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1.    Introduction

This file provides supplementary material on (1) the configuration of MITgcm, and (2) evaluation results by compar-
ing model outputs against three observation datasets individually.

2.    MITgcm

The dynamic and thermodynamic sea-ice model based on Zhang and Hibler (1997) is coupled to the ocean component
of MITgcm (Marshall et al., 1997a, b). The heat, freshwater fluxes and surface wind stresses are computed from the atmo-
sphere and modified by the ice model every six hours. The internal stresses of the sea ice are calculated following a vis-
cous-plastic rheology (Hibler, 1979). A “zero-layer” model is introduced for the thermodynamic framework, with a linear
temperature profile and zero heat capacity for ice (Semtner, 1975). Seven thickness categories are adopted to parameterize a
sub-grid scale sea-ice thickness distribution for heat flux computations (Losch et al., 2010). The model is integrated on the
Arakawa C grid  using  a  finite  volume discretization.  A cube-sphere  grid  projection  is  employed,  which  helps  to  prevent
polar singularities (Adcroft et al., 2004). The horizontal model domain is one face of the cube sphere and comprises locally
orthogonal 420 by 384 grid cells  with a mean horizontal  grid spacing of 18 km, with open boundaries in the Pacific and
Atlantic  oceans  at  approximately  55°N.  There  are  50  vertical  levels  with  an  approximately  10  m resolution  in  the  upper
levels  and  400  m  resolution  in  the  bottom  levels.  The  bathymetry  data  are  from  the  U.S.  National  Geophysical  Data
(NGDC) 2 arcminute global relief dataset (ETOPO2) (Smith and Sandwell, 1997). The values of the open water, dry ice,
wet ice, dry snow, and wet snow albedos are 0.16, 0.70, 0.71, 0.86, and 0.81, respectively (Nguyen et al., 2011). The drag
coefficients of the air-water, air-ice and water-ice are set as 8.2 × 10−4, 1.1 × 10−3 and 5.6 × 10−3, respectively.

3.    Evaluation results

To demonstrate the differences between observational datasets during evaluation of the temporal variability and linear
trend  in  sea-ice  extent,  we  compare  the  simulations  against  three  observation  datasets  based  on  different  algorithms;
namely, the Bootstrap algorithm (obs1-Bootstrap), the NASA Team Algorithm (obs2-NASA Team) and the ASI algorithm
(obs3-ASI).

The  time  series  from  1991  to  2012  of  the  annual  mean  sea-ice  extent  in  the  Arctic  from  satellite  observations  and
model  simulations  are  compared  in Fig.  S1.  Obvious  uncertainties  exist  between  the  three  observational  datasets,  and
the sea-ice extents from obs3-ASI are generally lower than those from the obs1-Bootstrap and obs2-NASA Team. All of
them,  however,  show  similar  annual  variability  in  sea-ice  extent.  The  trend  in  sea-ice  extent  from  the  simulations  is
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−0.48 × 106 km2 (10 yr)−1, and the trends for the three observations are −0.68 × 106 km2 (10 yr)−1, −0.71 × 106 km2 (10 yr)−1

and −0.66 × 106 km2 (10 yr)−1, respectively. As presented in Vaughan et al. (2013), the trends in the sea-ice concentration,
sea-ice extent and ice area, as inferred from data derived from the different algorithms, are generally compatible. Figure S2
shows  the  seasonality  in  the  Arctic  sea-ice  extent  over  the  period  1991–2012.  The  obvious  disagreements  between  the
monthly sea-ice extent of the obs3-ASI and the other two observations are prominent from January to June.

Figures S3 and S4 are results of individual RMSD analysis for observations from the NASA Team algorithm and the
ASI algorithm. The results of the obs3-ASI are obviously different from the results of the obs1-Bootstrap and obs2-NASA
Team.  However,  they  all  show that  the  magnitude  of  the  “variance”  in  each  year  is  substantially  larger  than  that  of  the
“bias”, which suggests that the change in the “variance” is the dominant source contributing to the RMSD.

Figure  S5 shows  the  variations  of  sea-ice  extent  in  March  and  September  for  the  period  1991–2012.  Obs3-ASI
retrieves much lower March sea-ice extents, which result in the differences among the three observations shown in Figs. S1
and S2. However, there is good agreement in the variability of March and September sea-ice extent between the three obser-
vations. Also, the simulations are better correlated with observations in the September for all three products. Furthermore, dis-
tributions of the linear trend in sea-ice concentration in March and September are shown in Fig. S6. The trends in sea-ice con-

 

 

Fig.  S1.  Time  series  of  the  annual  mean  of  monthly  mean
Arctic  seaice  extent  from  model  simulations  and  three
observations over the period 1991−2012.

 

 

Fig.  S2.  Time  series  of  the  seasonal  mean  of  monthly  mean
Arctic  sea-ice  extent  from  model  simulations  and  three
observations over the period 1991–2012. 

  



 

 

106 km2Fig. S3. Time series of the RMSD ( ) between the detrended monthly sea-ice extent anomalies
from simulations and those from observations based on the NASA Team algorithm and the RMSD-
related terms over the period 1991–2012: (a) RMSD; (b) squared RMSD (histogram), consisting of
“bias ”  and  “variance ”,  and  the  ratio  of  “bias ”  to  “variance ”  (line);  (c)  absolute  mean  difference
between  simulations  and  observations;  (d)  standard  deviation  of  simulations  (red  solid  line)  and
observations (blue dashed line).

 

 

106 km2Fig. S4.  Time series of the RMSD ( ) between the detrended monthly sea-ice extent anomalies
from simulations and those from observations based on the ASI algorithm and the RMSD-related terms
over  the  period  1991–2012:  (a)  RMSD;  (b)  squared  RMSD  (histogram),  consisting  of  “bias ”  and
“variance”, and the ratio of “bias” to “variance” (line); (c) absolute mean difference between simulations and
observations; (d) standard deviation of simulations (red solid line) and observations (blue dashed line). 

  



centration from different observations are similar.
Therefore, different algorithms could induce differences in the value of the sea-ice extent, but the variability and trends

 

 

Fig. S5. Time series of monthly mean sea-ice extent in (a) March and (b) September over the period 1991–2012 and
time series of detrended monthly sea-ice extent anomalies in (c) March and (d) September. Simulations are shown by
the red line, and three observations from different algorithms are shown by the brown, blue and green line, respectively.

 

 

Fig. S6. Spatial distributions of the linear trends of sea-ice concentration in March over the period 1991–2012 from (a) obs1-
Bootstrap, (b) obs2-NASA Team and (c) obs3-ASI. (d–f) As in (a–c), respectively, but for September. 

  



in the sea-ice extent and sea-ice concentration from different observational datasets are consistent.
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