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Motivation: Why predicting seasonal 
changes in Arctic sea  ice?

  

•  Access to the Arctic Ocean 
•  Commercial shipping, tourism, fishing, oil & mineral extraction 
•  Community resupply, subsistence hunting & fishing 

•  Impact on ocean/atmosphere: 
•  Summer:  sea ice (& snow) reflects Sun’s radiation 

•  Winter:  sea ice (& snow) insulates ocean from cold atmosphere 

Why forecast Arctic sea ice? 

Ocean 

Sea ice 

Snow 6% 
50% 

90% 

Ocean heat storage  

Growing demand of stakeholders in 
seasonal sea ice forecasts  
New routes to access the Arctic Ocean 

Fishing, commercial shipping, tourism, oil 
and mineral extraction 
Summer and winter sea ice predictions.  

Arctic sea ice: a source of climate 
predictability?  
Impact on ocean/atmosphere 

Influence of sea ice decline on cold eurasian 
and European winters ? 
Control of subpolar primary production ? 



Predictions of summer sea ice cover 

September 2007 and 2012 record-lows SIE raised high interest in 
summer sea ice predictions 

Sea ice outlooks (SIO) established in 2008 with open contributions of 
Pan-Arctic SIE. Contribution of GFDL since 2013 (Msadek et al., Bushuk et 
al. ) 

Skill shows room for improvement for all models (Stroeve et al. 2014) 

- Models do barely better than trend or anomaly persistence forecast 
- Hindcasts better than actual forecasts 
- Perfect models suggest we could do better 



Outline

Skill of GFDL-CM2.1 in seasonal forecasts of:  
• Pan-Arctic sea ice extent 
• Regional sea ice extent 

Predictive skill vs. predictability 

Insights into physical processes: 
• Role of sea ice thickness 
• Role of the ocean 

Conclusions 
 



The Dynamical Forecast Model
GFDL-FLOR1: Forecast-oriented Low Ocean Resolution

•  Fully-coupled global model
•  Atmosphere and Land (50km)
•  Ocean and Sea Ice (1°)

1: Vecchi et al. 2014, J. Climate; 2: Zhang et al. 2007 Mon. Wea. Rev.

Operational Predictions Perfect Model Predictions
Initialized from ECDA2: 
Ensemble Kalman Filter Coupled Data Assimilation

•  Ocean assimilates satellite SST, ARGO, CTD, XBT, 
other WOD profiles

•  Atmosphere assimilates NCEP-2 reanalysis
•  No assimilation of sea ice data

•  Forecasts initialized on the first of each month; 
run for one year

•  12-member ensemble
•  Retrospective forecasts spanning 1980-2018

Retrospective Forecasts

The dynamical forecast system
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Retrospective Predictions of September Sea Ice Extent

Predictions of Pan-Arctic sea ice extent in 
the GFDL model



Pan-Arctic Prediction Skill: All target months and lead times 0-11 months 

   : Anomaly correlation coefficient (ACC) exceeds persistence forecast 
and is significant at 95% level
Note: All correlations computed using linearly detrended data
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Predictions of Pan-Arctic sea ice extent in 
the GFDL model



The Initial Value Problem: Predicting Seasonal-to-Interannual Variations in Sea Ice

Merryfield et al. 2013, GRL;
Sigmond et al. 2013, GRL Peterson et al. 2015, Clim. Dyn.

Msadek et al. 2014, GRL; 
Bushuk et al. 2017, GRL
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•  GCM-based hindcast skill for detrended Pan-Arctic sea ice extent: 0-6 months 

Wang et al. 2013, Mon. Wea. Rev.

Predictions of Pan-Arctic sea ice extent in 
other models

The Initial Value Problem: Predicting Seasonal-to-Interannual Variations in Sea Ice

Merryfield et al. 2013, GRL;
Sigmond et al. 2013, GRL Peterson et al. 2015, Clim. Dyn.

Msadek et al. 2014, GRL; 
Bushuk et al. 2017, GRL
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•  GCM-based hindcast skill for detrended Pan-Arctic sea ice extent: 0-6 months 

Wang et al. 2013, Mon. Wea. Rev.

The Initial Value Problem: Predicting Seasonal-to-Interannual Variations in Sea Ice

Merryfield et al. 2013, GRL;
Sigmond et al. 2013, GRL Peterson et al. 2015, Clim. Dyn.

Msadek et al. 2014, GRL; 
Bushuk et al. 2017, GRL
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3-6 months depending on the month and the 
target month 
Largest skill in early winter

See also Chevallier et al. (2013)

Pan-Arctic Prediction Skill: All target months and lead times 0-11 months 

   : Anomaly correlation coefficient (ACC) exceeds persistence forecast 
and is significant at 95% level
Note: All correlations computed using linearly detrended data
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Importance of regional assessment

2008
2011

Similar SIE but different 
regional patterns

Source: NSIDC



Operational Prediction Skill For Winter Ice Regions (Region # in parentheses)
Barents Sea (3)
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Predictions of regional Arctic sea ice extent 
in the GFDL model

Regional Prediction Skill
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Operational Prediction Skill For Summer Ice Regions (Region # in parentheses)

Laptev Sea (5)
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Predictions of regional Arctic sea ice extent 
in the GFDL model



Prediction skill � Predictability
Prediction skill: The accuracy of a forecast relative to observations

Predictability: The degree to which the future state of a dynamical system can be predicted 

•  Depends on quality of model physics and initial 
conditions

•  E.g. current numerical weather forecasts have 
skill at lead times of roughly 7 days

•  Metrics: Anomaly correlation coefficient; Root 
mean square error

•  Fundamental property of the dynamical system, 
related to chaotic error growth of infinitesimal 
errors.

•  E.g. weather is potentially predictable up to lead 
times of 14 days

•  Imposes an upper limit on prediction skill that 
is potentially achievable

Bauer et al. (2015), Nature

Branstator and Teng (2010), J. Climate

Can we expect higher skill?



Perfect Model Predictions with GFDL-FLOR

•  Start Months 
Jan, Mar, May, Jul, Sep, Nov

•  Start Years 
839, 874, 898, 933, 981, 1008

•  Ensemble members
12

•  Integration time
3 years

Key Design Aspects
•  Experiments run from well 

equilibrated climate of 1990 
control run

•  Seasonal coverage of start dates 
allows for study of skill at different 
lead times

•  Performed with same model as 
seasonal forecast system. Allows 
for direct comparison of perfect 
model and operational skill 
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Perfect model assessment



Comparison of Perfect Model and Operational Skill: Pan-Arctic SIE
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Comparison of perfect model and 
operational skill for Pan-Arctic SIE

The Prediction Skill Gap: Pan-Arctic SIE

Black contour: 
ACC=0.7
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Mechanisms: where does the 
predictability come from?
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=> Role of March-May thick ice 
(h>0.8m) for September SIE
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Chevallier and Salas y Mélia (2012) 

Bushuk et al. (2017) 

• Role of sea ice thickness in predicting sea ice extent/area in summer 
Day et al.(2014), Blanchard-Wrigglesworth and Bitz (2014) 



Mechanisms: where does the 
predictability come from?

Role of the ocean in predicting sea ice extent/area in winter (Bitz et al. (2005), Schlichtholz 2011) 
• Role of ocean heat advection in the MIZ (Barents Sea, GIN seas, Bering sea) 
• Link between summer temperature of AW in the BSO and winter SIE in the GIN Seas Sources of Winter Prediction Skill: Ocean Temperature Initialization
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•  Subsurface ocean temperature initialization provides key source of 

winter prediction skill
•  What is the relative importance of surface versus subsurface ocean 

data in Barents sea ice predictions?

Bushuk et al. (2019)

Subsurface ocean temperature initialization provides key source of winter 
prediction skill



Improved ocean and sea ice 
initial conditions!

Improved sea ice predictions!
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Laptev Sea
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East Siberian Sea
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•  Laptev and East 
Siberian Seas have 
spring prediction skill 
barrier: Predictions 
initialized May 1 and 
later are skillful; 
those initialized prior 
to May 1 are not 

•  Sea ice thickness 
initialization provides 
key source of 
summer prediction 
skill

Sources of Summer Prediction Skill: Sea Ice Thickness Initialization
Sources of summer prediction skill: SIT initialization

Bushuk et al. (2017)



Improvement of summer predictions due to 
initialization of sea ice thickness 

3428 E. W. Blockley and K. A. Peterson: Improving Met Office seasonal predictions of Arctic sea ice

Figure 4. (a) September-mean Arctic sea ice extent from the CTRL-HC (blue), ThkDA-HC (pink), and FIXED-IC (green) seasonal pre-
diction experiments. Observational estimates from the CMEMS reanalysis assimilating OSI-SAF (black squares), NSIDC (grey circles) and
HadISST1.2 (grey triangles) are included and the area between them shaded light grey. (b) Integrated ice edge error (IIEE) for seasonal
predictions relative to the CMEMS reanalysis product introduced in Sect. 2.3. In both panels, individual ensemble members are represented
by coloured crosses and ensemble means by the solid symbols and inter-connecting lines. Horizontal coloured lines depict 2011–2015 mean
values. For ease of viewing, the ThkDA-HC (pink) and FIXED-IC (green) experiments are plotted with a small offset relative to the CTRL-
HC (blue) experiment, and the CS2 period (2011–2015) is plotted with an increased x axis scale, approximately twice that for the early
period 1992–2010, with the transition indicated by a vertical black line.

grated ice edge error (IIEE) metric introduced by Goessling
et al. (2016). This metric is essentially the area integral of
all model grid cells where the forecast and observations dis-
agree about whether sea ice is present or not (see Goessling
et al., 2016, for more details). Here we use a sea ice concen-
tration threshold of 15 % to define whether ice is present or
not in any particular grid cell and compare the GloSea sea-
sonal predictions to the CMEMS reanalysis that assimilated
the OSI-SAF data. The GloSea and CMEMS products are
on the same ORCA025 grid and so comparisons between the
two are easy and not degraded by having to remap the data
between different grids. Results from the IIEE analysis can
be found in Fig. 4b, which shows IIEE for each ensemble
member of the CTRL-HC and ThkDA-HC GloSea seasonal
predictions (as in Fig. 4a, but for IIEE not extent). For the
CTRL-HC experiment, the IIEE is virtually flat across the

length of the full time series (1992–2015) illustrating that, as
for extent, the model without sea ice thickness assimilation
is consistently biased throughout this 24-year period.

Figure 4b shows that ice-edge error is considerably im-
proved by the CS2 thickness initialization with the 2011–
2015 mean IIEE reduced from 3.20⇥106 km2 for CTRL-HC
to 2.02 ⇥ 106 km2 for ThkDA-HC, a reduction of 37 %. The
differences in both extent and IIEE shown in Fig. 4 are sig-
nificant at the 1 % level over the whole 5-year period and for
each of the individual years, except for 2013. In general, the
improvement in the ice edge location and IIEE is more pro-
nounced than the improvement to the basin-wide extent. This
is to be expected given that the CS2 thickness initialization
changed the distribution of sea ice thickness in the Arctic as
well as increasing average thickness. Figure 5 further illus-
trates the spatial improvement in sea ice predictions showing

The Cryosphere, 12, 3419–3438, 2018 www.the-cryosphere.net/12/3419/2018/

E. W. Blockley and K. A. Peterson: Improving Met Office seasonal predictions of Arctic sea ice 3429

Figure 5.

the probability of ice across the CTRL-HC and ThkDA-HC
ensembles for each year (2011–2015), with ensemble-mean
and observed ice extent (represented by 15 % concentration
contours) overlain. Here we calculate the probability of ice,
at each grid-cell, as the proportion of ensemble members for
which the ice concentration is at least 15 %. Consistent with
the IIEE results in Fig. 4b, the ice edge location in Fig. 5
for the ThkDA-HC system is much better than for CTRL-

HC. In particular, the ThkDA-HC ensemble-mean ice edges
for 2011 and 2012 are very close to those produced by the
CMEMS reanalysis. A consistent feature of Fig. 5 is that
the ice edge along the Atlantic sector of the Arctic is very
well defined for the ThkDA predictions and is very close to
the CMEMS reanalysis for all years. These improvements
are further illustrated in Fig. 6, which shows, for several dif-
ferent Arctic Ocean regions, the ice extent predicted by the

www.the-cryosphere.net/12/3419/2018/ The Cryosphere, 12, 3419–3438, 2018

ThKDA=initialising FOAM with CryoSat-2 sea ice thickness

Integrated sea ice edge error (Goessling et al. 2016) 
vs OSI-SAF

Sea ice edge predictions: general reduction in 
edge error (37% less for 5yr total)

Blockley and Peterson (2018)

See also Guemas et al. (2016)

SIT initialization shows promising results



Barents SIE Skill 1996-2016: NRMSE
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•  95% confidence intervals computed via bootstrapping

Observing System Experiment (OSE) Hierarchy

•  For each assimilation run, we perform retrospective 
ensemble predictions with CM2.1 initialized Jan 1, April 1, 
July 1, Oct 1, and spanning 1995-2016. 

•  10-member ensemble, run for one year

•  Data assimilation runs spanning 1995-2016 

Bushuk et al., submitted

Improvement of winter predictions due to 
initialization of the ocean 

Bushuk et al. (2019)



March Barents sea ice edge predictions: Lead 8 months
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Bushuk et al. (2019)

Improvement of winter predictions due to 
initialization of the ocean 

• Improved sea ice edge prediction 
• Improved RMSE and ACC of regional SIE



Conclusions

• GFDL-FLOR seasonal predictions skillfully predict pan-Arctic and regional sea ice 
extent at lead times of 0-11 months depending on region and target month 

• Perfect model experiments suggest substantial skill improvements are possible in 
most regions 

• Assimilation of sea ice thickness improves seasonal predictions of summer sea ice 
edge but there is a spring barrier in most regions 

• Assimilation surface and subsurface ocean observations improves seasonal 
predictions of winter sea ice, in particular in the Barents Sea

=> Where do we focus our efforts? What are the crucial mechanisms? 
Our work suggest sea ice thickness and subsurface ocean 
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