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concluded that the model produces a reasonable represen-
tation of the climatology and variability statistics of DOR 
and DOA in most regions. This assessment serves as a pre-
requisite for future predictability experiments.
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1 Introduction

Accurate seasonal prediction of Arctic sea ice is essential 
for stakeholders in that region. Much of the literature has 
focused on the prediction of sea ice extent or sea ice area 
(Chevallier et al. 2013; Sigmond et al. 2013; Wang et al. 
2013; Day et al. 2014; Msadek et al. 2014; Collow et al. 
2015; Peterson et al. 2015 and many others). However, 
these commonly used metrics, which provide an integrated 
total over the entire Arctic, are of limited use to those who 
seek information on a more local scale. Arctic air temper-
atures have warmed substantially over the last 30 years, 
more so than the lower latitudes (Serreze and Barry 2011). 
This warming has enhanced ice melt, which has led to a 
thinner ice pack and a decrease in multi-year sea ice cover-
age (Maslanik et al. 2011). Enhanced melting also reduces 
the albedo of the ice cover, thus allowing for a greater 
amount of solar radiation absorbed at the surface, leading 
to additional warming. It is anticipated that this warming, 
in addition to a thinner overall sea ice pack, will further 
increase the areal coverage of retreat (Stroeve et al. 2012 
and references within). As the Arctic becomes more open 
in the future (Barnhart et al. 2016), new shipping routes 
will emerge (Smith and Stephenson 2013). Therefore, 
from a regional perspective, an accurate prediction of sea 
ice retreat and advance on a local scale will be valuable as 
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the statistical characteristics of the summer sea ice date 
of retreat (DOR) and the winter date of advance (DOA) is 
investigated using sea ice concentration output from the 
Climate Forecast System Version 2 model (CFSv2). Two 
model configurations are tested, the operational setting 
(CFSv2CFSR) which uses initial data from the Climate 
Forecast System Reanalysis, and a modified version (CFSv-
2PIOMp) which ingests sea ice thickness initialization data 
from the Pan-Arctic Ice Ocean Modeling and Assimilation 
System (PIOMAS) and includes physics modifications for 
a more realistic representation of heat fluxes at the sea ice 
top and bottom. First, a method to define DOR and DOA 
is presented. Then, DOR and DOA are determined from 
the model simulations and observational sea ice concentra-
tion from the National Aeronautics and Space Administra-
tion (NASA). Means, trends, and detrended standard devia-
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shipping operations have considerable interest in the dates 
of sea ice retreat in the spring/summer and advance the fol-
lowing autumn/winter for adequate planning of transporta-
tion through the Arctic. Ecological interests will benefit as 
well, such as those related to wildlife migration and conser-
vation, in addition to understanding the potential impacts of 
adverse events such as an oil spill.

Previous studies have examined passive microwave sat-
ellite sea ice concentration data to determine the observed 
summer sea ice date of retreat (DOR) or winter sea ice 
date of advance (DOA) (Smith 1998a; Kwok et al. 2003; 
Belchansky et al. 2004; Perovich et al. 2007; Howell et al. 
2009; Markus et al. 2009; Stroeve et al. 2014), also some-
times referred to as ice melt and freeze dates (this paper uti-
lizes the DOR and DOA terms with the understanding that 
ice melts and freezes throughout the year, and is not lim-
ited to a specific date). However, only recently have efforts 
been made to develop seasonal prediction of these param-
eters using coupled ocean-atmosphere models among other 
methods (https://www.arcus.org/sipn/sea-ice-outlook). 
Observed trends generally show earlier ice retreat dates and 
later ice advance dates resulting in a longer ice free season 
across the Arctic. Smith (1998b) found a 5.3 day increase 
in the length of the sea ice free season per year from 1979 
to 1996 (9.4 days if extrapolated to 30 years). More recent 
studies show larger trends, specifically an increase of 
20 days in the last 30 years (Markus et al. 2009) and 5 days 
per decade using data from 1979 to 2013 (15 days per 
30 years) (Stroeve et al. 2014). While observed changes in 
DOR and DOA were analyzed in a number of studies, little 
effort has been made to assess the capability of a numerical 
model to reproduce these changes. The goal of this study is 
to use a seasonal forecast system and determine how mod-
eled statistical parameters of DOR and DOA compare to 
the observed. In particular, the following aspects will be 
analyzed to assess the models capability: (1) major system-
atic biases, if any, in DOR and DOA in the forecast system, 
(2) to what extent the observed signal of long-term trend 
is captured by the model, and (3) representation of the 
observed characteristics in interannual variability.

2  Data and methods

Modeled sea ice concentration data from the Climate Fore-
cast System version 2 (CFSv2) (Saha et al. 2014) are used 
which have a horizontal resolution of 0.5° × 0.5°. Two con-
figurations were tested. In the first configuration, the default 
operational setting for the model and initialization was 
used which incorporates initial analysis from the Climate 
Forecast System Reanalysis (CFSR) (Saha et al. 2010) and 
hereafter referred to as CFSv2CFSR. In the second con-
figuration, modifications were made to the model physics 

and the integration was initialized with sea ice thickness 
from the Pan-Arctic Ice Ocean Modeling and Assimilation 
System (PIOMAS) (Zhang and Rothrock 2003) and with 
all other fields from CFSR. The modifications to the model 
physics were to allow for a more realistic representation of 
stratus clouds and ocean-ice heat fluxes. In subsequent sec-
tions, this configuration is referred to CFSv2PIOMp. CFS-
v2PIOMp is the same as the experimental version used in 
Collow et al. (2015) and proved to be more representative 
of the downward trend in sea ice during recent years than 
the operational CFSv2CFSR.

Model hindcasts are initialized 8 March 00 UTC 1980–
2014 and run through 31 March of the following year for 
a total of 35 simulations, one for each year. The 12-month 
target length of each run provides a full coverage of the 
retreat and subsequent advance seasons and the 35 year his-
torical period allows for an evaluation of long-term trends. 
An analysis of initialized simulations, as opposed to analy-
sis based on a continuous simulation, is preferred to con-
strain biases in the characteristics of sea ice that can occur 
in a long simulation. The 1-year target length for each sim-
ulation is comparable to the length of typical seasonal pre-
dictions (Wang et al. 2013; Sigmond et al. 2013).

Observed data used are the NASA Team sea ice con-
centrations from Nimbus-7 SMMR and DMSP SSM/I 
(Cavalieri et al. 1996; available at ftp://sidads.colorado.edu/
DATASETS). Data from NASA Bootstrap (Comiso 2000) 
are used to address the issue of observational uncertainty 
given that NASA Bootstrap has a different representation 
of sea ice concentration than the NASA Team data (Notz 
2014). Model output is compared to the observed data, with 
the exception of DOA for 1987 due to missing data in the 
NASA datasets, and DOA in 2014 in the NASA Bootstrap 
dataset due to the data for the next year (2015), which is 
part of the 2014 advance season, not being available at the 
time of this study. The 35 simulations initialized each year 
allow us to accomplish the goal of this study to investigate 
the model’s systematic bias, long-term trend, as well as the 
characteristics of the interannual variability. It is beyond 
the scope of this study to evaluate the prediction skill of the 
anomalies of individual years, which would require a large 
ensemble of forecast runs to capture forecast uncertainties, 
and also to quantify skill dependence on the start date and 
lead time.

CFSv2 sea ice concentrations are output at 12-h inter-
vals. Therefore, these are interpolated to match the daily 
frequency of the NASA Team data by averaging the two 
model data time steps on each day. NASA Team data prior 
to August 1987, which is available every other day, is lin-
early interpolated to a daily resolution.

For all years, DOR is determined as the first day of the 
first 30 day period of sea ice concentration below 15% 
after 1 April. 15% coverage was chosen as the sea ice 

https://www.arcus.org/sipn/sea-ice-outlook
ftp://sidads.colorado.edu/DATASETS
ftp://sidads.colorado.edu/DATASETS


How well can the observed Arctic sea ice summer retreat and winter advance be represented in…

1 3

concentration retreat/advance threshold based on the IPCC 
report’s definition of sea ice extent (Vaughan et al. 2013) 
and also used in Steele et al. (2015) and Wang et al. (2015). 
The requirement of a 30 day ice free period is to prevent 
fluctuations around the 15% threshold which can occur 
during marginal ice cover periods. Stroeve et al. (2014) 
showed that the spread between the earliest detected ice 
melt and time of continuous ice retreat is 2–3 weeks, high-
est in the seasonal ice zones.

DOA is determined by working backwards from the last 
day of the model simulation (31 March of the following 
year) and finding the first 30 day period of sea ice concen-
tration below 15% and defining DOA as the day after this 
period. This backward approach was also used by Belchan-
sky et al. (2004) in their determination of DOA and allows 
for an ideal representation of continuous open ocean. DOA 
values greater than 365 represent DOA in the next calendar 
year (1 January of the year following the initialization year 
or later). Leap days are omitted for consistency.

For DOR and DOA, points that never cross the 15% 
threshold (permanently ice covered or permanently ice 
free) are set to undefined, thereby limiting data to seasonal 
sea ice regions only. Means, linear trends (based on least 
squares fitting), and detrended standard deviations are 
determined for modeled and observed DOR and DOA for 
each grid point. Only grid points with greater than or equal 
to 10 years of observed DOR and DOA are included in the 
analysis which excludes points that have only experienced 
melt/retreat in the last decade, and therefore, are not rep-
resentative of the entire 1980–2014 period. The excluded 
points predominately exist within the Arctic Ocean, and 
DOR and DOA in this region are addressed by comparing 

rates of retreat and advance. Statistics are presented for the 
entire Arctic in addition to sub regions based on the region 
mask dataset available at https://nsidc.org/data/polar-ste-
reo/tools_masks.html#region_masks. Figure 1a presents 
a map of these regions and Fig. 1b shows the number of 
years with a defined DOR, with 10 or more representing 
the common mask. Results for number of DOA years are 
nearly identical and therefore not shown. Significance of 
the mean differences and the trends at 95% confidence 
are determined using a t-test and area means are weighted 
based on latitude.

3  Results

Figures 2 and 3 show the 1980–2014 mean and difference 
of DOR and DOA. From Fig. 2e, it is evident that CFS-
v2CFSR has too large of an advance area in the northern 
Atlantic and Pacific Oceans that is improved upon in CFSv-
2PIOMp. The retreat in the Arctic Ocean is also seen in the 
CFSv2PIOMp simulations, but not CFSv2CFSR. Figure 2i, 
j show time series of global mean DOR and DOA respec-
tively which show that, within the common mask region, 
CFSv2PIOMp has too early retreat compared with the 
NASA observations while CFSv2CFSR tends to have too 
late retreat. There is also no substantial difference between 
the NASA Team and Bootstrap datasets. Table 1 shows the 
area weighted mean values of DOR and DOA for the dif-
ferent regions outlined in Fig. 1 and all are within 3 days 
between NASA Team and NASA Bootstrap (the exception 
being the Sea of Okhotsk which has a 7 day difference for 
both DOR and DOA). Therefore all subsequent figures will 

a b

Fig. 1  a Arctic regions examined in this study (1 Sea of Okhotsk/Japan; 2 Bering Strait; 3 Hudson Bay; 4 Baffin Bay/Davis Strait; 5 Kara/Bar-
ents Seas; 6 Canadian Archipelago; 7 Arctic Ocean). b Number of years that experience sea ice retreat in the NASA Team dataset

https://nsidc.org/data/polar-stereo/tools_masks.html%23region_masks
https://nsidc.org/data/polar-stereo/tools_masks.html%23region_masks


T. W. Collow et al.

1 3

show results from the NASA Team dataset only, but tables 
will still present NASA Bootstrap results as well. Regional 
means of DOR and DOA are within 10 days for the two 
model configurations with the exceptions of Baffin Bay/
Davis Strait (22 days earlier in CFSv2PIOMp), Barents/
Kara Seas (24 days earlier in CFSv2PIOMp), and the Arc-
tic Ocean (14 days earlier in CFSv2PIOMp) for DOR, and 
Hudson Bay (21 days earlier in CFSv2PIOMp) for DOA.  

Spatial differences in Fig. 3 show that ice retreat is sig-
nificantly too early in both model configurations over the 
Bering Sea (Fig. 3a,e) and that there is a general tendency 
toward earlier melt in CFSv2PIOMp agreeing with Fig. 2i. 
Specifically, mean Arctic wide melt is 12 days earlier in 
CFSv2PIOMp than CFSv2CFSR. This earlier retreat is an 

improvement over CFSv2CFSR in the Chukchi Sea, Bar-
ents Sea and Arctic Ocean, which both show decreases in 
root mean squared error (RMSE) (Fig. 3b, f). However, 
over the Beaufort Sea and Baffin Bay there is an increase 
in error in CFSv2PIOMp as retreat is now too early in these 
regions (Fig. 3e). For DOR, both models have a large posi-
tive (too late) advance bias over the Bering Strait (30 days) 
and have negative (too early) advance biases near the ice 
edge (Fig. 3c, e). CFSv2CFSR has too late advance over 
the Hudson Bay (Fig. 3c), while CFSv2PIOMp improves 
on this with advance being slightly earlier than in the 
observations (Fig. 3g) but with a lower RMSE (Fig. 3h). 
As with retreat, there is also an improvement in advance 
with CFSv2PIOMp over the Chukchi Sea (Fig. 3g). Table 2 
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Fig. 2  1980–2014 mean of DOR (a–d) and DOA (e–h) for CFS-
v2CFSR (a, e), CFSv2PIOMp (b, f), NASA Team (c, g), and NASA 
Bootstrap (d, h). Time series of area weighted mean differences in 
DOR (i) and DOA (j) with respect to NASA Team are shown for 

NASA Bootstrap (green line), CFSv2CFSR (blue +), and CFSv-
2PIOMp (red +). Units are the calendar day of the year with values 
greater than 365 signifying the subsequent year
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Fig. 3  Mean differences in CFSv2CFSR (a–d) and CFSv2PIOMp (e–h) DOR (a, b, e, f) and DOA (c, d, g, h) relative to NASA Team expressed 
as bias at 95% confidence (a, e, c, g) and root mean squared error (RMSE, b, d, f, h)

Table 1  Regional area 
weighted means of the temporal 
mean, detrended standard 
deviation, and linear trend (day/
decade) of DOR and DOA for 
the 1980–2014 period over the 
common mask

In each individual cell, top row: CFSv2CFSR | CFSv2PIOMp; bottom row: NASA Team | NASA Bootstrap

Region DOR DOA DOR DOA DOR DOA

Mean Mean SD SD Trend Trend

Arctic wide 176 | 164
171 | 171

331 | 328
332 | 330

17.8 | 14.0
16.4 | 15.4

18.5 | 14.0
19.5 | 16.7

−1.9 | −3.8
−5.6 | −5.4

5.5 | 6.2
7.4 | 5.4

Sea of Okhotsk/ Japan 117 | 118
127 | 120

364 | 356
364 | 371

13.0 | 11.5
12.1 | 11.3

9.2 | 11.3
18.3 | 14.5

−4.7 | −2.2
−2.2 | −2.0

2.2 | 4.4
3.5 | 1.8

Bering Strait 121 | 118
134 | 131

393 | 393
363 | 363

13.8 | 9.8
14.6 | 13.4

22.3 | 18.2
23.2 | 19.7

−0.4 | 1.2
−1.5 | 0.9

4.8 | 1.5
1.6 | −2.3

Hudson Bay 189 | 185
194 | 196

344 | 323
325 | 325

10.7 | 10.1
14.8 | 12.5

9.4 | 7.3
11.7 | 9.1

−6.2 | −4.1
−7.3 | −6.9

3.6 | 5.4
7.0 | 5.6

Baffin Bay/Davis Strait 186 | 164
178 | 178

323 | 317
329 | 327

13.9 | 9.8
15.7 | 14.5

11.8 | 9.0
15.5 | 14.8

−7.4 | −5.5
−8.8 | −7.4

3.8 | 5.1
9.6 | 7.2

Barents/KaraSeas 202 | 178
181 | 183

314 | 308
320 | 317

27.7 | 20.0
20.6 | 19.8

29.0 | 16.9
23.1 | 21.2

−2.3 | −7.6
−10.1 |−10.6

12.0 | 10.4
11.8 | 10.9

Arctic Ocean 215 | 201
208 | 210

287 | 291
291 | 289

18.3 | 15.5
16.7 | 15.9

21.0 | 14.8
12.0 | 11.7

4.4 | −1.6
−4.7 | −3.9

2.8 | 5.0
6.6 | 5.3

Canadian Archipelago 205 | 198
215 | 217

296 | 286
283 | 280

14.0 | 9.1
13.8 | 11.9

12.1 | 6.7
10.7 | 9.7

−4.0 | −5.3
−3.9 | −7.1

2.0 | 5.7
4.8 | 3.7
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lists RMSE values for model comparisons with NASA 
Team and Bootstrap data averaged over the different Arc-
tic regions. The RMSE values are generally high (most 
greater than 20 days) indicating weak year to year skill 

between the runs as expected, but averages a decrease by 
5.0 and 6.6 days in DOR and DOA respectively when CFS-
v2PIOMp is used compared with CFSv2CFSR (RMSE 
comparison based on NASA Team observations). The 

Table 2  Regional area 
weighted spatial mean RMSE 
based on Fig. 3 with respect to 
the observed datasets, NASA 
Team | NASA Bootstrap

Region CFSv2CFSR CFSv2CFSR CFSv2PIOMp CFSV2PIOMp

DOR DOA DOR DOA

Arctic wide 34.8 | 32.4 40.8 | 37.4 29.8 | 28.6 34.2 | 30.4

Sea of Okhotsk/ Japan 25.5 | 21.3 38.3 | 30.1 24.6 | 20.6 39.5 | 31.7

Bering Strait 25.3 | 23.5 53.8 | 50.3 25.3 | 23.7 53.8 | 50.2

Hudson Bay 23.4 | 22.4 25.2 | 24.4 23.9 | 23.3 16.3 | 13.9

Baffin Bay/Davis Strait 35.1 | 34.4 27.7 | 27.3 32.6 | 32.5 26.8 | 24.8

Barents/KaraSeas 49.9 | 47.9 43.5 | 42.0 34.1 | 34.5 33.2 | 31.1

Arctic Ocean 30.9 | 29.8 28.8 | 28.3 26.3 | 26.4 20.9 | 20.9

Canadian Archipelago 28.3 | 29.2 23.4 | 25.6 26.1 | 27.1 14.8 | 15.8

c

f

b

e

a

d

Fig. 4  1980–2014 linear trends at 95% confidence of DOR (a–c) and DOA (d–f) for CFSv2CFSR (a, d), CFSv2PIOMp (b, e) and NASA Team 
(c, f). Units are days/decade



How well can the observed Arctic sea ice summer retreat and winter advance be represented in…

1 3

largest improvements are seen in DOA over the Hudson 
Bay (8.9 days), DOR and DOA over the Barents/Kara Seas 
(15.8 days for DOR and 10.3 days for DOA), and DOA 
over the Canadian Archipelago (8.6 days).

Figure 4 presents significant linear trends in DOR and 
DOA. The trends in the model runs are due to the new ini-
tial conditions each year, as well as the model’s capability 
to maintain the trend that is part of the initial conditions. 
The NASA Team observations show negative trends in 
DOR over northern Hudson Bay, Baffin Bay/Davis Strait, 
Barents/Kara Seas, Laptev Sea, and Chukchi Sea (Fig. 4c). 
CFSv2CFSR matches this only in the Baffin Bay/Davis 
Strait region; negative trends are seen in Hudson Bay 
but on the southern side, and positive trends are apparent 
in the Kara Sea and Laptev Sea (Fig. 4a). CFSv2PIOMp 
improves by showing significant negative trends in the 
Barents/Kara seas (−7.6 versus −2.3 days/decade in CFS-
v2CFSR). While there is no trend shown in the Laptev Sea, 

the positive trend noted in CFSv2CFSR is no longer pre-
sent. The negative trend is seen again in the southern part 
of Hudson Bay matching CFSv2CFSR but not the observed 
(Fig. 4b).

In summary, for the entire Arctic CFSv2PIOMp better 
represents the NASA Team observed trend of −5.6 days/
decade in DOR with a mean value of −3.8 days/decade 
across the entire Arctic versus −1.9 days/decade in CFS-
v2CFSR. Overall, trend magnitudes are generally smaller 
in the model runs than in the observed data for DOR but 
the trend directions are the same (except for Bering Strait 
which has uncertainty among the observations and Arctic 
Ocean in CFSv2CFSR which shows a positive trend). For 
DOA, the observations show positive trends throughout the 
Hudson Bay, Baffin Bay, Davis Strait, Barents/Kara Seas, 
and extending along the Russian coast into the Chukchi 
Sea (Fig. 4f). In CFSv2CFSR, significant trends are only 
seen in the Kara Sea, and only a small portion of Hudson 

a

d e

b

f

c

Fig. 5  Same as Fig. 4 except for detrended standard deviation (days)
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Bay and Davis Strait (Fig. 4d). CFSv2PIOMp illustrates a 
substantial improvement with trends closely matching the 
observed (except for the Chukchi Sea) (Fig. 4e). Arctic 
wide area mean trends in DOA are 7.4, 5.5, and 6.2 days/
decade for NASA Team, CFSv2CFSR, and CFSv2PIOMp 
respectively, illustrating the better representation in CFS-
v2PIOMp. Trend directions are generally the same in the 
model and observations.

Detrended standard deviations of modeled and observed 
DOR and DOA are shown in Fig. 5, with relatively larger 
amplitudes found in the North Atlantic and weaker ampli-
tudes in Hudson Bay and the Davis Strait. Overall, the 
standard deviations are lower in CFSv2PIOMp than in 
CFSv2CFSR for all regions based on Table 1 (except for 
Sea of Okhotsk DOA) but are all within 10 days of the 
observed and most within 5 days. The observed features 
of DOR are generally reproduced in the model with only 

sporadic differences (Fig. 5a–c), with an example being 
the Hudson Bay having too low standard deviation in both 
model configurations relative to the observed and CFS-
v2CFSR having too high standard deviation in the Bar-
ents/Kara Sea (Fig. 5a), which is improved upon in CFS-
v2PIOMp (Fig. 5b). For DOA, values are again similar 
between the model and the observations. There are some 
differences, notably in the Bering Strait, Chukchi Sea, and 
Beaufort Sea where CFSv2CFSR has too high of a value 
in some places (Fig. 5d). CFSv2PIOMp has values in these 
regions more in line with the observed (Fig. 5e, f). Addi-
tionally both models have low standard deviations over the 
Hudson Bay and Sea of Okhotsk compared to the observed.

While analyzing parameters for the full 1980–2014 
period is useful, it is also pertinent to assess changes in the 
mean of DOR and DOA between early and late intervals 
within that period to see if changes reflect the trends in the 
model and observations. Table 3 illustrates the areal aver-
age values for the mean DOR and DOA for the 1980–1994 
and 2000–2014 intervals. Values of DOR are less in the 
2000–2014 period than the 1980–1994 period in all regions 
for the model and observations with only a few exceptions, 
one being the higher value for the Arctic Ocean in CFS-
v2CFSR agreeing with the positive trend in Table 1. The 
converse applies for DOA, with nearly all values being 
greater in the 2000–2014 period than the 1980–1994 period 
implying later advance (except for NASA Bootstrap in the 
Bering Strait). Even in the Bering Strait, which had large 
model biases in DOA, there was a concurrent positive shift 
in DOA for both model configurations and the observed 
over the two periods with similar magnitude. For model 
performance, Arctic wide CFSv2CFSR means better agree 
with the observations for 1980–1994 than CFSv2PIOMp. 
DOR values for this period are 175, 168, and 175 for CFS-
v2CFSR, CFSv2PIOMp, and NASA Team respectively. 
For 2000–2014 CFSv2PIOMp is closer to the observed 
with DOR values of 175, 162, and 166 for CFSv2CFSR, 
CFSv2PIOMp, and NASA Team respectively demonstrat-
ing that there was no change in Arctic wide CFSv2CFSR 
DOR over the two periods despite regional decreases, and 
an observationally realistic earlier Arctic wide mean DOR 
shown in CFSv2PIOMp. CFSv2PIOMp has earlier DOR 
and DOA than CFSv2CFSR in both periods reflecting pat-
terns seen in Table 1. The Barents/Kara Seas stand out as 
having the best representation in the DOR means for the 
two periods in CFSv2PIOMp as does the Hudson Bay for 
DOA. Other regions are not as clear but most values agree 
with the trends shown in Table 1.

Finally, Arctic Ocean sea ice retreat and advance is dis-
cussed by comparing rates of ice retreat and advance as a 
meaningful comparison is not possible using the meth-
ods above given changes in sea ice coverage which have 
emerged in the last decade. The mean rates of DOR and 

Table 3  Regional area weighted means of the temporal means of 
DOR and DOA from CFSv2CFSR (C), CFSv2PIOMp (P), NASA 
Team (T), and NASA Bootstrap (B) over the 1980–1994 period and 
2000–2014 period, 1980–1994 | 2000–2014 | difference

Region DOR DOA

Mean Mean

Arctic wide C: 175 | 175 | 0
P: 168 | 162 | −6
T: 175 | 166 | −9
B: 174 | 168 | −6

C: 329 | 334 | 5
P: 322 | 333 | 11
T: 325 | 340 | 15
B: 325 | 335 | 10

Sea of Okhotsk/ Japan C: 120 | 114 | −6
P: 120 | 118 | −2
T: 128 | 126 | −2
B: 122 | 120 | −2

C: 362 | 367 | 5
P: 352 | 359 | 7
T: 362 | 366 | 4
B: 370 | 371 | 1

Bering Strait C: 123 | 121 | −2
P: 120 | 118 | −2
T: 136 | 132 | −4
B: 131 | 132 | 1

C: 387 | 392 | 5
P: 390 | 396 | 6
T: 360 | 365 | 5
B: 363 | 362 | −1

Hudson Bay C: 196 | 181 | −15
P: 190 | 180 | −10
T: 203 | 187 | −16
B: 203 | 189 | −14

C: 339 | 348 | 9
P: 317 | 329 | 12
T: 316 | 332 | 16
B: 318 | 330 | 12

Baffin Bay/Davis Strait C: 193 | 177 | −16
P: 169 | 159 | −10
T: 186 | 168 | −18
B: 185 | 170 | −15

C: 319 | 327 | 8
P: 313 | 321 | 8
T: 320 | 341 | 21
B: 320 | 335 | 15

Barents/Kara Seas C: 202 | 200 | −2
P: 184 | 170 | −14
T: 190 | 171 | −19
B: 190 | 173 | −17

C: 302 | 324 | 22
P: 298 | 316 | 18
T: 311 | 332 | 21
B: 310 | 328 | 18

Arctic Ocean C: 209 | 216 | 7
P: 203 | 198 | −5
T: 211 | 205 | −6
B: 211 | 208 | −3

C: 284 | 290 | 6
P: 286 | 296 | 10
T: 282 | 295 | 13
B: 281 | 292 | 11

Canadian Archipelago C: 209 | 202 | −7
P: 205 | 194 | −11
T: 220 | 213 | −7
B: 216 | 216 | 0

C: 294 | 299 | 5
P: 280 | 291 | 11
T: 278 | 287 | 9
B: 277 | 282 | 5
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DOA (area of ice retreat or advance per day) are presented 
in Fig. 6 for the 1980–1994 period and 2000–2014 period. 
The years are chosen to provide insight into two different 
ice coverage regimes; the second period is known to have a 
much greater degree of ice retreat than the first period and 
the goal is to see if the model represents this increase in 
retreat. The curves are smoothed over 15 days to reduce 
noise. The curves for CFSv2CFSR (Fig. 6a) are rather flat 
suggesting little retreat or advance in the Arctic Ocean for 
both periods. CFSv2PIOMp (Fig. 6b) is better able to rep-
resent the retreat and advance cycle compared to the NASA 
Team observations (Fig. 6c). The peak rate of DOR occurs 
on day 206 (213) in the early (late) period in CFSv2PI-
OMp, compared to the NASA Team peak at day 213 (214). 
CFSv2PIOMp DOA has the highest rate on day 282 in the 
early period and 289 in the late period while observed has 
early and late peak rates on days 279 and 289 respectively.

Sea ice retreat and advance rates over the Arctic Ocean are 
shown for the model and observations in Fig. 7 for individual 
years. There is sporadic or very little retreat and advance in 
the Arctic Ocean in CFSv2CFSR as suggested by Fig. 7a and 
supported by previously discussed Fig. 6a. However, CFSv-
2PIOMp and NASA Team show similar retreat and advance 
rates, both increasing over the last 10 years along with an 
overall lengthening of the retreat and advance seasons. 

Maximum advance rates trend toward slightly later values, 
which support results in Fig. 6. Stronger Arctic Ocean retreat 
rates appear in the model earlier than the observations in 
recent years (Fig. 7b) consistent with previous results sug-
gesting too early retreat in the model.

4  Discussion

With the use of one single simulation for each year 
(which provides as much data as the observations) and 
the consideration that the lead time for the DOR and 
DOA over most of the regions are beyond the deter-
ministic prediction range from the initial start time, this 
analysis focused on the simulation of statistical charac-
teristics in the DOR and DOA, their decadal changes, and 
a comparison with observations. Day to day weather pat-
terns have a large impact on the atmospheric and oceanic 
circulation in the Arctic which play a major role in ice 
retreat and advance. For example, strong summer time 
cyclones in the Arctic are known to contribute to rapid 
sea ice retreat, with August 2012 being a recent example 
(Zhang et al. 2013). A large ensemble would be required 
to extract any predictable signal as the amplitude of ini-
tial errors (or perturbations) would increase with lead 
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Fig. 6  Mean rates of Arctic Ocean sea ice retreat (solid line) and 
advance (dashed line) (106 km2/day) as a function of calendar day 
for the 1980–1994 period (blue) and the 2000–2014 period (red) for 

CFSv2CFSR (a), CFSv2PIOMp (b), and NASA Team (c). Lines are 
15 day smoothed averages



T. W. Collow et al.

1 3

time. However, realistically representing DOR and DOA 
statistical characteristics is a necessary condition for a 
forecast system to subsequently provide reliable predic-
tion of the observed DOR and DOA changes. In most 
regions, observed spatial patterns of the statistical char-
acteristics of DOR and DOA are well captured by CFSv-
2PIOMp, more so than in CFSv2CFSR. A large increase 
in the area of sea ice retreat and subsequent advance 
was noted in both CFSv2PIOMp and NASA Team over 
the Arctic Ocean during the 2000–2014 period, not pre-
sent in CFSv2CFSR. Although lower RMSE values were 
found in CFSv2PIOMp, these are more likely the result 
of lower standard deviations in that model configuration, 
and can not necessarily be attributed to improved predic-
tive skill over CFSv2CFSR.

While the model captures major characteristics in the 
observations, errors are also evident. Overall, the model 

produces earlier DORs and DOAs, and weaker amplitude 
of long-term trends. Reducing these biases will be required 
in order to improve Arctic sea ice prediction. The biases 
may be related to model uncertainties in atmospheric 
cloud-radiation and in parameterizations for atmospheric 
cloud/radiation processes, ice/snow albedo and surface 
turbulent heat fluxes, and possibly due to errors in initial 
sea ice thickness and subsurface ocean temperature. Day 
et al. (2014) and Collow et al. (2015) have shown improved 
sea ice thickness initializations in numerical models can 
greatly improve Arctic sea ice forecasts, while Perovich 
et al. (2007) suggested DOR to be related to the amount 
of solar radiation absorbed in the Arctic during the spring 
months. Furthermore, Perovich et al. (2007) also explained 
that absorbed solar radiation has a limited impact on DOA 
due to the reduction in the solar energy flux over the Arc-
tic in the autumn, which could perhaps explain the model’s 

a

d e f

b c

Fig. 7  Arctic Ocean sea ice retreat (a–c) and advance (d–f) rates 
for CFSv2CFSR (a, d) CFSv2PIOMp (b, e) and NASA Team (d, f). 
Units are 106 km2/day and are 15 day smoothed averages. The solid 

black line in each panel denotes the smoothed maximum retreat (a–c) 
or advance (d–f) rate
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ability to better represent DOA trends than DOR trends in 
some regions as the uncertainty due to the solar radiation 
flux parameter would be decreased during the winter.

Another possible reason for model deficiencies is insuf-
ficient model resolutions. Horizontal resolutions within the 
model (0.5° × 0.5°) may be too coarse to resolve land-sea 

contrast details and the current oceanic vertical resolu-
tion of 10 meters in the upper ocean may also be too low 
to correctly represent near surface warming or cooling in 
response to the atmosphere which impacts DOR and DOA. 
These resolutions may also fail to adequately represent 
oceanic heat flow through the Bering Strait which impacts 

Fig. 8  DOR (a, b, e, f) and 
DOA (c, d, g, h) RMSE from 
CFSv2CFSR (a–d) and CFS-
v2PIOMp (e–h) with respect 
to NASA Team data using a 
15 day retreat/advance threshold 
(CFSv2CFSR15 and CFSv-
2PIOMp15). Differences for 
each panel on the left side with 
respect to the 30 day threshold 
RMSE (plotted in Fig. 3) are 
shown on the adjacent right 
panels (b, d, f, h). Note the dif-
ferent color scales
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sea ice behavior (Woodgate et al. 2006; Zhang et al. 2010), 
possibly contributing to the lower DOR and DOA trend 
magnitudes seen in the model over the Chukchi Sea or the 
large bias in Bering Strait DOA. The resolution issues may 
also contribute to errors in the Canadian Archipelago. Fur-
ther studies are needed to determine the exact causes of the 
simulated DOR and DOA errors for an improved DOR and 
DOA representation.

An additional factor to consider is that the present 
results are sensitive to the methodology used and how DOR 
and DOA are defined. Questions remain as to how statis-
tical parameters would be represented with a higher or 
lower DOR and DOA threshold than the 15% used here. 
The 30 day requirement of sea ice concentration below 
the 15% threshold, chosen based on the result of a previ-
ous study, is also another arbitrary parameter that can be 
modified. A sensitivity test was conducted showing how the 
results would be impacted if the DOR/DOA threshold was 
changed to 15 days. Based on Fig. 8, there are no major 
changes, although there is a slight increase in RMSE in 
some regions when using the 15 day threshold, particularly 
for DOA (Fig. 8d, h). The overall Arctic mean RMSE for 
DOR in CFSv2CFSR is unchanged and for DOA increases 
by only 2 days. Results are similar with CFSv2PIOMp. 
Both models show the largest RMSE change for DOA over 
the Barents/Kara seas (5 days for CFSv2CFSR and 7 days 
for CFSv2PIOMp) but these are much less than the RMSE 
found between the models and NASA Team observations 
when the 30 day threshold was used. Therefore, the over-
all results in this study would likely not be substantially 
impacted given a small change to the threshold used. 
Finally, mean trends presented in this study were higher 
than those found in Markus et al. (2009) and Stroeve et al. 
(2014) which used a different methodology to determine 
ice retreat and advance based on remotely sensed data. 
Additional work would be needed to clarify a uniform 
method of deducing DOR and DOA in addition to evaluat-
ing the performance of other modeling systems.

5  Conclusions

Modeled and observed statistics of DOR and DOA were 
compared using output from two versions of CFSv2, one 
based on the operational setting and the other with modi-
fications to the initial sea ice thickness and model physics. 
Overall, results were promising as it was found that pat-
terns of modeled (both configurations) and observed means, 
trends, and detrended standard deviations matched well in 
most regions, and it is thus concluded that the observed 
statistical characteristics of DOR and DOA over the 1980–
2014 period can be represented in CFSv2. Accuracy in the 
mean of DOR and DOA was regionally dependent with the 

largest discrepancy being DOA over the Bering Strait with 
biases upwards of 30 days. CFSv2PIOMp was superior 
to CFSv2CFSR in recognizing trends and melt within the 
Arctic Ocean and produced slightly lower RMSEs overall, 
especially in the Barents/Kara Seas for DOR and DOA, and 
the Hudson Bay for DOA. Because of good representation 
of trends and standard deviations, and following appropri-
ate bias correction of mean state errors, skillful prediction 
of DOR and DOA may be possible from the model in most 
regions of the Arctic, and will be the focus of future study.
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