make use of this near linear relationship
between warming and September sea ice loss to estimate
when the Arctic will be ice-free in September. Similar rela-
tionships between past and future sea ice trends were used to
constrain model results in the Arctic in earlier studies [Boé
et al., 2010; Zhang, 2010].

2. Data

[3] This study uses the twentieth century and the SRES
emission scenario simulations of 21 atmosphere ocean gen-
eral circulation models (AOGCM) available from the World
Climate Research Program (WCRP) Coupled Model Inter-
comparison Project Phase 3 (CMIP3) [Meehl et al., 2007;
Randall et al., 2007]. The CMIP3 multimodel data set is
a collection of AOGCM simulations that were assessed in
the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) [Intergovernmental Panel

on Climate Change (IPCC), 2007]. No pre-selection of the
models was applied. For comparisons between the different
CMIP3 models always the first initial condition ensemble
member is used. All simulations are regridded to a common

Figure 1. Linearity of Arctic sea ice and temperature of model data for the time period 1980–2099.
(a) Annual mean sea ice area versus mean global temperature, (b) September sea ice area versus mean
global temperature, (c) annual mean sea ice area versus mean Arctic temperature and (d) September sea
ice area versus mean Arctic temperature in an A1B scenario. The slope in panel b represents the value of
g of the models and the slope in panel d represents the value of a of the models. Each color indicates a dif-
ferent model from the CMIP3 ensemble (for details see section 2). The numbers of each model in the legend
can be used to identify the models in Figure 3. All results shown are based on 10-year running means.

Table 1. Goodness-of-Fit for the Linear Approximation Between
Annual Global Mean Surface Temperature and September Arctic
Sea Ice Area for the CMIP3 Models

Model Goodness-of-Fit

BCCR-BCM2.0www1111 0.9599
CCCma CGCM3.1 0.9502
CCCma CGCM3.1 T63 0.9580
CNRM-CM3 0.9256
CSIRO Mk3.0 0.8817
CSIRO Mk3.5 0.9633
GFDL CM2.0 0.9651
GFDL CM2.1 0.9497
GISS-AOM 0.7596
GISS-ER 0.9508
INGV ECHAM 0.4576
INMCM3.0 0.9832
IPSL CM4 0.9408
MIROC3.2 (hires) 0.9584
MIROC3.2 (medres) 0.9556
MIUB-ECHO-G 0.9726
ECHAM5 0.9831
MRI CGCM2.3.2a 0.9627
CCSM3.0 0.9821
UKMO HadCM3 0.9848
UKMO HadGEM1 0.9928

MAHLSTEIN AND KNUTTI: ARCTIC SEA ICE TO DISAPPEAR NEAR 2!C D06104D06104
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Mahlstein et al., 2012 

2°C change in annual mean global surface temperature above 
present is the most likely global temperature threshold for 

September sea ice to disappear (in 30-yr mean) 
 



September sea ice and CO2 (CMIP5) 
 
  

Fig. 1. Relationship between September Arctic sea-ice area 
and cumulative anthropogenic CO2 emissions. (A) Actual 
values. The thick blue line shows the 30-year running mean of 
observed September sea-ice area and the thinner red lines the 
30-year running means from CMIP5 model simulations. For 
reference, we also show the annual values of observed 
September sea-ice area, based from 1953-1978 on HadISST (31) 
(circles) and from 1979 to 2015 on the NSIDC sea-ice index (32) 
(diamonds; see methods for details). (B) Normalised 
simulations. For this plot, the simulated CMIP5 sea ice-area is 
normalized by dividing by the simulated sea ice-area at the onset 
of the transition period as defined in the text. For each 
simulation, the cumulative emissions (33) are set to 0 at the 
onset of the transition period and then linearly scaled to reach 1 
by the end of the transition period (compare table S1 for actual 
values). Note that this linearization is only carried out to more 
explicitly visualize the linearity in the models. All analyses in the 
paper are based on the original data shown in panel A. 
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For the 30yr average sea ice, 
ice-free conditions are 

reached at additional 1000 
Gt of CO2 

For current emissions of 35 Gt CO2 
per year, the limit of 1000 Gt will 
be reached before mid century.  

 

3 m2 of sea ice area loss per 
1 metric ton of CO2 



Annual mean Arctic sea ice loss 
per person by country  
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Fig. S1: Annual mean loss of Arctic September sea-ice area caused by average 
emissions of each citizen. Emission data are for the year 2013 [37]. These data are 
converted to Arctic sea-ice loss based on the observed sensitivity of 3 m2 Arctic 
September sea ice loss per ton of anthropogenic CO2 emission. 
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So, when could the Arctic first be 
ice-free (not the 30-yr mean)?  



Influence of chaotic system on sea ice projections of the first 
occurrence of an ice-free Arctic in Sept in CESM LE 

Within one 
model and one 

scenario 
(RCP8.5), large 

(20+ year) 
projection 

uncertainty for 
first ice-free 
year due to 

internal 
variability 

Jahn et al., 2016, GRL 

When could the Arctic first be ice-free?  



5 models contributed ensembles of size 5 or larger to CMIP5 archive 

CMIP5 ensemble spreads for first reaching an ice-free Arctic range 
between 7-15 years, for ensembles of size 5-10   

Jahn et al., 2016, GRL 

When could the Arctic first be ice-free?  



CESM compared to CMIP5 ensembles: CESM LE 
bootstrapped  

CMIP5 ensemble 
spreads are consistent 

with statistical 
expectation from 

CESM LE for smaller 
ensemble sizes 

Maximum ensemble spread 

Average ensemble spread 

Minimum 
ensemble spread 

Jahn et al., 2016, GRL 



Based on CESM, first ice-free Arctic could occur by 2035 also under 
lower emission scenarios (1.5°C OS, 2.0° C) due to enhanced 

variance at intermediate sea ice extents, but overall uncertainty 
increases due to added scenario uncertainty 

Updated from Jahn et al. 2016, GRL 

When could the Arctic first be ice-free?  



Changing Variance of Sept. sea ice extent 

Internal variability changes with the changing sea ice cover: 
Higher between 5-2 million km2, lower for higher and smaller sea ice extent à has 

implications for predictability 
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Different levels of probability of an ice-free Arctic in 
the later 21st century under different scenarios 

Adapted from Sanderson et al., 2017 (Earth System Dynamics) 

An ice-free Arctic has 
a low probability for 

the 1.5C scenario 
(~1%), but it has a 

100% probability for 
the RCP8.5, >70% for 
RCP4.5, ~35% for <2 

degree warming 

1.5C  
1.5C OS 

2.0C  
RCP4.5  
RCP8.5 

(20 y running mean) 



Regional ice-free projections 

3. Results and Discussion
3.1. Sea Ice-Free Projections

Looking at recent observations of September sea ice cover from 2005 to 2014, there is considerable regional
variability with respect to ice-free and ice-covered conditions (Figure 1d) when compared to August
and October (Figures 1c and 1e). CMIP5 simulations for the same time period however show less contrast
between September conditions and the month of August (Figure 1i). In CMIP5 models, the months of June
and July show robust sea ice cover compared to September that compares well with observations, except
within the Barents Sea, Baffin Bay, and Hudson Bay (Figures 1f and 1g). These differences in seasonal cycle
between observations and CMIP5 simulations reemerge when we evaluate our results using the model
selection in section 3.3.

We consider a region to be ice free when 94% of the region is ice free for at least 5 out of the following 6 years.
The frequency distribution of ice-free conditions for different regions andmonths is illustrated in Figure 2. For
all Arctic waters, these criteria correspond to SIE less than 1× 106 km2 for a 5 year period, the commonly used
metric to denote a nearly ice-free Arctic [Kirtman et al., 2013].

The CMIP5 ensemble (selection based only on ocean area) shows that September is most likely to become ice
free approximately between 2045 and 2070, with amedian of 2050 (Figure 2a). This range of years is similar to
what has been reported by other studies [e.g., Massonnet et al., 2012; Wang and Overland, 2012; Liu et al.,
2013]. In August and October, the range is extended to 2090 with a median of about 2070 (Figure 2a). Our
results also show that the CMIP5 projects a substantial sea ice cover in June and July until the end of the

a b c

e f

g h i

d

Figure 2. (a) Box plot of year after which all Arctic waters are more than 94% sea ice free for summer months based on the
entire CMIP5 ensemble. White line indicates the multimodel median; the box range indicates the two inner quartiles,
intermodel spread Whiskers indicate the 95% inter model spread. Whiskers that begin or end outside the plot are dashed.
(b–i) Same as Figure 2a but for the regions identified in Figure 1.
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Figure 1 | Changes in the open water season in the CESM-LE. a,d,g,j, The ensemble mean of the number of open water days shows the expansion of the
open water season over the period 1850–2100. b,c, The mean pre-industrial day of year of the first and last day of open water in 1850 are generally
functions of latitude with variations due to patterns of sea-ice motion. e,f,h,i,k,l, Both the first day of open water (middle column) and last day of open
water (right column) shift relative to 1850 values, resulting in an expanded open water season.

linked to sea-ice loss in the past20,21. The shift in the projected date
of freeze-up is larger than the shift in the first day of open water,
similar to trends in observational data sets5,22 and attributed to the
increased heat stored in the surface ocean after longer-lasting open
water conditions.

As the open water season lengthens, the variability typically
decreases (Supplementary Fig. 9). In 1850, the sea-ice edge and
coastal zones represented areas of high interannual variability in
the length of the open water season. However, once consistent open
water is present along the coast, the variability declines considerably
(Fig. 3). This suggests that predicting sea-ice conditions in
coastal and shelf regions will become easier as the open water
season lengthens.

At individual model grid cells along the coast, measurements
and the CESM-LE are in close agreement regarding the number
of open water days (Fig. 3). To illustrate the diverse patterns in
predicted sea-ice change along the Arctic coastline, we highlight
four locations.

Along the Alaskan North Slope, at Drew Point (Fig. 3a), a site
of rapid and accelerating coastal retreat5,6, the open water regime is
highly variable before around 2000. Variability declines as the open
water season expands. This area is prone to highly variable open
water seasons because it lies near the pre-industrial minimum ice
edge and is influenced by sea-ice transport and break-up patterns
from both the east and the west. In the late spring, sea ice that
includes thick multi-year ice from the Canadian Arctic Archipelago
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increased heat stored in the surface ocean after longer-lasting open
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As the open water season lengthens, the variability typically
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the length of the open water season. However, once consistent open
water is present along the coast, the variability declines considerably
(Fig. 3). This suggests that predicting sea-ice conditions in
coastal and shelf regions will become easier as the open water
season lengthens.

At individual model grid cells along the coast, measurements
and the CESM-LE are in close agreement regarding the number
of open water days (Fig. 3). To illustrate the diverse patterns in
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four locations.
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increased heat stored in the surface ocean after longer-lasting open
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As the open water season lengthens, the variability typically
decreases (Supplementary Fig. 9). In 1850, the sea-ice edge and
coastal zones represented areas of high interannual variability in
the length of the open water season. However, once consistent open
water is present along the coast, the variability declines considerably
(Fig. 3). This suggests that predicting sea-ice conditions in
coastal and shelf regions will become easier as the open water
season lengthens.

At individual model grid cells along the coast, measurements
and the CESM-LE are in close agreement regarding the number
of open water days (Fig. 3). To illustrate the diverse patterns in
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the length of the open water season. However, once consistent open
water is present along the coast, the variability declines considerably
(Fig. 3). This suggests that predicting sea-ice conditions in
coastal and shelf regions will become easier as the open water
season lengthens.
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linked to sea-ice loss in the past20,21. The shift in the projected date
of freeze-up is larger than the shift in the first day of open water,
similar to trends in observational data sets5,22 and attributed to the
increased heat stored in the surface ocean after longer-lasting open
water conditions.

As the open water season lengthens, the variability typically
decreases (Supplementary Fig. 9). In 1850, the sea-ice edge and
coastal zones represented areas of high interannual variability in
the length of the open water season. However, once consistent open
water is present along the coast, the variability declines considerably
(Fig. 3). This suggests that predicting sea-ice conditions in
coastal and shelf regions will become easier as the open water
season lengthens.

At individual model grid cells along the coast, measurements
and the CESM-LE are in close agreement regarding the number
of open water days (Fig. 3). To illustrate the diverse patterns in
predicted sea-ice change along the Arctic coastline, we highlight
four locations.

Along the Alaskan North Slope, at Drew Point (Fig. 3a), a site
of rapid and accelerating coastal retreat5,6, the open water regime is
highly variable before around 2000. Variability declines as the open
water season expands. This area is prone to highly variable open
water seasons because it lies near the pre-industrial minimum ice
edge and is influenced by sea-ice transport and break-up patterns
from both the east and the west. In the late spring, sea ice that
includes thick multi-year ice from the Canadian Arctic Archipelago
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Projection of # of open water 
days (CESM LE) 

Barnhard et al., 2015 
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Future shipping 
projections 

Figure 2. Fastest available September trans-Arctic routes from multimodel projections. Routes for RCP2.6 (a, c, and e) and
RCP8.5 (b, d, and f) split into three periods (rows), each containing 15 consecutive Septembers, from five GCMs each with
three ensemble members, equating to 225 simulations per panel. Cyan lines represent open water vessels (OW), and pink
lines represent Polar Class 6 vessels (PC6); line weights indicate the number of transits using the same route. Dashed grey
lines indicate the Exclusive Economic Zones. The percentages shown over Greenland (colored) represent the trans-Arctic
potential for the two vessel classes. Inset “bean” plots show total transit time distributions for North American routes and
European routes (New York, Rotterdam, and Yokohama endpoints are used). When Arctic routes are closed, routes through
Panama (25 days) and Suez (30 days) Canals, respectively, are assumed (labeled red). Short lines indicate individual voyages,
and long lines show the mean transit time for all voyages, with route time distribution indicated by envelope shape.
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Under RCP8.5 the TSR is 
open for up 4-8 months of 

the year 

This can reduce average travel time to 
Asia from Europe with open water 
from 26 days to: 
•  17 days by late century for RCP8.5 
•  (22 days by late century for RCP2.6)  
 
For North America, reduction is from 
25 days to 20-22 days for the NWP, but 
having to take the NSR or TSR can 
make it 24 days or more.   

Ice strengthened Open water vessels 

September trans-Arctic routes  
 



Summary 
�  Arctic sea ice is projected to decrease over the 21st century – how 

much depends largely on future emissions 

�  In the next 1-2 decades, internal variability is more or as important 
and scenario differences for sea ice loss in a given year 

�  We can not predict the first year the Arctic will be ice-free with an 
uncertainty range of less than 20 years 

�  But the likelihood of an ice-free Arctic in the summer in the later 
half of the 21st century increases the larger the warming is, with 
frequent ice-free Arctic summers likely for a warming of 2 C, 
infrequent for a 1.5C warming, and guaranteed ice-free multi-month 
periods under RCP8.5 (4C warming) 

�  Open water days will increase, opening up the Arctic for increased 
shipping, with the TSR passable for open-water vessels in the second 
half of the century under RCP8.5, and threating polar bear survival 


