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Abstract

The ECMWF analysis system currently assimilates Level-4 sea ice concentration (SIC) from OSTIA
(the Operational SST and Sea Ice Analysis produced by the UK Met Office). Here, we evaluate
the impact of assimilating Level-3 SIC observations in the ECMWF ocean-sea ice analysis system.
Furthermore, we make use of the availability of Arctic-wide sea ice thickness (SIT) observations in
the recent years to constrain the modelled sea ice thickness. Coupled forecasts of the ocean-sea-
ice-wave-land-atmosphere are then initialized using the improved sea-ice initial conditions from the
above assimilation experiments, and the predictive skill of Arctic sea ice up to lead times of 7 months
is investigated in a low-resolution analogue of the currently operational ECMWF seasonal forecasting
system SEAS5. Results show that the system successfully assimilates Level-3 SIC observations from
the OSISAF (EUMETSAT Ocean and Sea Ice Satellite Applications Facility) product OSI-401-b.
Differences in the analysis are small and within the observational uncertainties, but the assimilation
of Level-3 SIC will result in increased operational reliability. The impact on coupled forecasts is
generally positive for SIC at lead month 1 and neutral for longer lead times. Statistically significant
improvements are found over the ice edge and coastal seas in the Arctic mostly in the first 2 weeks for
forecasts initialized in most calendar months, except for January starts, when the impact is neutral.
The positive impact persists up to week 4 for March, May, August, November and December start
months. For SIT and sea ice volume, the forecast impact of Level-3 SIC assimilation is neutral in all
lead months.

Using SIT information from CS2-SMOS (CryoSat2-Soil Moisture and Ocean Salinity) as an addi-
tional constraint results in substantial changes of sea ice volume and thickness in the ocean-sea ice
analysis. Forecasts started from these sea-ice initial conditions show a reduction of the positive sea
ice bias and an overall reduction of summer-time forecast errors compared to SEAS5. A slight degra-
dation in skill is found in the autumn sea ice forecasts initialized in July and August. While there
is improvement in the skill of autumn 2m-temperature forecast initialized in spring, a degradation in
skill is found for the October forecasts initialized in August. We conclude that the strong thinning
by CS2-SMOS initialization mitigates or enhances seasonally dependent forecast model errors in sea
ice and near surface temperatures. Hence, changes in root-mean-square errors are predominantly due
to changes in biases. Using a novel metric, the Integrated Ice Edge Error (IIEE), we find significant
improvement of up to 28% in the September sea ice extent forecast started from April. Our re-
sults demonstrate the usefulness of new sea ice observational products in both data assimilation and
forecast verification, and strongly suggest that better initialization of SIT is crucial for improving
seasonal sea-ice forecasts.

1 Introduction

Sea ice is an integral part of the Earth’s climate system. Forecasting Arctic sea ice has advanced sig-
nificantly in this decade, with most forecasting centres using prognostic sea-ice models operationally,
allowing us to explore the sea ice forecast skill on long lead times from weeks to months to seasons.
Possibilities of economically viable shorter shipping routes across the Arctic in the summer are con-
stantly being explored. Monthly and seasonal outlooks of sea ice products are therefore in great demand
especially by the Arctic maritime industry.

Moreover, there is increasing scientific evidence that sea-ice loss and warming in the Arctic due to
climate change affect the European weather and climate (Balmaseda et al. (2010), Mori et al. (2014),
Overland et al. (2016), Ruggieri et al. (2016)). Since reliable estimates of sea-ice extent and volume
are needed for understanding climate change and for initializing numerical weather forecasts, there is
growing interest in using improved and new types of sea-ice observations in data assimilation systems
(Blanchard-Wrigglesworth et al. (2011), Tietsche et al. (2013)). Earlier studies propose that long-term
memory in winter sea ice thickness can potentially improve summer sea ice extent forecasts (Guemas
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et al. (2016), Tietsche et al. (2014), Day et al. (2014)). While assimilation of sea ice concentration (SIC)
is routine practice in operational sea-ice forecasting, assimilation of sea ice thickness (SIT) is at its early
stage (Allard et al. (2018)).

ECMWF has been using a prognostic sea ice model for operational coupled ensemble forecasts in the
medium and extended-range since November 2016, for seasonal forecasts since November 2017, and for
the high-resolution HRES forecast since June 2018. The ocean–sea-ice initial conditions are provided
by the OCEAN5 assimilation system (Zuo et al. (2018), Zuo et al. (2019)), consisting of a real-time and
a reanalysis component. The latter is called ORAS5, and it is used to initialize the reforecasts needed
for products like the Extreme Forecast Index, and to calibrate the extended-range and seasonal forecasts.
ORAS5 also contributes to the monitoring efforts of Copernicus Marine Monitoring Services (CMEMS).
OCEAN5 uses variational data assimilation. Currently, sea-ice concentration is the only sea-ice param-
eter which is assimilated. Although the ECMWF sea ice reanalysis and reforecasts compare well with
other systems (Chevallier et al. (2017), Uotila et al. (2018), Zampieri et al. (2018)), they are affected
by noticeable errors (Tietsche et al. (2018)). There are large biases in sea-ice forecasts from months to
seasons, pointing to uncertainties in both the models and observations used in the assimilation and fore-
casting systems. We explore the pathway to improve the initialization using lower level observations of
sea ice concentration (Level-3) and novel observations of sea ice thickness. We then assess the impact of
the changed sea ice initial conditions on the forecast skill on long lead times of months to seasons. This
work has been motivated and supported by the EU H2020 project SPICES (Space-borne observations for
detecting and forecasting sea ice cover extremes), which aimed at improved observations and forecasts
of sea-ice cover extremes.

The rest of the report is organised in two sections. The first section describes the ocean-sea ice models,
observations and assimilation experiments used for the sea ice initialization and presents the impact of
new SIC and SIT observations on the analysed sea ice state. The second section explains the features of
the forecasting system we use and assesses the impact of the changed sea-ice initialization on medium-,
extended and long-range sea-ice forecast skill using newly available observations and sea-ice specific
metrics.

2 Sea Ice Assimilation and Initialization

The sea-ice and ocean initial conditions used in our reforecast experiments are produced by a set of
multi-year ocean–sea-ice assimilation experiments or ocean reanalyses. Ocean reanalyses (Carton et al.
(2000), Weaver et al. (2003), Balmaseda et al. (2008), Balmaseda et al. (2013), Zuo et al. (2017), Tietsche
et al. (2015), Zuo et al. (2018)) are historical reconstructions of the ocean state using an Ocean General
Circulation Model (with or without a sea-ice model) forced by atmospheric fluxes and constrained by
satellite and in-situ observations of the ocean using data assimilation methods. These spatially and
temporally continuous, gridded observationally constrained estimates of the ocean state are highly useful
as a) initial boundary conditions for numerical weather prediction systems, b) verification datasets for
forecast evaluation, and c) climate monitoring datasets. Here we conduct ocean reanalysis experiments
assimilating new sea-ice observations. The impact of these new observations is evaluated by assessing
the quality of the resulting reanalyses (fit-to observations), and by assessing the impact on forecast skill
when these new reanalyses are used as initial conditions of seasonal re-forecasts. Some results of forecast
at shorter lead times are also presented.
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2.1 Models and Methodology

We use the NEMOVAR ocean–sea-ice data assimilation system in a 3D-Var FGAT configuration (Mo-
gensen et al. (2012)) to produce the reference and improved initial conditions. Assimilated observations
comprise of temperature and salinity profiles, altimeter-derived sea level anomalies and sea ice concen-
tration. Sea-surface temperature is constrained to observations by adjusting the surface heat fluxes. A
global freshwater correction is added to reproduce the observed global-mean sea-level change.

In the 3D-VAR FGAT data assimilation approach, a first guess of the model is first calculated and com-
pared to the observational state at appropriate time within the assimilation window. These misfits be-
tween model and observations are quantified in a cost function which is minimized using conjugate
gradient method. To reduce potential shocks, the resulting assimilation increments are added continu-
osly to the model state with constant weights during a second model run (Incremental Analysis Updates,
see Bloom et al. (1996)). The length of the assimilation window is 10 days in our experiments. Unlike
the other ocean variables, SIC assimilation is univariate: the increments are derived by minimising a
separate cost function as explained in Tietsche et al. (2015) and Zuo et al. (2017).

The ocean GCM used in these experiments is NEMO version 3.4 (Nucleus for European Modelling of the
Ocean) (Madec (2008)) with an approximate horizontal resolution of approximately 1◦ and 42 vertical
layers. The grid is tripolar, with the poles over Northern Canada, Central Asia and Antarctica enabling
higher resolution across the Arctic than at the equator. The first model layer is 10 m thick, and the upper
25 levels represent approximately the top 880 m. Both the horizontal and vertical resolution in our setup
is lower than that of the operational system, which has a horizontal resolution of approximately 0.25◦

and 75 vertical levels. The time step is one hour.

The prognostic thermodynamic-dynamic sea-ice model used is LIM2 (Louvain-la-Neuve Sea Ice Model)
(Fichefet and Maqueda (1997)). The vertical growth and decay of ice due to thermodynamic processes
is modelled according to the three-layer (one layer for snow and two layers for ice) Semtner scheme
(Semtner (1976)). The ice velocity is calculated from a momentum balance considering sea-ice as a two-
dimensional continuum in dynamical interaction with the atmosphere and ocean. Internal stress within
the ice for different states of deformation is computed following the viscous-plastic (VP) rheology pro-
posed by Hibler III (1979). LIM2 has a single sea-ice category to represent sub-grid scale ice thickness
distribution, and open water areas like leads and polynyas are represented using ice concentration. Melt
ponds are not modelled. LIM2 has a time step of 1 hour and is coupled to the ocean every time step.

2.2 Current operational Level-4 SIC issues and Level-3 SIC

Operational forecasts at ECMWF currently rely on ocean and sea-ice initial conditions from the ocean
analysis OCEAN5 (Zuo et al. (2018)), which for years from 1985 onwards assimilates OSTIA SIC obser-
vations using the ocean–sea-ice data assimilation system as explained above. OSTIA (Operational SST
and Sea Ice Analysis) system (Donlon et al. (2012)) is a daily SST-SIC observational product (available
as a near-real time product after 2008 and as a re-processed product before 2008) produced by the UK
Met Office. It is a global Level-4 product with ca. 6 km resolution. Level-4 is the last level of different
stages of satellite data processing. The observations in the previous level, Level-3, have missing data,
for instance if the satellite has a temporary malfunction, or if certain areas like the North Pole are not
observed. The OSTIA Level-4 SIC analysis is derived from the EUMETSAT Ocean and Sea Ice Satellite
Applications Facility (OSISAF) Level-3 observations.

The data infilling procedure used by OSTIA to convert Level-3 to Level-4 data can lead to erroneous
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Level-4 OSTIA and Level-3 OSISAF Sea ice concentration and their analyses

Figure 1: Sea ice concentration (SIC) on 5th April 2016: a) Level-3 OSISAF with hatching where data is missing,
b) Level-4 OSTIA. Panel (c) shows the difference in analysed 5-day SIC mean between two analysis experiments
assimilating Level-3 and Level-4 SIC respectively. SIC increments over a 5-day window spanning 5–9 April 2016:
d) Level-3 assimilation, e) Level-4 assimilation (see text for details), and f) difference in 5-day SIC increments
between Level-3 and Level-4 assimilation experiments. The impact of the erroneous Level-4 data on the SIC
analysis is apparent in panels (c) and (f).

forecasts for days/areas when/where Level 3 data is not available. To illustrate this point, OSISAF SIC
for the 5th of April 2016 is shown in Figure 1a. The swath data was corrupt or missing in a large area
east of Greenland. The SIC data in OSTIA over the same region have infilled most of the area of missing
data with zeros (Figure 1b). The SIC increments over the 5-day assimilation window spanning the period
5–9 April 2016 in assimilation experiments with either Level-3 (Figure 1d) or Level-4 (Figure 1e) SIC
observations show increments in opposite signs north-east of Greenland, resulting in erroneous Level-4
SIC conditions (Figures 1c and 1f). Up to 20% more SIC (Figure 1c) is seen when assimilating Level-3
data compared to assimilating Level-4 data. The positive SIC increments (red) in 1e come from the SIC
information in other days within the assimilation window (not shown). The area of SIC increase (red)
is smaller in the difference in 5-day mean (Figure 1c) than that in the difference in 5-day increments
(Figure 1f). This suggests that the model tries to compensate for the negative increments (Figure 1d) in
the Level-4 SIC assimilation by producing more ice in the region, as has been found by Tietsche et al.
(2013). This is a good example of where the assimilation increments of SIC directly impact on another
model variable – sea-ice growth rates in this case.

There is continuous feedback between ECMWF and the OSTIA providers regarding the quality of the
product, and most likely developments in the OSTIA algorithm will be put in place to mitigate the effect
of missing data. However, now that ECMWF has a sea-ice model and data assimilation, the use of a
Level-4 product is no longer justified. Beyond mitigating the impact of occasionally missing observations
better, assimilating Level-3 data from the OSISAF product has several technical advantages compared to
assimilating Level-4 data from OSTIA product: first, OSTIA has zero values for SIC instead of missing
values over regions where sea ice is never formed such as over tropics, which increases the size of the SIC
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control vector and hence introduces unnecessary computations when minimising the cost function. The
OSISAF Level-3 product obviously has missing values outside the domain for which the observational
retrievals were run. Second, the current implementation of the OSTIA SIC assimilation introduces an
additional spatial interpolation onto the model grid, which is not needed with the Level-3 assimilation of
OSISAF data, and introduces unnecessary interpolation errors. Third, it is a major advantage for future
developments that the spatially and temporarily variable observational uncertainty information available
with the OSISAF product can be used directly in the data assimilation. Last but not least, for operational
applications Level-3 data can be made more timely available than Level-4 from OSTIA (about 1 day).
Considering all of the above, ECMWF is planning to replace the Level-4 OSTIA SIC with the Level-3
OSISAF SIC for future operational updates of the ocean data assimilation system.

2.3 Observations and Ocean-Sea-Ice Assimilation experiments

Our reanalysis experiments are forced by near-surface air temperature, humidity and winds as well as
surface radiative fluxes from the atmospheric reanalysis ERA-Interim (Dee et al. (2011)) until 2015
and from the ECMWF operational NWP from 2015 to 2016. We use the same set-up of NEMOVAR
used in ORAS5 (Zuo et al. (2019)) except for the following changes: a) a coarser model resolution as
described above, b) different assimilated sea-ice observations and, c) a longer assimilation window of
10 days instead of 5 days. The experiments presented here use the sea ice concentration product of
the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI SAF, www.osi-saf.org ;
product identifier OSI-401-b (Tonboe et al. (2017))) and CryoSat2-SMOS (Ricker et al. (2017)) merged
sea ice thickness observations.

Level-3 OSISAF SIC observations (OSI-401-b) are a daily real-time product produced by the Danish and
Norwegian Meteorological Institutes under the EUMETSAT OSI SAF programme. The brightness tem-
peratures are measured by the SSMIS instrument, which is a polar orbiting conically scanning microwave
radiometer with constant incidence angle around 50◦ and a swath width of about 1700 km. The swath
data is then processed by the OSISAF sea ice concentration algorithm to produce filtered and unfiltered
SIC observations, which is the percentage of an ocean grid point covered by sea-ice and expressed in
decimals. OSI-401-b SIC observations and its uncertainty estimates come in a polar stereographic grid
of 10km horizontal resolution with varying pole hole size.

In order to assimilate the OSISAF Level-3 sea ice concentration with the ECMWF ocean-sea-ice data
assimilation system, the following steps are necessary: 1) Pre-processing of the OSISAF Level-3 SIC
data to convert gridded data into point observations that is compatible to the NEMOVAR feedback for-
mat. During this step, observations can be rejected if they do not pass quality control. 2) A stratified
random sampling method has been applied to SIC data for observation thinning and perturbation, with
pre-defined reduced grids. This is similar to what is done when assimilating sea-level anomalies as im-
plemented in ORAS5 (Zuo et al. 2017), and is essential to ensure that a reasonable number of Level-3
observations (comparable to the number of Level-4 observation) will be assimilated. Other settings re-
main unchanged to ORAS5 (Zuo et al. (2017), Tietsche et al. (2015)), in particular the constant SIC
observation error of 0.2.

While SIC has been monitored for several decades, satellite-remote sensed sea-ice thickness observa-
tions have only been available for less than a decade (Kwok and Rothrock (2009), Laxon et al. (2013),
Kaleschke et al. (2012)). A recent initiative led by the Alfred Wegener Institute provides a merged Level-
4 product of Arctic-wide winter ice thickness that combines thick-ice retrievals by CryoSat2 (CS2) satel-
lite and thin-ice retrievals by the Soil Moisture and Ocean Salinity (SMOS) satellite. It is the first ever
multi-sensor ice thickness product for the Arctic. CS2 (Hendricks et al. (2016)) measures freeboard (the
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height of the ice or snow surface above the water level) using altimetry, whereas SMOS (Tian-Kunze
et al. (2014)) measures microwave brightness temperatures in the L-band. Both measurements are con-
verted to ice thickness in metres. Low relative uncertainties are present for ice thinner than 1 m in SMOS
retrievals and for ice thicker than 1 m in CS2 retrievals, making them represent the entire thickness range
covering the whole Arctic (Ricker et al. (2017)). CS2 and SMOS are merged using an optimal interpola-
tion scheme to produce the CS2-SMOS product, which is available on a weekly basis on an EASE-2 grid
with 25km horizontal resolution. It is only available for 5 full months from November to March every
year during 2011–2017. Both the CS2 and SMOS retrievals are not possible in the melt season due to
the presence of melt ponds, and wet and warm snow and ice.

The above SIT observational information has been used to constrain the simulated SIT after interpolating
the weekly CS2-SMOS observations in EASE2 grid to daily data in the ORCA 1◦ grid. The weekly to
daily interpolation is done by appropriately weighting two adjacent weekly-mean fields. Instead of using
the variational data assimilation, the constraint is imposed via a linear nudging technique, which is easy
to implement for gridded products. The relationship between the modelled and observed sea ice thickness
is described by the following equation:

SIT n = SIT m − [
∆t
τ
(SIT m −SIT o)] (1)

where SIT n is the nudged thickness, SIT m is the modelled thickness, SIT o is the observed thickness, ∆t
is the sea-ice model time step of 1 hour, and τ is the nudging coefficient corresponding to a relaxation
time scale of 10 days. The choice of a 10-day time scale makes sense as a first trial, since it is consistent
with the length of the assimilation window.

In order to assess the impact of new sea-ice observations on the assimilation, we carry out three data
assimilation experiments (reanalyses) as shown in Table 1. They are 1) a reference experiment with
current Level-4 SIC assimilation (L4), 2) an experiment with Level-3 SIC assimilation (L3), and 3) an
experiment with Level-3 SIC assimilation and sea ice thickness constraint (L3T). Experiments L4 and
L3 are run for the years 2005 to 2016. Experiment L3T is run for the years 2011 to 2016, because these
are the years for which CS2-SMOS observations were available at the time of experimentation.

Reanaly-
sis

SIC observations
assimilated

SIT
constraint

Time period Description

L4 OSTIA SIC No 2005-2016 Level-4 SIC assimilation
L3 OSISAF SIC No 2005-2016 Level-3 SIC assimilation
L3T OSISAF SIC Yes 2011-2016 Level-3 SIC assimilation

and SIT nudging

Table 1: Specifications of the ocean-sea ice assimilation experiments

We have also tested the sensitivity of different nudging strengths by running variants of L3T with a
relaxation time scale of 20, 30 and 60 days, but chose the experiment with the strongest constraint (10-
day relaxation time) for initializing the ensemble reforecasts. For the L4 and L3 experiments, sensitivity
to high resolution has also been tested by running experiments at the higher resolution of the operational
data assimilation system (1/4◦ with 75 vertical levels). Test results indicate that large-scale results are
similar between high- and low-resolution experiments. As explained in the next section, the largest
impact is due to the thickness nudging, i.e. between L4 and L3T, rather than between L4 and L3.
Therefore, the main focus of our study will be on the difference between the L4 and the L3T experiments.
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Mean SIC difference between Level-3 OSISAF and Level-4 OSTIA SIC analysis

Figure 2: Difference in monthly-mean sea ice concentration between L3 and L4 for March (left), July (middle) and
September (right), averaged over the years 2005–2015.

2.4 Impact of improved observations on the sea ice state

2.4.1 Level-3 sea ice cover assimilation versus Level-4 sea ice cover assimilation

Assimilating Level-3 SIC observations has only a small impact on the analysed SIC. Figure 2 shows the
mean difference in SIC between L3 and L4 (L3 minus L4), for March, July and September averaged
over 2005–2015. The differences are mostly within the observational uncertainty. Regional patterns
of reduced sea ice concentration of up to 8 to 10% is seen over the Sea of Okhotsk and north east
of Greenland along the sea-ice edge in March. Reduced and increased SIC patterns over Canadian
Archipelago, Siberian shelf seas and other coastal seas is seen in the melt season (July). During the
annual sea-ice minimum in September, smaller patterns of changes in the Canadian Archipelago region
are seen. The pattern of change originates from the SIC increments (not shown) confirming the impact
of Level-3 SIC assimilation.

The indirect effect of Level-3 SIC assimilation on the analysed ice thickness suggests robust pattern of
change, but this is a small effect and mostly within the observational uncertainty of 0.5m (not shown).
Similar results are also obtained for analysed Sea Ice Volume (SIV) - changes are within the observational
uncertainty of 1500 km3 (Tilling et al. (2015) (see Figure 3). Time evolution of SIV shows identical
results for both the assimilation experiments with notable interannual variations in the melt season.

In conclusion, the Level-3 assimilated sea ice state is very similar to the Level-4 state, which indicates
the assimilation system is robust. Since the differences are often within the observational uncertainties,
it is difficult to ascertain from the reanalyses themselves whether L3 is improved with respect to L4.
However, we will see later that forecasts from L3 are detectably better than forecasts started from L4.
Furthermore, L3 offers many technical advantages, as discussed in Section 2.2
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Time evolution of November Sea Ice Volume

Figure 3: Time series of sea ice volume ( ×103km3 ) in November, L3 reanalysis (blue) and L4 reanalysis (yellow)
evaluated against IceSat (Kwok and Rothrock (2009)) and CryoSat2 (Tilling et al. (2015)) observations.
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Bias in Sea ice Thickness

Figure 4: Difference in March (left) and November (right) sea ice thickness (m) between L3 and CS2-SMOS
observations averaged over 2011-2016.

2.4.2 Sea ice thickness constraint against Level-4 sea ice cover assimilation

Both the L4 and L3 reanalyses suffer from large ice thickness biases of up to 1.4 m when validated against
the CS2-SMOS observations. Predominant patterns for all available months are an underestimation of
ice thickness (> 1 m) in the central Arctic, and an overestimation in the Beaufort Gyre of the order of
1 m (Figure 4 for November and March multi-year means). In March, widespread overestimation in the
coastal Arctic seas is present.

The impact of SIT nudging is shown in Figure 5. An example month of January in multi-year mean
shows similar bias patterns (left), and how much the thickness is constrained with the strongest nudging
strength of 10 days (right): the large-scale pattern of underestimation and overestimation of sea ice in L4
is not present in L3T. Time series of March SIV in L3 and in the experiments with different thickness
nudging strengths (not shown) suggests that the experiment with 10-day nudging strength has the least
sea ice volume and is closest to the CS2-SMOS observations. As noted earlier, out of our 4 nudging
experiments the initial conditions of 10-day relaxation time scale is chosen to initialize our seasonal
reforecasts.

3 Sea Ice Forecasting

Currently, ECMWF seasonal forecasts of sea-ice parameters are made operationally every month using
the seasonal forecasting system SEAS5 (https://www.ecmwf.int/sites/default/files/
medialibrary/2017-10/System5_guide.pdf). SEAS5 (Stockdale et al. (2018), Johnson
et al. (2018)) consists of the same ocean and sea-ice model (NEMO3.4/LIM2) used for our reanalyses
experiments, and is coupled to the ECMWF atmospheric model IFS (Integrated Forecast System). IFS is
run with a horizontal resolution of 36 km, corresponding to a cubic octahedral reduced Gaussian grid at
truncation TCo319. It has 91 vertical levels, and the top of the atmosphere is around 80 km. SEAS5 also
includes the land surface model CHTESSEL (Carbon-Hydrology Tiled ECMWF Scheme for Surface
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Difference in Sea ice Thickness

Figure 5: Difference in January mean (2011-2016) sea ice thickness (m) between (left) L3 and CS2-SMOS and
(right) L3T and CS2-SMOS. L3T is the assimilation experiment with a thickness relaxation time scale of 10 days.

Exchanges over Land) and the ocean surface wave model WAM. The coupling of the atmosphere and
ocean is done using a Gaussian interpolation method, and the coupling frequency is 1 hour.

The SEAS5 forecasts have 51 ensemble members. They are started from the 1st of each calendar month
and run for 7 months ahead. The ocean and sea-ice initial conditions are provided by the real-time
equivalent of ORAS5 (Zuo et al., 2018). As the model is run freely for many months to produce the
forecast in the seasonal range, model errors play an important role in the outcome. One of the operational
ways to tackle model biases is to calibrate the ensemble forecast output at the post processing stage. For
this, retrospective hindcasts (the so-called reforecasts) are run for the past 36 years (1981 - 2016). These
reforecasts are also used to assess the skill of the seasonal forecasting system.

3.1 Sea-ice related SEAS5 biases

To put our results into context, some aspects of the SEAS5 biases are first discussed. Figure 6 gives
an overview of bias in sea ice area w.r.t. ORAS5 reanalysis as a function of forecast initial and target
month (units are 106 km2). Error at lead month 1 are generally small throughout the year. However, for
longer lead times, there is a strong over-prediction of sea ice area in summer months. Also, a moderate
under-prediction of autumn sea-ice conditions can be seen. Delayed refreeze of sea ice in autumn could
be the reason. The forecast biases are generally small in winter months. These biases are discussed in
more detail in Stockdale et al. (2018)

The exact cause of these biases is still under investigation. However, it seems that surface radiation errors
caused by a known model bias of excessive low-level clouds in the Arctic are a main contributor. This
is illustrated in Figure 7, which for the month of July shows the differences between the downwelling
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Current Bias in SEAS5 sea-ice area forecasts

Figure 6: Bias in forecast sea-ice area (×1012m2) in SEAS5 w.r.t. ORAS5 as a function of initial and target month.
Red colour denotes over-prediction of sea-ice area, and blue colour denotes under-prediction.
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Current Bias in downwelling shortwave radiation in ERA-Interim

Figure 7: Biases in downwelling short wave radiation at the surface (Wm−2) in ERA-Interim reanalysis w.r.t
CERES observational estimates, July, 2010-2015. Blue colour denotes underestimation in downwelling short
wave and red colour denotes overestimation.

14 Technical Memorandum No. 844



Level-3 OSISAF sea ice cover and CS2-SMOS sea ice thickness constraints

shortwave radiation at the surface in ERA-Interim against observational estimates based on CERES
(Clouds and the Earth’s Radiant Energy System) (Kato et al. (2018)). The dark blue colours over the
Arctic indicate a strong underestimation of downwelling shortwave radiation of about 50 W/m2. This
lack of downwelling shortwave radiation at the surface could be causing the positive sea ice area bias in
summer (Hogan et al. (2017)).

3.2 Coupled reforecasts with improved initialization in SEAS5

In order to assess the impact of Level-3 sea-ice cover initialization and the CS2-SMOS sea ice thickness
initialization on sea-ice forecast, we performed 3 sets of reforecast experiments as shown in Table 3.2,
which are started from the corresponding data assimilation experiments shown in Table 1. They are
carried out using a low-resolution version of SEAS5. The only differences between the reforecast ex-
periments is their ocean-sea ice initial conditions, which are produced using the reanalyses discussed
in Section 2: 1) as in current operations, a reference reforecast with Level-4 OSTIA SIC initialization
(FC-L4), 2) a reforecast with Level-3 OSISAF SIC initialization (FC-L3), and 3) a reforecast with both
Cryosat2-SMOS thickness and Level-3 OSISAF SIC initialization (FC-L3T). For 1) and 2) the refore-
casts are performed from 12 start dates, i.e., on the 1st of each month of each year for 2005-2016 period.
In order to get a robust estimate of the impact of thickness initialization, the reforecasts for 3) are per-
formed for all start months of each year in the 2011-2016 period when the CryoSat2-SMOS winter
observations are available. The forecast initialized from each start date has 25 ensemble members for all
the 3 sets of reforecasts.

Experiment Start years Lead
months

Ens.
size

Init.
cond.

Description

FC-L4 2005–2016 7 25 L4 Level-4 SIC initialization
FC-L3 2005–2016 7 25 L3 Level-3 SIC initialization
FC-L3T 2011–2016 7 25 L3T Level-3 SIC and SIT nudg-

ing initialization

Table 2: Overview of the reforecast experiments. For each of the start years, forecasts are started on the 1st of
every calendar month.

3.3 Sea-ice forecast impact of Level-3 sea-ice concentration assimilation

Seasonal forecasts of ice edge are in great demand for exploring economically viable Arctic shipping
routes. Integrated Ice Edge Error (IIEE) is one of the new user-relevant sea ice metrics on ice extent
or ice edge (Goessling et al. (2016), Bunzel et al. (2017)). Since it can be decomposed into over- and
under-prediction, it is more useful than the traditional basin-wide sea ice extent error.

As expected, the difference between SIC forecasts started from L3 initialization and L4 initialization is
small overall, especially beyond the first forecast month. Figure 8 shows the IIEE of FC-L3 and FC-L4
when verified against OSI-401-b observations. For monthly means in a long-range forecast (Figure 8b),
there is a small reduction in seasonal ice edge error in FC-L3, which is not statistically significant.
However, when considering daily forecast samples over all start months and years for lead month 1,
improvements in FC-L3 forecast skill are statistically significant (black triangles) at the 5% level (Del-
Sole and Tippett (2016)) for most lead days in the medium-range (Figure 8a). The few days when skill
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Integrated Ice Edge Error in SIC forecasts: medium-range and long-range

Figure 8: Integrated ice Edge Error in SIC forecasts averaged over the Northern hemisphere over all start months
in years 2006–2015 in FC-L3 and FC-L4 verified against OSI-401-b observations. Panel (a) shows daily means the
medium-range (units are 1011m2), and panel (b) shows monthly means for the seasonal range (units are 1012 m2).
Improvement in forecast skill in FC-L3 is significant at the 5% level for most days (marked with black triangles)
when considering a large sample (N=120) of daily forecasts of the first 2 weeks of all start months. The non-
significant forecast days are border-line cases.

improvements are not significant are border-line cases where test statistic is very close but below the
threshold for rejecting the null hypothesis of same-skill forecasts.

Daily forecasts in the short-range show an ice-edge error reduction of about 0.04× 106 km2 with L3
initialization (Figure 8a). Similar significant improvements are obtained when verifying the reforecasts
against their own analysis (not shown). Errors of 0.47 and 0.43 ×106 km2are seen at day 1 in FC-L4
and FC-L3, respectively. When verified against the L3 analysis, the error in FC-L3 is slightly reduced
to 0.4× 106 km2. There is a clear initialization shock for sea-ice cover in our experimental setup: The
ice-edge error increases an order of magnitude faster during the first day of the forecast than it does
during subsequent days. This is not the case in operational SEAS5 and ENS forecasts: using the exact
same diagnostic methods as for FC-L3 and FC-L4, we find that SEAS5 and ENS forecasts have a day-1
IIEE of about 0.08× 106 km2. This initialization shock should be kept in mind when interpreting the
results of the reforecast experiments discussed here.

When grouping daily forecasts for each start month separately (Figure 9), we find an overall improve-
ment in SIC forecast skill in FC-L3 for all start months except for January. Forecasts started in February,
March, April, May, August, September, October, November and December are statistically significant
(black triangles) throughout the medium range. For forecasts started in March, May, August, November
and December, skill improvements are statistically significant also in the extended range. January fore-
casts consistently show neutral impact in all the years. A non-significant degradation (light red) seen in
week 4 for October start months occurs mainly over Kara Sea and north-west Laptev Sea. This becomes
neutral in the area means of bias-corrected mean absolute error (not shown). Overall, the significance
test rejects the null hypothesis that the forecast skill of FC-L3 and FC-L4 forecasts are the same with
95% confidence for most start months in the medium-range, and for March, May, August, November and
December start months in the extended-range.

Maps of changes in root-mean-square error (RMSE) for monthly and daily means of forecasts started
in May (when significant improvements in forecast skill are found) show that the improvements are
seen over the ice edge and coastal seas in the Arctic when verified against both OSI-401-b observations
(Figure 10) and ORAS5 (not shown). Similar patterns of improvement over large regions and degradation
over isolated regions are found for lead month 1 and lead days (e.g. day 3 in Figure 10a). Improvements
in SIC RMSE of up to 18% are seen close to the ice edge in both the Atlantic and Pacific sectors of the
Arctic.

Forecasts over-predict sea ice volume (SIV) for May start dates (not shown), which is consistent with

16 Technical Memorandum No. 844



Level-3 OSISAF sea ice cover and CS2-SMOS sea ice thickness constraints

Difference in area-integrated mean absolute error in SIC

Figure 9: Difference in NH area-integrated mean absolute error in 1010 m2 between FC-L3 and FC-L4 SIC
reforecasts for the first 30 forecast days w.r.t. OSI-401-b observations (2006-2015). Blue colour denotes reduced
error in sea ice cover in FC-L3, and red colour denotes increased error in FC-L3. Black triangles represent
statistical significance at the 95% confidence level from the test described in DelSole and Tippett (2016).
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Difference in RMSE in monthly and daily SIC forecasts

Figure 10: Difference in root mean square error between FC-L3 and reference FC-L4 SIC May reforecasts (2006-
2015) w.r.t OSI-401-b, at lead month 1 (right), and at lead day 3 (left). Blue colour denotes reduced RMSE in
FC-L3 and red colour denotes increased error in FC-L3.
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Time evolution of sea ice volume forecasts

Figure 11: Time series of sea ice volume (units are 1012 m3) forecast for May start date (top) and August start date
(bottom) in reference Level-4 (FC-L4, blue) and Level-3 with thickness initialization (FC-L3T, green) reforecasts
compared to ORAS5 (black). Each dot represents sea ice volume for each lead month.

the summer-time sea-ice area bias in SEAS5 discussed in Section 3.1. The only small difference seen
in SIV forecasts between FC-L3 and FC-L4 around 2007 could be the impact of large SIV differences
between L3 and L4 assimilations around the same time, which are possibly due to an algorithm change
in the reprocessing of L4 data. In short, no degradation in seasonal forecasts is found for all start months.
Hence, forecast impact of initializing with Level-3 SIC instead of Level-4 SIC in our experiments is
neutral for long-range forecasts and positive for medium to extended-range.

3.4 Sea-ice forecast impact of ice thickness initialization

The CS2-SMOS thickness initialization has a much larger impact on seasonal sea-ice forecasts than the
change from Level-4 to Level-3 SIC assimilation. Figure 11 shows ensemble-mean sea-ice volume for
each lead month for the forecasts started in May (top) and August (bottom) in the years 2011-2016,
together with the ORAS5 reanalysis. It is remarkable that the shape of the seasonal cycle is preserved
between FC-L4 and FC-L3T, and only the starting point is changed. FC-L3T starts from a thinner ice
state. For the May forecasts, the distance between each corresponding black and blue dots suggests that
the melting is slower in the forecast than it is in the reanalysis. Similarly, for the October and November
forecasts, the slope of the last 2 black dots is in general steeper than the corresponding 2 green dots
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Difference in RMSE in SIC

a) April (Feb starts), b) July (May starts), c) October (Aug starts), and d) January (Nov starts)

Figure 12: Difference in SIC RMSE between FC-L3T and FC-L4 re-forecasts for a) April forecasts started in
February, b) July forecasts started in May, c) October forecasts started in August, and d) January forecasts started
in November. Verification is for the years 2011-2016 w.r.t. OSI-401-b SIC observations.

indicating even slower autumn refreeze in FC-L3T compared to that in ORAS5. This could be due to
the indirect effect of a thinner starting point in FC-L3T combined with the already existing slow refreeze
bias of the model (cp. Section 3.1). However, it should also be kept in mind that ORAS5 probably
overestimates the sea ice annual cycle, i.e. both melt rates in summer and growth rates in winter are too
high (see Uotila et al. (2018) or Mayer et al. (in prep)). Similar to the autumn forecasts from May start
dates, L3T initialization deteriorates autumn forecasts started in August for certain years in FC-L3T.

The thickness initialization has also changed the sea ice cover forecast skill. Figure 12 shows the change
in RMSE between reference FC-L4 and FC-L3T verified against OSI-401-b for four start months repre-
sentative of the seasonal cycle. July forecasts from May start dates show more than 25% RMSE reduction
over large parts of the Arctic, and October forecasts from August start dates show larger RMSE of up
to 20% over the Siberian side of the Central Arctic. April forecasts from February start dates also show
improvement in forecast skill, and January forecasts from November start dates show neutral impact.

Impact of thickness initialization has not only improved the summer SIV and SIC forecasts, but it has
also improved the sea ice extent forecasts as measured by the integrated ice-edge error IIEE (Figure 13).
IIEE for all lead months and start months verified against OSI-401-b suggests reduced error in sea ice
edge (blue colours) in FC-L3T overall. Figure 13 can be compared to Figure 9 to appreciate that the SIT
constraint has a much larger impact than the Level-3 SIC assimilation: the units shown are 1011 m2 in
Figure 13 but 1010 m2 in Figure 9, indicating that the impact is an order of magnitude larger. The most
striking feature is the improvement in summer forecast error for long lead times in FC-L3T compared to
FC-L4. The main contribution to the error reduction of up to 30% in summer forecasts comes from the
reduction of the model bias leading to consistent over-prediction. For the traditional September sea ice
extent forecast started in April, an improvement of 28% is found. For October and November forecasts
started in July and August, a slight degradation is found, which is caused by under-prediction. This
could again be due to the indirect effect of a thinner starting point in FC-L3T and a lower SIC in L3T,
combined with the already existing slow refreeze nature of the model. Changes in sea ice edge forecast
skill is consistent with the changes in the sea ice cover forecast skill.

Our results demonstrate the positive impact of a) constraining thickness in the assimilation system to
improve model realism and b) exploiting the longer memory contained in winter sea-ice thickness to
improve summer forecast skill of sea ice variables. These findings also confirm earlier studies using
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Difference in Integrated Ice Edge Error

Figure 13: Difference in Integrated Ice Edge Error in 1011 m2 between FC-L3T and FC-L4 re-forecasts 2011–2016
w.r.t. OSI-401-b observations. Blue colour denotes reduced error in sea ice edge in FC-L3T and red colour denotes
increased error in FC-L3T. Black triangles represent statistically significant (DelSole and Tippett (2016)) changes.
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thickness initialization through perfect model approach (Day et al. (2014)), and they agree with recent
results using the UK Met Office operational seasonal forecasting system (Blockley and Peterson (2018)).

3.5 Impact of ice thickness initialization on atmospheric variables

The changes in sea ice cover forecasts associated with ice thickness initialization have profound impacts
on near-surface temperature. The focus here is on reforecasts for October since the impacts on the
atmosphere have been found to be strongest in the late summer and early freezing season.

Figure 14a) shows ensemble mean differences between 2m temperature (t2m) reforecasts for October
initialized on 1st of May from L3T and L4 sea ice initial conditions. It is evident that the reduced
end of summer sea ice concentration in FC-L3T w.r.t. FC-L4 (not shown) leads to substantially higher
t2m everywhere over the Arctic Ocean. The warming is strongest (>2K) in the areas of the largest sea
ice concentration differences, e.g. the Siberian Sea, but it spreads also southward onto the continents.
For example, reforecasts for northern Siberia and northern America are significantly warmer in FC-L3T.
Only Greenland and the western Greenland Sea show negative t2m differences, which could be related to
increased sea ice cover east of Greenland in FC-L3T w.r.t FC-L4. The generally positive differences can
also be seen for shorter lead times (not shown) but are strongest during the early freezing season, when
the ocean releases the extra heat absorbed during summer due to the reduced sea ice cover (ice-albedo
feedback).

Figure 14b) also shows October ensemble mean t2m differences between FC-L3T and FC-L4 re-forecasts,
but initialized in August. The difference pattern in the Arctic is similar compared to the May start dates
but less pronounced, probably because the time for the ocean to absorb additional heat during melt sea-
son is much shorter compared to the May start dates. However, comparison of Figures 14 (a) and (b)
reveals that several signals in the mid-latitudes are quite similar for both start dates, e.g. the warmer
temperatures over the Atlantic, North America, and Scandinavia. This suggests that at least some of the
mid-latitude impacts are robust and large enough to be detectable even from the small re-forecast sample
available to us.

The mid-latitude changes in 2m-temperature can also be found at higher atmospheric levels, e.g. at
850 hPa, but with smaller magnitude (not shown). To put the results from Figure 14a) and Figure 14b)
into context, Figure 14c) and Figure 14d) show October ensemble mean t2m differences between FC-L3
and FC-L4 reforecasts initialized in May and August, respectively. Differences are relatively small and
generally insignificant, consistent with only small changes in sea ice concentration.

Changes in RMSE of 2m-temperature re-forecasts are different for May and August start dates. There
are substantial RMSE reductions for the May start dates (Figure 15a) in the regions where warming
is seen in the ensemble mean (compared to Figure 14a). Conversely, RMSE increases for the August
start dates (Figure 15b) in the regions where warming is seen in the ensemble mean. This opposite
behaviour can be understood by considering the existing sea ice biases in the FC-L4 reforecasts (see
Figure 6). May start dates of the FC-L4 reforecasts exhibit only small positive sea ice concentration bias
in October, but the large positive summer sea ice bias leads to too little ocean heat absorption in summer
and consequently too little ocean heat release in fall. The latter causes a negative 2m-temperature bias of
the FC-L4 reforecasts for October started in May. Hence, the warming seen in the FC-L3T reforecasts
helps to reduce this negative bias. In contrast, FC-L4 August start dates have a negative sea ice bias
in October due to too slow re-freezing (see Figure 6) and hence exhibit a positive 2m-temperature bias.
Thus, the temperature increases resulting from thickness initialization move the ensemble mean in the
wrong direction in this case. It should be noted that largest part of the RMSE changes are due to the
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Difference in Mean 2m temperature forecasts

Figure 14: Differences in ensemble means of 2m temperature re-forecasts valid in October: a) FC-L3T minus
FC-L4 (May starts), b) FC-L3T minus FC-L4 (August starts), c) FC-L3 minus FC-L4 (May starts), and d) FC-L3
minus FC-L4 (Aug starts). All diagnostics represent 2011-2016 averages. Stippling in a-d) denotes regions where
the distributions of t2m are significantly different on the 95% level according to the Komolgorov-Smirnov test.
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Difference in RMSE and Spread in 2m temperature forecasts

Figure 15: Differences in RMSE of 2m-temperature re-forecasts valid in October: a) FC-L3T minus FC-L4 (May
starts) and b) FC-L3T minus FC-L4 (August starts); Differences in ensemble spread of 2m-temperature re-forecasts
valid in October between c) FC-L3T minus FC-L4 (May starts), and d)FC-L3T minus FC-L4 (Aug starts); All
diagnostics represent 2011-2016 averages.
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changes in bias. Changes in bias-corrected 2m-temperature RMSE are generally small (not shown).

Changes in ensemble spread of 2m-temperature reforecasts for October between L3T and L4 initializa-
tion in May and August are presented in Figure 15c) and Figure 15d). Ensemble spread is reduced where
sea ice concentration is reduced in L3T w.r.t. L4 initialization. The reason for this is that 2m-temperature
is quite strongly coupled to SSTs over open sea via air-sea exchanges, while a frozen surface behaves
more like land and provides a weaker constraint for 2m-temperature. It should be noted that the statistical
significances indicated in Figure 14a) and (b) are also affected by changes in ensemble spread, since the
employed statistical test (Komolgorov-Smirnov; e.g. Chakravarti and Roy (1967)) checks for differences
in distributions rather than only differences in means.

Impacts on other atmospheric fields have been explored as well. The picture for circulation-related
fields such as mean sea-level pressure and 500 hPa geopotential height is less clear compared to 2m-
temperature, indicating that much of the changes found at the surface in the Arctic are due to local
thermodynamic effects. However, the 2m-temperature changes in the mid-latitudes as discussed above
are likely also related to changes in circulation, which needs to be investigated further.

4 Summary and Conclusions

We have assessed the impact of assimilating sea-ice concentration from the Level-3 OSI-401-b product
instead of the Level-4 OSTIA product as in current operations at ECMWF. Additionally, we have used
Arctic-wide sea ice thickness observations to constrain the modelled sea ice thickness, and have studied
its impact on the ocean-sea ice reanalysis. We have initialized coupled forecasts of the ocean-sea-ice-
wave-land-atmosphere using the above assimilation experiments, and have investigated the forecast skill
of Arctic sea ice up to lead times of 7 months.

We find that the new Level-3 OSISAF SIC assimilation is robust compared to the existing Level-4 OSTIA
SIC assimilation. The forecast impact is generally positive for SIC at lead month 1 and neutral for long
lead times. Statistically significant improvements are found over the ice edge and coastal seas in the
Arctic mostly in the first 2 weeks for forecasts initialized in most calendar months, except for January
starts, when the impact is neutral. The positive impact persists up to week 4 for March, May, August,
November and December start months.

Our findings are drawn from initial conditions produced from low resolution (ORCA1, 43r3 cycle)
NEMOVAR experiments with ERA-Interim forcing and no ocean EDA. The assessment of Level-3 SIC
initialization should be repeated in more recent model versions and with higher resolution before even-
tual operational implementation. Though the change towards Level-3 SIC assimilation is of technical
nature, it is encouraging to see statistically significant improvements in the medium and extended range.
For sea ice thickness and volume, the forecast impact is small and within the observational uncertainties.

CryoSat2-SMOS ice thickness nudging results in a substantial reduction of sea-ice volume and thickness
in the ocean–sea-ice analysis. Constraining the analysis to observed sea-ice thickness observations and
using the constrained state for the initialization of the forecasts has reduced some of the forecast biases
and improved forecast skill in general. CS2-SMOS initialization of sea-ice forecasts has led to drastic
thinning of the initial conditions. This acts to reduce the existing forecast bias during summer, but in
turn increases the errors during autumn.

The impact of sea-ice thickness initialization on seasonal forecast skill for Arctic sea ice variables,
namely sea ice cover, sea ice thickness, sea ice volume and sea ice edge is positive for seasonal forecasts
started from February and May start dates. Neutral forecast impact for November start dates is found.
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However, a slight degradation is seen in autumn forecasts started from July and August start dates, which
warrants further investigation. Thinning of sea ice by CS2-SMOS mitigates or enhances seasonally de-
pendent forecast model error. We find significant improvement of up to 28% in the traditional September
sea ice extent forecasts started from April start dates as shown by Integrated Ice Edge Error.

The impact of sea-ice thickness initialization on atmospheric variables has also been investigated. Changes
in ensemble mean 2m-temperature over the Arctic region are significant for October forecasts initialized
from May start dates. While there is improvement in the skill of October 2m-temperature forecasts
initialized from May, a degradation in forecast skill is found for the October forecasts initialized from
August start dates. Changes in 2m-temperature RMSE are predominantly due to corresponding changes
in biases of the sea ice variables. Our results illustrate that information on sea ice thickness is relevant for
identifying model errors and for exploiting the long-term memory present in ice thickness for seasonal
forecasts of sea ice and near surface temperatures.

These findings demonstrate that making use of newly available sea-ice thickness observations from satel-
lites has the potential to significantly improve the sea-ice state in currently operational ocean–sea-ice re-
analyses. Estimation of uncertainty of the available gridded Arctic-wide thickness observational datasets
and their latency need to be addressed in the future, in order to make progress in sea ice forecasting.
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