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Conclusions: Predictions of the first occurrence of an ice-free Arctic have an uncertainty of ~20 years due to internal 
variability. Only by limiting global warming to 1.5°C can ice-free conditions before 2100 potentially be avoided. Further 

warming guarantees at least one instance of an ice-free Arctic and increases the number of months that ice-free
conditions may be present (up to 5 months under RCP8.5, with >4°C warming by 2100).

Probability of a first ice-free Arctic 

• Limiting global warming to 1.5°C 
rather than 2.0°C reduces the 
probability of any ice-free  conditions 
in September before 2100 from 100% 
to 30% and the probability of ice-free 
conditions in August from 50% to 0%.

• Under the business-as-usual scenario 
(RCP8.5), which leads to over 4°C 
warming by 2100, ice free conditions 
have a 100% probability of occurring 
at least once  during 5 month of the 
year (July to November).

Motivation: How predictable is the first occurrence of sea ice free
conditions in the Arctic Ocean? Using large ensemble simulations, this
question can be answered and probabilistic projections of ice-free
years can be provided for a range of future emission scenarios. “Ice-
free” is here defined as an ice-extent of less than 1 million km2, the
commonly used threshold for an ice-free Arctic.

Method: A suite of Community Earth System model (CESM) ensembles,
including the CESM LE (Kay et al. 2015, 40 members), the medium
ensemble (Sanderson et al. 2015, 15 members) and the low warming
scenario (Sanderson et al. 2017, 10 members) were analyzed. The
CESM performs well for many metrics of Arctic summer sea ice, making
it a suitable model for studying projections of an ice-free Arctic.

References and Funding: Kay et al. (2015), Community Earth System Model (CESM) Large Ensemble Project: a community resource for studying climate change in the presence of internal climate variability. Bull. Am.
Meteorol. Soc. 96, 1333–1349; Sanderson et al. (2017), Community climate simulations to assess avoided impacts in 1.5 °C and 2 °C futures. Earth Syst. Dynam. 8, 827–847; Sanderson et al. (2015). A new ensemble
of GCM simulations to assess avoided impacts in a climate mitigation scenario. Climatic Change 146, 303–318. Funding for this study was provided by NSF-1504348 and CU Boulder. Background picture by A. Jahn.

Predictability of the first ice-free Arctic

• The first occurrence of an ice-
free Arctic carries a ~20 year 
predictability uncertainty 
from internal variability  
(based on the CESM LE, but 
consistent with other CMIP5
models, see Jahn et al. 2016)

• Model and scenario 
uncertainty add this this 
internal-variability uncertainty

• L1 and L2 error norm 
analysis (b-d) and 
bootstrapping of the 40-
member CESM LE (e) show 
that the benefit per 
additional ensemble 
member of capturing the 
full range of internal 
variability decreases most 
strongly for the first 10 
ensemble members à
ensembles of size 10 are a 
good cost-benefit 
compromise for this 
predictability question
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Probabilities of an ice-free Arctic by 2100. I found a 100% prob-
ability that ice-free conditions will occur at least once by 2100 for 
all of the scenarios except 1.5 °C (Fig. 1b). In the IPCC language32, 
this means at least one ice-free September in the Arctic is 'extremely 
likely' if warming reaches or exceed 2.0 °C. In contrast, in the 1.5 °C 
ensemble, there is only a 30% probability that ice-free conditions 
will occur at least once if warming is limited to 1.5 °C, which makes 
it 'unlikely' in the IPCC language.

Notably, for scenarios in which warming is limited to 1.5 °C and 
2.0 °C, the probabilities found here are much higher than those found 
in the CMIP5 simulations of Screen and Williamson19: 30% versus 
0% for 1.5 °C warming and 100% versus 35% for 2.0 °C warming. If 
we account for the fact that the CESM has a positive mean bias in 
its 1979–2016 September SIE, the probability of at least one occur-
rence of ice-free conditions reaches 90%, even if warming is limited 
to 1.5 °C (see Methods and Supplementary Fig. 3b), which further 
enhances the difference to the 0% probability found in Screen and 
Williamson19. This large difference in the projected probability of 
ice-free conditions under the low-warming IPCC targets is due 
to important differences in the analysis performed. Screen and 
Williamson19 assessed the probability of an ice-free Arctic in the 
CMIP5 RCP8.5 and RCP4.5 simulations before 1.5 °C and 2.0 °C 
of global warming were first reached. I assessed the probabilities 
of at least one occurrence of ice-free conditions in simulations that 
have a 30-year ensemble mean that remains just below these low-
warming temperatures for several decades (Supplementary Fig. 1d). 
As these simulations have several decades of mean temperatures 
at these thresholds, internal variability leads to temperature and 
sea-ice variability around the ensemble mean. This can cause ice-
free conditions to occur at these lower global mean temperatures, 
despite the absence of ice-free conditions in the transient evolution 
to these temperatures. Hence, I found much higher probabilities 
of an ice-free Arctic compared to Screen and Williamson19. If the 
goal of limiting warming to 1.5 °C or 2.0 °C is achieved, it seems 
very likely that temperatures would stay at these levels for a period 
of time, rather than decrease below them immediately. Hence, the 
probabilities found here for the low-warming scenarios correspond 
more directly to those we might observe during the twenty-first 
century if these targets can be achieved. These results highlight the 
importance of employing dedicated simulations for the low-warm-

ing IPCC targets to assess the likelihood of climate extremes, rather 
than subsampling the existing higher-warming scenarios on the 
way to these target temperatures20,33.

For a given year, Sanderson et al.20 showed that the probabilities 
of ice-free conditions in September are also much reduced if warm-
ing is limited to 1.5 °C (2.5%) rather than to 2.0 °C (34%) or greater 
(Fig. 1c). However, it is not only the overall probabilities of ice-free 
conditions that differ between scenarios, but also the months dur-
ing which these conditions might occur (Fig. 2). Ice-free conditions 
occur exclusively in September in the 1.5 °C and 1.5 °C OS simula-
tions, if they occur at all. In the 2.0 °C simulations, a few instances 
of ice-free conditions also occur in August, in addition to a 100% 
probability in September by the end of the century. In the RCP4.5 
simulation, ice-free conditions occur at least once in August and 
September in all ensemble members and in October for several 
members. Under the RCP8.5 scenario, the ice-free season in the 
Arctic could extend from July to November in some years, with a 
100% probability of ice-free conditions from August to November 
by the final decade of the twenty-first century (Fig. 2f).

Timing of the first possible ice-free Arctic. The timing of the first 
possible occurrence of an ice-free Arctic in September is strongly 
impacted by internal variability. In particular, I found that one of 
the 1.5 °C simulations reaches ice-free conditions two years before 
the final RCP8.5 simulation does (2050 and 2053, respectively (Fig. 
3a)), despite very different mean ice states and overall probabilities 
of an ice-free Arctic during the twenty-first century. This is due to 
an enhanced internal variability in the low-warming scenarios, as 
their mid-century September SIEs are close to the peak of the ice-
extent standard deviation (around 3.5 million km2 and 1.4 °C global 
mean warming (Supplementary Fig. 5)). This enhanced internal 
variability leads to the first ice-free conditions occurring at global 
temperature anomalies as low as 1.4 °C in one of the 1.5 °C ensemble 
members (Fig. 3b), even though the CESM ensemble mean temper-
ature at which ice-free conditions occur for the first time is 1.9 °C. 
Hence, the probability of an early ice-free Arctic increases the stron-
ger the forcing is, as the mean ice extent will be closer to the 1 mil-
lion km2 threshold in a warmer climate, so small changes can lead 
to ice-free conditions. At the same time, a first occurrence of ice-
free conditions could occur early despite a reduced forcing, due to 
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Fig. 1 | Probabilities of September sea-ice characteristics. a, The probabilities of late twenty-first century (2071–2100) September SIEs show how likely it 
is that SIEs will be below a given threshold for different scenarios (RCP8.5 in blue, RCP4.5 in purple, 2.0!°C in red, 1.5!°C OS in orange, 1.5!°C in black; also 
see key in c). For example, this shows how likely it is for the September SIE to be below the minimum monthly mean September SIE of 3.63!million!km2 
observed to date (in 2012, based on the NSIDC SIE30, shown by the dashed vertical brown line), or below the ice-free Arctic threshold of 1!million!km2 
(vertical grey line). For RCP4.5, the probabilities are for 2071–2080 only, due to the end of the simulations in 2080. RCP4.5 is therefore shown as a dashed 
line. b,c, Probabilities of reaching an ice-free Arctic at least once as a function of time (b) as well as the probabilities of ice-free conditions in a given 
year (using a 20-year running mean) (c). Data for the 2.0!°C, 1.5!°C OS, and 1.5!°C scenarios in c from ref. 20. All the probabilities are based on the CESM 
ensemble simulations. The meaning of the probabilities is given in grey according to the IPCC convention32. 
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Probabilities of an ice-free Arctic by 2100. I found a 100% prob-
ability that ice-free conditions will occur at least once by 2100 for 
all of the scenarios except 1.5 °C (Fig. 1b). In the IPCC language32, 
this means at least one ice-free September in the Arctic is 'extremely 
likely' if warming reaches or exceed 2.0 °C. In contrast, in the 1.5 °C 
ensemble, there is only a 30% probability that ice-free conditions 
will occur at least once if warming is limited to 1.5 °C, which makes 
it 'unlikely' in the IPCC language.

Notably, for scenarios in which warming is limited to 1.5 °C and 
2.0 °C, the probabilities found here are much higher than those found 
in the CMIP5 simulations of Screen and Williamson19: 30% versus 
0% for 1.5 °C warming and 100% versus 35% for 2.0 °C warming. If 
we account for the fact that the CESM has a positive mean bias in 
its 1979–2016 September SIE, the probability of at least one occur-
rence of ice-free conditions reaches 90%, even if warming is limited 
to 1.5 °C (see Methods and Supplementary Fig. 3b), which further 
enhances the difference to the 0% probability found in Screen and 
Williamson19. This large difference in the projected probability of 
ice-free conditions under the low-warming IPCC targets is due 
to important differences in the analysis performed. Screen and 
Williamson19 assessed the probability of an ice-free Arctic in the 
CMIP5 RCP8.5 and RCP4.5 simulations before 1.5 °C and 2.0 °C 
of global warming were first reached. I assessed the probabilities 
of at least one occurrence of ice-free conditions in simulations that 
have a 30-year ensemble mean that remains just below these low-
warming temperatures for several decades (Supplementary Fig. 1d). 
As these simulations have several decades of mean temperatures 
at these thresholds, internal variability leads to temperature and 
sea-ice variability around the ensemble mean. This can cause ice-
free conditions to occur at these lower global mean temperatures, 
despite the absence of ice-free conditions in the transient evolution 
to these temperatures. Hence, I found much higher probabilities 
of an ice-free Arctic compared to Screen and Williamson19. If the 
goal of limiting warming to 1.5 °C or 2.0 °C is achieved, it seems 
very likely that temperatures would stay at these levels for a period 
of time, rather than decrease below them immediately. Hence, the 
probabilities found here for the low-warming scenarios correspond 
more directly to those we might observe during the twenty-first 
century if these targets can be achieved. These results highlight the 
importance of employing dedicated simulations for the low-warm-

ing IPCC targets to assess the likelihood of climate extremes, rather 
than subsampling the existing higher-warming scenarios on the 
way to these target temperatures20,33.

For a given year, Sanderson et al.20 showed that the probabilities 
of ice-free conditions in September are also much reduced if warm-
ing is limited to 1.5 °C (2.5%) rather than to 2.0 °C (34%) or greater 
(Fig. 1c). However, it is not only the overall probabilities of ice-free 
conditions that differ between scenarios, but also the months dur-
ing which these conditions might occur (Fig. 2). Ice-free conditions 
occur exclusively in September in the 1.5 °C and 1.5 °C OS simula-
tions, if they occur at all. In the 2.0 °C simulations, a few instances 
of ice-free conditions also occur in August, in addition to a 100% 
probability in September by the end of the century. In the RCP4.5 
simulation, ice-free conditions occur at least once in August and 
September in all ensemble members and in October for several 
members. Under the RCP8.5 scenario, the ice-free season in the 
Arctic could extend from July to November in some years, with a 
100% probability of ice-free conditions from August to November 
by the final decade of the twenty-first century (Fig. 2f).

Timing of the first possible ice-free Arctic. The timing of the first 
possible occurrence of an ice-free Arctic in September is strongly 
impacted by internal variability. In particular, I found that one of 
the 1.5 °C simulations reaches ice-free conditions two years before 
the final RCP8.5 simulation does (2050 and 2053, respectively (Fig. 
3a)), despite very different mean ice states and overall probabilities 
of an ice-free Arctic during the twenty-first century. This is due to 
an enhanced internal variability in the low-warming scenarios, as 
their mid-century September SIEs are close to the peak of the ice-
extent standard deviation (around 3.5 million km2 and 1.4 °C global 
mean warming (Supplementary Fig. 5)). This enhanced internal 
variability leads to the first ice-free conditions occurring at global 
temperature anomalies as low as 1.4 °C in one of the 1.5 °C ensemble 
members (Fig. 3b), even though the CESM ensemble mean temper-
ature at which ice-free conditions occur for the first time is 1.9 °C. 
Hence, the probability of an early ice-free Arctic increases the stron-
ger the forcing is, as the mean ice extent will be closer to the 1 mil-
lion km2 threshold in a warmer climate, so small changes can lead 
to ice-free conditions. At the same time, a first occurrence of ice-
free conditions could occur early despite a reduced forcing, due to 
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Fig. 1 | Probabilities of September sea-ice characteristics. a, The probabilities of late twenty-first century (2071–2100) September SIEs show how likely it 
is that SIEs will be below a given threshold for different scenarios (RCP8.5 in blue, RCP4.5 in purple, 2.0!°C in red, 1.5!°C OS in orange, 1.5!°C in black; also 
see key in c). For example, this shows how likely it is for the September SIE to be below the minimum monthly mean September SIE of 3.63!million!km2 
observed to date (in 2012, based on the NSIDC SIE30, shown by the dashed vertical brown line), or below the ice-free Arctic threshold of 1!million!km2 
(vertical grey line). For RCP4.5, the probabilities are for 2071–2080 only, due to the end of the simulations in 2080. RCP4.5 is therefore shown as a dashed 
line. b,c, Probabilities of reaching an ice-free Arctic at least once as a function of time (b) as well as the probabilities of ice-free conditions in a given 
year (using a 20-year running mean) (c). Data for the 2.0!°C, 1.5!°C OS, and 1.5!°C scenarios in c from ref. 20. All the probabilities are based on the CESM 
ensemble simulations. The meaning of the probabilities is given in grey according to the IPCC convention32. 
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