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Abstract The last decade has witnessed the nine lowest Arctic September sea ice extents in the observa-
tional record. It also forms the most recent third of the long-term trend in that record, which reached
213.4% decade21 in 2015. While hemispheric analyses paint a compelling picture of sea ice loss across the
Arctic, the situation with multiyear ice in the Beaufort Sea is particularly dire. This study was undertaken in
light of substantial changes that have occurred in the extent of summer multiyear sea ice in the Arctic
inferred from the passive microwave record. To better elucidate these changes at a sub-regional scale, we
use data from the Canadian Ice Service archive, the most direct observations of sea ice stage-of-
development available. We also build upon the only previous sea ice climatological analysis for Canada’s
western Arctic region by sea ice stage-of-development that ended in 2004. The annual evolution of sea ice
by stage of development in Canada’s western Arctic changed dramatically between 1983 and 2014. The
rate of these changes and their spatial prevalence were most prominent in the last decade. In summer, total
sea ice loss occurred via reductions in old and first-year sea ice over increasingly large areas and over more
months per year. Resultant delay of thermodynamic freeze up has increased the annual open water dura-
tion in the study region. The winter sea ice cover was increasingly composed of first-year sea ice at the
expense of old ice. Breakup timing has not significantly changed in the region.

1. Introduction

Between 1979 and 2015, mean September Arctic sea ice extent decreased by 13.4% decade21, a trend that
has nearly doubled in magnitude since 2001 [Fetterer et al., 2002]. Within the long-term time series, nine of
the lowest sea ice extents in the observational record occurred between 2007 and 2015 [Fetterer et al.,
2002]. Declining sea ice extent coupled with pan-Arctic trends toward younger [Ngheim et al., 2006; Masla-
nik et al., 2007, 2011], thinner [Kwok and Rothrock, 2009; Kwok et al., 2009] sea ice have reduced the Arctic
sea ice volume [Kwok et al., 2009; Zhang et al., 2012].

Analyses of the passive microwave (PM) sea ice concentration data from the U.S. National Snow and Ice
Data Center (NSIDC) indicate that for a 30 year period ending in 2008 and a 35 year period ending in 2013,
the sea ice extent (the area covered by a minimum 15% concentration) season got shorter almost every-
where in the Arctic [Parkinson, 2014]. Changes in the Arctic sea ice melt season length computed using the
NSIDC PM sea ice concentration record [Stroeve et al., 2014] indicate that trends therein correspond gener-
ally with the sea ice season length trends for the same period; i.e., where positive trends in the melt season
length occurred, negative trends in the sea ice season length were generally observed.

Recently decreased summer sea ice extents have been in part created by reduced sea ice concentrations in
the Arctic’s peripheral seas, which has intensified in particular in the East Siberian, Chukchi and Beaufort
Seas. The melt season length between 1979 and 2013 in the peripheral seas of the Arctic Ocean (Beaufort,
Chukchi, East Siberian, Kara, and Laptev Seas) was 3–5 months on average in the PM data, though interan-
nual variability was high [Stroeve et al., 2014]. Parkinson [2014] determined the trend in the length of the
sea ice season in the Canada Basin of the Arctic Ocean was 210 to 230 days�decade21 as part of a larger
hemispheric analysis. Trends (1979–2013) in the melt season length derived from the NSIDC PM sea ice con-
centration data in the Beaufort Sea were about 9 days�decade21, composed of statistically significant
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(>95% level) trends toward earlier melt onset (22.5 days�decade21) and later freeze up (6.5 days�decade21)
[Stroeve et al., 2014].

While these hemispheric and basin-scale analyses paint a compelling picture of sea ice loss across the
Arctic, the situation for certain ice types in certain subregions––like multiyear ice in the Beaufort Sea––is
particularly dire. Using passive microwave imagery and ice drift modeling, the estimated mean survival
(defined as the difference between extent in mid May and at the September minimum) of multiyear sea ice
extent in the Beaufort Sea decreased from 93% over the period 1981–2005 to 73% between 2006 and 2010,
with multiyear sea ice largely confined to the eastern edge of the region [Maslanik et al., 2011]. Following
earlier work that called for research into changes in concentration and trends within the Arctic’s multiyear
sea ice cover [Maslanik et al., 2007], Maslanik et al. [2011] concluded that a ‘‘basic shift’’ occurred in the late
2000s where the Canada Basin accounted for a large portion of the multiyear sea ice extent loss within the
Arctic Ocean. Their PM data set from 1980 to summer 2010 suggested almost all of the observed multiyear
sea ice extent loss was due to melt (as opposed to dynamic export) because: (i) of the relatively short annual
period (May–September) during which the multiyear loss was observed, and (ii) the direction of sea ice
motion [Maslanik et al., 2011]. On the other hand, Hutchings and Rigor [2012] revealed in great detail the
dynamic processes in part responsible for anomalous summer sea ice extents in the Beaufort Sea region
using NSIDC PM sea ice concentration data between 1979 and 2007. Atmospheric forcing of Arctic sea ice
concentrations, especially in summer, has also been the focus of Deser and Teng [2008], Ogi and Yamazaki
[2010], and Ogi and Rigor [2013] among others. Studies on key aspects of sea ice loss in the Beaufort Sea
would likely benefit from data that provides direct observation of sea ice age.

Along with ongoing sea ice losses, the Beaufort Sea is also interesting in terms of its role in the physical evo-
lution of multiyear sea ice [e.g., Perovich et al., 2008; Haas et al., 2010], its importance to regional biology
[Carmack and Macdonald, 2002] and biogeochemistry [Else et al., 2012], and its potential for future offshore
oil development [Galley et al., 2013]. Previous studies of sea ice in the Beaufort Sea indicate the presence of
the Cape Bathurst flaw lead polynya complex [Hammill, 1987; Barber and Hanesiak, 2004; Barber and Mas-
som, 2007; Galley et al., 2008], which operates at the interface of the predominately seasonal and multiyear
sea ice regimes in the region. Sea ice within the flaw lead complex of the southern Beaufort Sea region
plays an integral role in the creation of a physically favorable environment for biological production in the
area [Carmack and Macdonald, 2002; Arrigo and van Dijken, 2004]. In the past, the Beaufort Gyre has played
a key role in forming multiyear ice that is later exported to other regions of the Arctic. This makes increased
multiyear ice melt within the Beaufort Sea significant; between 2005 and 2008 it accounted for approxi-
mately one-third of the pan-Arctic reduction in multiyear ice [Kwok and Cunningham, 2010]. If multiyear ice
is no longer able to survive the southern pass of the Beaufort Gyre through the Beaufort Sea, the clockwise
journey of multiyear ice may cease [Maslanik et al., 2007] and have consequences downstream of the Beau-
fort. Specifically, younger ice will be recirculated within the Beaufort Gyre [Hutchings and Rigor, 2012] and
transported into the Transpolar Drift Stream [Haas, 2004], which has implications for the type and thickness
of sea ice exported through Fram Strait [e.g., Hansen et al., 2013] or transported back into the Beaufort Sea.
A subregional analysis focusing on the southeastern Beaufort Sea is therefore vital; increasingly studies are
finding that processes with hemispheric effects occur at local or regional scales [e.g., Kwok and Cunningham,
2010].

This study was undertaken in light of substantial changes which have occurred in the extent of summer
multiyear sea ice in the Arctic inferred from the passive microwave record [Maslanik et al., 2007, 2011; Com-
iso, 2012] and observational evidence of changes in the sea ice of the Beaufort Sea since 2007 [Perovich
et al., 2008; Kwok et al., 2009; Haas et al., 2010; Kwok and Cunningham, 2010; Perovich et al., 2011; Galley
et al., 2013]. To better elucidate these changes at a sub-regional scale, we use data from the Canadian Ice
Service archive, the most direct observations of sea ice stage-of-development available. Our goal is to pro-
vide an alternative look at multiyear ice in the Beaufort Sea, addressing some of the uncertainties from less
direct passive microwave and drift modeling observations. We also build upon the only previous sea ice cli-
matological analysis for Canada’s western Arctic region by sea ice stage-of-development that ended in 2004
[Galley et al., 2008], prior to many dramatic changes in the region. We quantify sea ice concentrations by
stage-of-development in the southern Beaufort Sea, M’Clure Strait and Amundsen Gulf and temporal trends
therein for a 32 year period ending in 2014. These results are compared to the same analysis ending in
2004 to accurately determine the rate at which sea ice, subdivided for new-plus-young sea ice (<30 cm),
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first-year sea ice, and old sea ice is lost, and the rate by which old sea ice is being replaced by first-year sea
ice seasonally for summer and winter, and throughout the annual cycle. This work reveals the effect of the
last 10 years (2005–2014) on the long-term means and trends of total sea ice and each of its contributing
stages of development (i.e., new-plus-young ice, first-year sea ice and old sea ice) over the annual cycle
using a data set largely based on manually classified RADARSAT images. Mean open water duration and
trends in open water duration for the two time series (1983–2014 (32 years) and 1983–2004 (22 years)), are
described using average breakup and freeze up dates in the region and its subregions.

2. Methods and Data

The Canadian Ice Service digital archive data set for the western Arctic region is employed in this study
(CISDA, freely available at http://iceweb1.cis.ec.gc.ca/Archive/?lang5en). The CISDA is a unique and reliable
data set that reports ice conditions on a weekly basis by expert manual definition of polygons from
remotely sensed imagery (principally synthetic aperture RADAR since 1996) and ship- and air-borne obser-
vations using the World Meteorological Organization’s egg code, which contains information on the total
ice concentration (/10ths) and partial (subsets of the total) concentrations of up to three predominant
stages of development (/10ths) [Fequet, 2005]. An extensive explanation of the suitability of these data for
climatological and trend analyses is contained in Tivy et al. [2011].

Agnew and Howell [2003] indicate considerable discrepancy between the CISDA and NSIDC passive microwave
sea ice concentration data [Cavalieri et al., 1996], which they attribute to tie points in the NASA Team algorithm
(i) performing better at the hemispheric rather than regional scale, (ii) performing poorly in seasonal ice zone
areas throughout the annual cycle, and (iii) performing poorly during melt and freeze up conditions (with great-
est underestimation during the melt season), consistently underestimating the total sea ice extent. So it follows
specifically that analyses undertaken regionally, in seasonal ice zones, on freeze up and melt/break up seasons
might best employ these CISDA data, or perhaps the National Ice Center (NIC) archive which includes stage of
development from 1995 to 2007 if an Arctic-wide product is needed [National Ice Center, 2009].

Each available digital ice chart for the western Arctic region was gridded from its native ArcInfo interchange
format (.e00) to a 2 km 3 2 km grid on a Lambert Conformal Conic projection by first converting the .e00
files to shapefiles in ArcView and then gridding them using the mapping toolbox in MATLAB. The (4km2)
grid cell size employed is small enough to appropriately delineate polygonal ice information and coastlines,
and large enough to enable rapid computation over large areas and time scales. The area-of-interest (Figure
1) encompassed 127,734 grid cells covering 510,936 km2 of ocean surface. The CISDA composed two time
series analyzed here: the first from 1983 to 2004 (inclusive, 22 years) is composed of 800 individual charts;
the second from 1983 to 2014 (inclusive, 32 years) is composed of 1260 charts.

Figure 1. Map of the study area, including the locations of the Canadian Ice Service ice regime sub-regions in Canada’s western Arctic
region. Amundsen Gulf is a superset of subregions Amundsen and Amundsen Mouth, and Beaufort is a superset of the Alaska, Mackenzie,
Canada Basin, Prince Alfred, and Banks subregions.

Journal of Geophysical Research: Oceans 10.1002/2015JC011583

GALLEY ET AL. MYI REPLACEMENT IN THE BEAUFORT SEA 1808

http://iceweb1.cis.ec.gc.ca/Archive/?lang=en
http://iceweb1.cis.ec.gc.ca/Archive/?lang=en


Ice regime regions and subregions thereof, predefined by the Canadian Ice Service (CIS) (Figure 1), are
employed in order to show trends in sea ice concentration by stage of development at a monthly time step
in both the 22 year and 32 year time series. CIS ice regime (sub)regions represent areas for which time series
can be constructed, defined in consultation with operational and research sea ice experts in conjunction
with review of many existing schemes developed to meet the needs of a wide variety of research and
operational stakeholders [CIS, 2007]. The CIS Beaufort ice regime region is composed of five ice regime sub-
regions, namely Alaska, Mackenzie, Banks, Prince Alfred, and Canada basin (Figure 1). The Canada basin sub-
region (Figure 1) should not be confused with the much larger Canada Basin proper of the Arctic Ocean
interrogated by Parkinson [2014]. The monthly trends in total, old, first year, and new-plus-young sea ice
stages of development were also analyzed for the CIS ice regime subregions M’Clure, Amundsen Mouth, and
Amundsen, the latter two of which have additionally been analyzed as a superset called Amundsen Gulf (Fig-
ure 1). We include M’Clure, Amundsen, and Amundsen Mouth in the monthly analysis of our study region
after Kwok and Cunningham [2010]. December was not included in the monthly linear trend analysis
because there were too few CISDA ice charts in December (as a result of a dearth of ice operations in that
month) since 1983 to construct meaningful time series for that month.

The summer (July, August, September (JAS)) mean total ice, old ice (a superset of second-year and multiyear
sea ice), and first-year sea ice concentrations for 1983–2004 and 1983–2014 were calculated. Subtracting
the 1983–2004 means from the 1983–2014 means created differences in the three stages of development
to illustrate the effect of the last 10 years on the time series. Multiple years of anomalous sea ice conditions
were observed in the Beaufort Sea after 2005 [e.g., Stroeve et al., 2008; Hutchings and Rigor, 2012] and the
previous analysis for the region [Galley et al., 2008] ended in 2004. Negative mean difference values indicate
a loss of sea ice by stage of development in the 1983–2014 period relative to the 1983–2004 period. Trends
in those concentrations in summer (JAS) over time for both the 1983–2004 and 1983–2014 periods
were calculated using least squares fit regression. The same analyses (mean, difference, and trends) were
completed for the winter (January, February, March (JFM)) sea ice concentrations, with the addition of the
seasonally pertinent new-plus-young sea ice (<30 cm thickness) stage of development (see e.g., Figures 2
and 3).

The start and end of breakup in each grid cell are defined as the year-week that total sea ice concentration
fell below eight and two tenths, respectively. Conversely the start and end of freeze up are defined as the
year-week that total sea ice concentration surpassed two and eight tenths, respectively. Two tenths was
used as the minimum threshold because extent is defined by 15% concentration making two-tenths the
closest approximation of sea ice extent given the (semi) ordinal concentration data in the CISDA. Two and
eight tenths thresholds also facilitate comparison with earlier works in the region [e.g., Hammill, 1987; Galley
et al., 2008]. Parkinson [2014] analyzed multiple thresholds and note that the chosen threshold did not
affect computation of length of sea ice season trends. The percent occurrence (i.e., the number of times the
threshold was reached in the number of years analyzed) of breakup start and end were calculated for each
cell, with contours of 99%, 75% and 50% overlaid on the figures. Trends in the start and end of breakup and
freeze up dates, along with the annual open water duration for both time periods were computed for each
grid cell where the occurrence of each of these values was >50%. The open water duration in each year
was given by the number of weeks between the end of break up and the start of freeze up. Trends in the
start and end of breakup and freeze up dates, and for the annual open water duration were computed
using least squares fit regression for the 1983–2004 and 1983–2014 periods. The significance of each linear
trend computed in this work was tested using a standard F-test [Moore, 1995]. The trend data were tested
for normality and autocorrelation, which were low enough for parametric analysis. Any trend with an associ-
ated p-value less than 0.10 (different from chance at> 90% level) is considered statistically significant in
this work.

3. Results

3.1. Winter (JFM) Mean Concentration, Difference and Trends
Between 1983–2004 and 1983–2014 there was no considerable change in the mean total winter sea ice
concentration in the western Arctic, but the addition of the last 10 years (2005–2014) to the data set reveals
substantial changes in the contributions of old ice, first-year ice and young-plus-new ice (Figure 2). The
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mean winter old ice concentration for 1983–2014 compared to the 1983–2004 period decreased by more
than three tenths in much of M’Clure Strait, and by 1–3 tenths in much of the Beaufort Sea (Figure 2). Con-
versely, the mean winter first year ice over 1983–2014 increased markedly in M’Clure Strait (>3 tenths) and
in the Beaufort Sea (1–3 tenths), leaving little or no change in the winter total mean sea ice concentration
in these areas but substantially reducing the winter sea ice volume. Finally, the addition of 2005–2014 to
the analysis decreased the mean winter new-plus-young sea ice type (that is, the presence of persistent
leads or polynyas in the winter as part of the Cape Bathurst flaw lead polynya complex, best illustrated by
the presence of new and young sea ice in winter (Figure 2h)) west of Banks Island and in Amundsen Gulf
(Figure 2). Although the change in new-plus-young sea ice concentration between the two periods is small,
it marks a substantial decrease in the relative amount of this stage-of-development as the new-plus-young
sea ice mean for 1983–2004 was <3 tenths (Figure 2l, circled in black).

Trends in the mean winter sea ice concentrations by stage-of-development indicate the region lost total
sea ice at the same rate in the same areas in both the 1983–2004 and 1983–2014 periods (Figure 3). How-
ever, trends toward reduced old sea ice and increased first-year sea ice concentrations in the 1983–2004
period have been increased in magnitude by the addition of 2005–2014 to the analyses. In the 22 year
period, replacement of old sea ice by first-year sea ice was limited to the edge of the winter old ice pack,
and within the flaw leads north of the continental coast and west of Banks Island (Figure 3). The 1983–2014
time series reveals widespread reductions in old ice concentrations in areas in the Beaufort Sea and M’Clure
Strait previously dominated by old ice in winter. Positive trends in winter first-year sea ice concentrations
occur where winter reductions in old ice are observed (Figure 3). Increasingly negative trends in old sea ice
concentration are observed over a larger portion of the study area between the two periods. Old ice loss
has been taken up by increasingly positive trends in first-year sea ice concentrations over a larger area
between 1983 and 2014, and decreasing trends in new-plus-young sea ice exist in both time series in winter
(Figure 3).

Figure 2. Mean winter (JFM) sea ice concentration (tenths) by stage of development: (a, e) total, (b, f) old ice, (c, g) first-year, and (d, h) new-plus-young ice for the 1983–2004 (left col-
umn) and the 1983–2014 periods (middle column). The difference between the two periods is shown in (right column) (i) total, (j) old, (k) first-year, and (l) new-plus-young sea ice where
negative difference values indicate a reduction in the concentration since 2004.
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3.2. Summer (JAS) Mean Concentration, Difference and Trends
During summer there was a considerable decrease in total sea ice concentration throughout the entire
western Arctic region driven by reductions in old and first-year sea ice concentrations (Figure 4). Total sea
ice losses of up to 22 tenths occurred in the transition zone at the summer sea ice pack edge where the
mean sea ice concentrations increase rapidly from south to north and from Banks Island westward into the
Beaufort Sea (Figure 4). Loss of summer mean total sea ice is in part caused by reduction of the mean
summer old ice in the Canada basin, Banks and M’Clure (sub)regions, and a reduction of first-year sea ice,
especially in the Alaska subregion (Figure 4). Reduction of mean summer old sea ice (1983–2014) is only in
part compensated for by increased first-year sea ice concentrations in the eastern side of the Canada basin
and the M’Clure Strait subregions (Figure 4).

Summer total, old and first-year sea ice mean concentration trends indicate the rate and spatial extent of
total sea ice loss have increased dramatically in summer in the 1983–2014 period compared to 1983–2004
(Figure 5). The rate of total sea ice loss is most extreme in the southwest portion of the study area in both
the 22 and 32 year periods, but nearly the entire study area experienced a negative trend in total sea ice
concentration between 1983 and 2014 (Figure 5). Negative trends in mean summer total sea ice are com-
posed of negative trends in both old and first-year sea ice concentrations, however old and first-year sea ice
experienced negative trends in separate parts of the study region where their largest mean summer

Figure 3. Trends (tenths yr21) in mean winter (JFM) sea ice concentration by stage of development; (a, e) total, (b, f) old, (c, g) first-year, and (d, h) young, for 1983–2004 (left column)
and 1983–2014 (right column). Trend data only presented where p< 0.10.
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Figure 4. Mean summer (JAS) sea ice concentration (tenths) by stage of development; (a, d) total, (b, e) old and (c, f) first-year for 1983–2004 (left column) and 1983–2014 (middle col-
umn). (g, h, i) The right column indicates the difference between the two periods for the three stages of development where negative values indicate a reduction in the concentration
(tenths) by stage of development in the 1983–2014 period (i.e., a loss of ice since 2004).

Figure 5. Trends (tenths yr21) in mean summer (JAS) sea ice concentration by stage of development; (a, d) total, (b, e) old, and (c, f) first-year, for 1983–2004 and 1983–2014. Trend data
only presented where p< 0.10.
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concentrations occurred (Figure 4). The Canada basin, Prince Alfred and M’Clure subregions experienced
large negative trends in old sea ice concentrations between 1983 and 2014. The periphery of the summer
sea ice pack in the study area (Alaska, Mackenzie, Banks) experienced large negative trends in first-year sea
ice concentrations between 1983 and 2014. All these negative trends increased in magnitude by the addi-
tion of 2005–2014 to the time series (Figure 5).

3.3. Monthly Trends by Region/Subregion
Monthly trend analyses of total, old, first-year and young-plus-new sea ice concentrations in the Beaufort,
M’Clure, and Amundsen Gulf regions further illuminate the temporal nature of changes in the sea ice cover
over the annual cycle (Figure 6). In the Beaufort region between 1983 and 2004, only September experi-
enced a negative trend in total sea ice concentration, however with the addition of the last decade, nega-
tive trends in total sea ice concentration occurred in July, August, September, and October between 1983
and 2014 (Figure 6). Between 1983 and 2014, negative trends in old sea ice concentration in the Beaufort
region occurred in all eleven months analyzed compared to a few months of old ice loss in the 22 year
period (Figure 6). Declining old ice concentrations in the Beaufort region between 1983 and 2014 were
partly opposed by smaller positive trends in first-year sea ice from January to May, and were opposed by
smaller positive trends in new-plus-young sea ice in October and November, indicating that the proportion
of old and first-year stages of development in the region has changed substantially between 1983 and 2014

Figure 6. Trends (% yr21) in monthly mean sea ice concentration by stage of development in the Beaufort, M’Clure, and Amundsen Gulf
regions from 1983 to 2004 and from 1983 to 2014. Trend data only presented where p< 0.10.
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for the autumn, winter and spring; both the magnitude and significance of all these trends has increased
since the previous period (1983–2004) in the Beaufort region (Figure 6).

Between 1983 and 2004 in the M’Clure region, almost no changes in sea ice concentration occurred, but
the 1983–2014 time series reveals massive differences in the sea ice of M’Clure Strait as a result of the addi-
tion of 2005–2014 to the time series (Figure 6). Statistically significant losses in total sea ice occurred in July,
August, September and October between 1983 and 2014. Negative trends in old sea ice also occur in July,
August, September and October, with a positive first-year sea ice trend partially compensating for the old
ice reduction in July, a positive new-plus-young sea ice trend partially counterbalancing the old ice reduc-
tion in October, and a negative first-year sea ice trend abetting the old ice reduction in September (Figure
6). Although January through June and November did not show trends in total sea ice concentration, large
negative trends in old ice concentration occurred monthly in M’Clure Strait between 1983 and 2014 offset
by approximately equal positive trends in first-year sea ice concentrations (Figure 6). In the M’Clure Strait
subregion, the old sea ice concentration is now significantly decreased year round. Outside of the July–
October melt season it is being replaced by first-year sea ice.

Although Amundsen Gulf and M’Clure Strait are similar entrances to the Canadian Arctic Archipelago sepa-
rated by< 300 km, their respective sea ice covers have undergone very different changes. Between 1983
and 2004 in Amundsen Gulf, only small declining trends in young-plus-new sea ice concentration in January
and February, and a trend toward smaller first-year sea ice concentration in September and increasing
trends in first-year sea ice concentration in March and April were found (Figure 6). With the addition of
2005–2014 to the time series, negative trends in total sea ice concentration were revealed in August, Sep-
tember, October and November between 1983 and 2014 (Figure 6). In August and September, negative
trends in first-year sea ice concentration contributed to total ice loss in those months, whereas total ice loss
in October was caused by a negative trend in new-plus-young sea ice. First-year sea ice concentration losses
and new-plus-young concentrations gains offset each other leading to small negative total ice concentra-
tion trend in November (Figure 6). There is less sea ice in Amundsen Gulf now in the summer and fall, and
sea ice is forming later in November instead of October.

The Beaufort region (Figures 1) is quite large, and significant and substantial disparate spatial trends in
summer and winter sea ice concentrations occurred in the region (Figures 2 and 4) so monthly analysis was
conducted on its five Canadian Ice Service Ice Regime subregions (Figure 7). Results indicate the addition of
2005–2014 to the time series increased prevalence of statistically significant trends in sea ice concentration
in the Beaufort and reveal marked spatial variability of monthly sea ice concentration trends by stage-of-
development (Figure 7).

Between 1983 and 2014, total and old sea ice losses in summer and fall months yield substantial and signifi-
cant decreasing trends in old ice concentrations and increasing trends in first-year sea ice between January
and June (Figure 7). Positive trends in new-plus-young sea ice concentrations occur in the 1983–2014 time
series in October and/or November in each of the five Beaufort subregions (Figure 7), indicating that freeze
up and related sea ice thickening occurs later and has proceeded more slowly over the long term, or that
there is more open water at the end of summer which then experiences sea ice formation in autumn. In the
32 year time series, negative trends in total sea ice concentration occurred in more summer months of the
year in more of the subregions of the Beaufort Sea, which temporally evolve into increasing trends in new-
plus-young and first-year ice concentrations in autumn (Figure 7). As the Beaufort Sea progresses annually
into winter, what follows are increasing trends in first-year sea ice combined with the nearly equal and
opposite decreasing trends in old ice concentrations throughout the winter and spring months in especially
the south and west subregions (Alaska, Mackenzie and Canada basin) (Figure 7). This subregional assess-
ment agrees with the calculated summer (Figure 4) and winter (Figure 2) average sea ice concentration dif-
ferences spatially and temporally.

3.4. Sea Ice Breakup
Breakup begins around year-week 20 (�15 May) in the Cape Bathurst flaw lead polynya complex of the
Beaufort Sea region (Figure 8), in the areas where new and young sea ice persists in the winter historically
(e.g., Figures 2d and 2h). Break up occurs next in the Amundsen and M’Clure subregions about year-week
25 (mid-June) followed by the near shore landfast sea ice areas along the continental coast and in embay-
ments surrounding Amundsen Gulf [e.g. Galley et al., 2012]. Landfast areas begin to breakup about the
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same time as the periphery of the mobile pack composed largely of old sea ice in winter (Figure 8). The spa-
tial pattern of open water timing is similar to the start of breakup. The Cape Bathurst flaw lead polynya com-
plex is first to reach break up end, less than two weeks after breakup start on average, indicating that
breakup is dynamically forced [e.g., Steele et al., 2015]. Mean breakup in the flaw lead region between 1983
and 2014 is about a week later than it was in the 22 year time series.

Breakup occurs over a larger portion of the region with the addition of the last decade to the time series
(Figures 8a, 8b, 8e, and 8f) because the retreat of the summer ice extent has accelerated over that decade.
Linear trends over the 1983–2014 time series reveal that breakup start has been getting earlier by about 2
weeks�decade21 in the Alaska subregion; these trends have become more spatially uniform since 2004 (Fig-
ures 8c, 8d, 8g, and 8h). Trends toward earlier breakup starts also occurred in the eastern half of the M’Clure

Figure 7. Trends (% yr21) in monthly mean sea ice concentration by stage of development in the CIS ice regime subregions that make up
the Beaufort region from 1983 to 2004 and from 1983 to 2014. Trend data only presented where p< 0.10.
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subregion. Trends toward later breakup start were found in the 32 year time series in the flaw lead polynya
region zonally along the Tuktoyaktuk Peninsula, in Amundsen Mouth, and meridionally along the west
coast of Banks Island (Figures 8g and 8h).

The percent occurrence of breakup end contours (Figures 8b and 8f) indicate that not all areas that experi-
ence break up eventually achieve open water (ice concentration <2/10ths), but the spatial extent of open
water is greater in the 1983–2014 time series than in the 1983–2004 time series. In particular, the M’Clure
and Alaska subregions stand out with much higher percent occurrence of breakup end in the 32 year
period (Figure 8f) reaching breakup end in almost all the years between 2005 and 2014.

The end of break up (start of open water) in the Alaska subregion and the eastern half of the M’Clure subre-
gion has gotten earlier by �2 weeks�decade21 between 1983 and 2014 (Figure 8h), a marked change from
the 1983–2004 time series (Figure 8d). Positive trends indicating later breakup end dates through the 32
year period occurred zonally across the Tuktoyaktuk Peninsula, across the mouth of Amundsen Gulf
between Cape Bathurst and Sachs Harbour, and meridionally along the west coast of Banks Island and the
western end of the M’Clure subregion (that is, in the flaw lead polynya) (Figure 8h). In M’Clure Strait trends
toward later breakup end dates are collocated with substantial reductions total and old sea ice in the

Figure 8. The mean year-week of (a, e) breakup start and (b, f) breakup end for the 1983–2004 and 1983–2014 time series. Trends in the year-week of breakup (c, g) start and (d, h) end
through the two time series. Data shown for each grid cell where breakup occurred at least 50% of the years in the time series interrogated. Percent occurrence contours (50%, 75% and
99% from north to south) are overlaid on the mean maps. Trend data only presented where p< 0.10.
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summer and fall months (Figure 6) as well as with reductions in mean old ice concentration and corre-
sponding increases in mean first-year sea ice concentrations in winter (Figure 2). The trends toward later
breakup end dates south of M’Clure Strait in the Cape Bathurst flaw lead polynya complex (Figure 8h) are
collocated with negative trends in the new-plus-young sea ice concentrations in winter and corresponding
positive trends in winter first-year sea ice concentrations (Figures 2d, 2h, 2i, 6, and 7).

Mean breakup end (start of open water) timing is earlier by up to 3 weeks in the Alaska subregion, by 2 weeks
in the offshore areas of the Mackenzie subregion, and by about 1 week in the Amundsen subregion between
1983 and 2014 (Figure 8f) compared to 1983–2004 (Figure 8b). Areas within the Cape Bathurst flaw lead poly-
nya complex had mean breakup end dates (1983–2014) that were up to 3 weeks later than the mean breakup
end dates for the 22 year period. Farther north in the western half of the M’Clure subregion, the mean breakup
end dates for the 32 year period (Figure 8f) are much later than for 1983–2004 (Figure 8b). Very short mean
breakup duration calculated for each grid cell in the study area has not changed between 1983–2004 and
1983–2014, again indicating the largely dynamic nature of the ice removal process in the region.

3.5. Sea Ice Freeze Up
The end of open water (freeze up start) occurs earliest in the northern reaches of the study region, specifi-
cally in the Prince Alfred subregion (Figure 9), where the mean summer concentrations were highest and
composed almost entirely of old sea ice between 1983 and 2014 (Figure 4). The M’Clure subregion is next
to experience freeze up start from west to east between year-weeks 35–39 (September). The start of freeze
up proceeds west into the Canada basin subregion and southward from the summer old ice pack area in
the Prince Alfred subregion into the Mackenzie subregion around year-week 40 (� 1 October). Freeze up
start then continues zonally west into the Alaska subregion and the east into the Amundsen Mouth and
Amundsen subregions in the third and fourth weeks of October (year-weeks 42–43) on average (1983–
2014) (Figure 9). Summer ice-free areas of the study region reached freeze up start �1 week later on aver-
age between 1983 and 2014 compared to 1983–2004, except in the Banks subregion where the mean
1983–2014 start of freeze up occurred up to 5 weeks later than in 1983–2004 (Figure 9).

Freeze up start occurrence is higher over more of the region with the addition of 2005–2014 to the time
series (see occurrence contours on Figures 9a and 9e), given summer decreases in total ice in the same
areas (e.g., Figures 4, 6, and 7). Freeze up is now occurring more often in more of the study region because
more of the region is ice-free in summer. Specifically, occurrence of freeze up start in the M’Clure region is
increased by the addition of 2005–2014 to the time series (Figures 9g and 9h) linked to the dramatic
observed reduction in the summer total and old sea ice concentrations in that subregion (e.g., Figure 6). It
follows in the freeze up trends (Figures 9c, 9d, 9g, and 9h, only shown where p< 0.10) that the summer
mean ice-free areas (Alaska, Mackenzie, Amundsen Mouth, Amundsen, Banks and the east side Prince
Alfred) (Figure 4), have experienced significant trends toward later freeze up start date over the period
1983–2014 on the order of 1–2 weeks�decade21 (Figure 9g). When compared to the trends computed for
the start of freeze up over the 22 year period (1983–2004), it becomes apparent that although the addition
of the years 2005–2014 have not substantially altered the magnitude of the trends toward later freeze up
start in the region (save for the M’Clure Strait subregion), the spatial extent of trends toward later freeze up
start (end of open water) increased dramatically (Figures 9c and 9g).

The spatial pattern of the timing of freeze up end over the period 1983–2014 is nearly identical to that of
freeze up start, and freeze up start and end over the 32 year period (Figures 9b and 9f) are nearly simultane-
ous in the subregions that experience low sea ice concentrations or ice-free conditions in summer (Figure 4).
In the 1983–2014 time series, the freeze up end percent occurrence is higher over a greater portion of the
study region than in the 1983–2004 time series, corresponding spatially to reduced summer sea ice concen-
trations over the 32 year period (Figures 4d–4f and 5). This effect is highlighted in M’Clure Strait, as well as
along the transition zone of the summer old ice pack, which moved northward and eastward with the addi-
tion of 2005–2014 to the time series (Figures 4d and 4e).

Linear trends in freeze up end timing over the two periods indicate that the addition of 2005–2014 has sub-
stantially increased the spatial extent of trends toward later freeze up (Figures 9d and 9h). Between 1983 and
2004, the Alaska subregion contained trends that showed delay in freeze up end by 1–2 weeks�decade21.
With the addition of 2005–2014 to the trend analysis, regions of low total sea ice concentrations or ice-free
conditions in summer (namely the Alaska, Mackenzie, Amundsen Mouth, Amundsen subregions) now exhibit
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ubiquitous delays in the end of freeze up by 1–2 weeks�decade21 (Figures 9d and 9h). The M’Clure and Banks
subregions show significant (p< 0.10) and substantial (up to 3 weeks�decade21) trends toward later freeze up
end dates in the 1983–2014 time series (Figure 9h) spatially coincident with substantial reduction in mean
summer old ice (M’Clure: July, August, September, October (Figure 6)) and monthly (Banks: August, September,
October, and November (Figure 7)) sea ice concentrations. Freeze up end in the Banks subregion and across
the mouth of M’Clure Strait was up to three weeks later in the 32 year period than the 22 year period ending in
2004 (Figure 9h).

3.6. Open Water Season
Open water duration between breakup end and freeze up start is greatest (exceeding 20 weeks) in the
Cape Bathurst flaw lead polynya complex, and within the Amundsen Mouth and Amundsen subregions
(Figure 10c) where the winter concentration of first-year sea ice makes up the winter total sea ice concentra-
tion (Figure 2e). The mean open water season for both periods gets shorter to the north and west as the
mean summer (Figure 4) and winter sea ice (Figure 2) concentrations are increasingly composed of old ice
reducing the percent occurrence of open water (Figure 10). The west end of the M’Clure subregion exhibits
a longer open water season on average than any other area at that latitude. The mean open water duration
differences between 1983–2004 and 1983–2014 are spatially highlighted in Figure 11. The areas of the

Figure 9. The mean year-week of (a, e) freeze up start and (b, f) freezeup end for the 1983–2004 and 1983–2014 time series. Trends in the year-week of (c, g) freezeup start and (d, h)
freeze up end through the two time series. Data shown for each grid cell where freezeup occurred at least 50% of the years in the time series interrogated. Percent occurrence contours
for the start and end of freeze up (50%, 75% and 99% from north to south) are overlaid on the mean maps. Trend data only presented where p< 0.10.
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study region composed of five tenths first-year sea ice or greater in winter (Figure 2e) have experienced
mean open water duration up to three weeks longer in 1983–2014 than in 1983–2004, with the largest dif-
ference in open water duration at the transition between the predominately old ice area in Canada basin
and Prince Alfred and the predominately first-year sea ice areas in the Alaska, Mackenzie and Banks subre-
gions (Figure 11a). The addition of 2005–2014 to the time series has also lengthened the mean open water
season in the Amundsen Mouth and Amundsen subregions. The difference map between the 22 year and
32 year periods in the percent occurrence of open water (Figure 11b) further elucidate marked increase in
the occurrence of open water in the old-to-first year sea ice transition zone.

Linear trends in open water duration between the two periods show a substantial increase in the spatial extent
of trends toward longer open water seasons annually in the study region; the flaw lead area both along the conti-
nental and Banks Island coasts, the entire Alaska and M’Clure subregions, and the coastal margins of the Amund-

sen subregion all show positive
trends of up to three weeks�
decade21 in open water duration
between 1983 and 2014 (Figure
10d).

The addition of the years 2005–
2014 to the earlier 1983–2004
time series shows significant
and substantial delays in freeze
up timing and increased open
water season duration in the
study area (Figure 12). Results
clearly indicate that freeze up
timing has experienced large
changes compared to very
small changes in breakup tim-
ing (Figure 12). Delays in freeze
up timing have intensified
increasing trends in open water
duration in almost the entire
study region in the 32 year time
series (Figure 12).

Figure 10. (a, c) Mean open water mean duration and (b, d) trends in the duration of open water between 1983 and 2004 (left column) and 1983–2014 (right column). Percent occur-
rence contours (50%, 75%, and 99% from north to south) are overlaid on the mean duration maps. Trend data only presented where p< 0.10.

Figure 11. (a) The difference in mean open water duration where positive values represent
a longer open water season in the 1983–2014 time series. (b) The difference in percent
occurrence of open water between the two periods where positive values indicate greater
percent occurrence of open water in the 1983–2014 period. Values are presented in both
Figures 11a and 11b in grid cells that experience open water in at least 50% of years.
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4. Discussion

This study highlights a marked shift in the Beaufort ice pack over the last decade, specifically the significant
replacement of old ice with first-year sea ice throughout Canada’s western Arctic region, and considerable
delays in freeze up that increase the length of the open water season. This study corroborates a positive
feedback loop in the annual evolution of sea ice concentration by stage of development in Canada’s west-
ern Arctic. Summer total sea ice concentrations are decreasing more rapidly over larger areas and for a
greater number of months each year. Reductions in total sea ice are largely the result of decreasing old sea
ice and to a lesser extent decreasing first-year sea ice concentrations in the same months. Reduction in
summer sea ice concentrations and extent and lengthening open water duration throughout the study
region are followed by observed delay in the thermodynamic freeze up process in autumn. Delayed freeze
up is further evidenced by increasing new-plus-young sea ice concentrations later in the autumn; summer
old sea ice reductions over much of the study region also propagate through the autumn, winter and
spring, with first-year sea ice taking up the slack once the ice cover is complete.

Upon breakup of the winter sea ice cover, more of the region’s surface is covered by increasingly thin sea ice
(first year ice that formed later than average in the previous autumn and less old ice held over from the pre-
vious summers’ melt), melting more quickly and completely in summer. Our results indicate that breakup
timing is almost completely unchanged in the long term while freeze up timing in the region continues to
be annually delayed, increasing annual open water durations. Summer open water at break up end and solar
transmission through thinner ice with lower surface albedos as a result of relatively thin end-of-winter sea
ice thicknesses are hypothesized to be thermodynamically altering sea ice/ocean surface and delaying
freeze up. Stroeve et al. [2014] indicate that negative trends in surface albedo from the Advanced Very High
Resolution Radiometer (AVHRR) extended Polar Pathfinder (APP-x) in the Beaufort, Chukchi and East Siberian

Figure 12. Linear trends (weeks yr21) in the mean breakup start, breakup end, freeze up start, freeze up end, and open water duration
between 1983 and 2004 (black) and 1983–2014 (grey) for each of the (sub) regions specified in figure 1. Positive breakup trends indicate
later breakup and positive freeze up trends indicate later freeze up. Positive open water duration indicates longer open water duration. All
trends shown only where p< 0.10.
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Seas dominate from May to September between 1982 and 2011. Results also indicate that the absorbed
solar radiation anomalies have likely caused increased sea surface temperatures (especially in August and
September) that may delay fall freeze up [Perovich et al., 2008; Stroeve et al., 2014; Babb et al., 2016].

In addition, recent summer pressure anomalies have revealed anticyclonic circulation over the Arctic com-
bined with low-pressure anomalies over our study region [Ogi and Wallace, 2012]. This anticyclonic circula-
tion has contributed to recent anomalously low sea ice concentrations; results have indicated that
anticyclonic circulation anomalies likely induce anomalous Ekman drift of the sea ice toward the central Arc-
tic, which would increase the areal coverage of open water over the marginal seas. So dynamic forcing on
sea ice may also contribute to increasing annual open water duration in the Beaufort Sea.

New-plus-young sea ice makes up a small proportion of the total sea ice in the region in autumn and winter,
but it represents the regionally and hemispherically significant Cape Bathurst flaw lead polynya complex. It
is possible and indeed probable that reductions in summer sea ice coverage in the Beaufort Sea, having
shrunk back westward from Banks Island and northward from the ice pack’s southern edge, changed the
location of the transition zone between the old ice-dominated Beaufort ice pack and its first year sea ice-
dominated peripheral coastal areas surrounding the old ice pack and within Amundsen Gulf. Movement of
the old to first year transition zone and the resulting increase in the proportion of the region dominated by
first-year sea ice is postulated to have affected the physical processes that form and maintain the Cape
Bathurst flaw lead polynya complex. Mean winter new-plus-young sea ice concentrations that connote the
polynya complex are in decline (Figures 2f and 2i) and trends in the areas occupied by new-plus-young sea
ice concentrations in winter (Figure 3h) show increasingly delayed breakup in these areas since 1983 (Figure
8), potentially signaling changes in flaw lead polynyas annual operation.

Massive observed replacement of old ice by first year ice in M’Clure Strait throughout the annual cycle in
the 1983–2014 time series did not occur in the 1983–2004 time series (Figure 6). Changes in the old-to-first
year sea ice transition zone likely contribute to the massive changes witnessed in M’Clure Strait sea ice in
the 32 year time series. We hypothesize that the receding of the Beaufort Sea old ice pack westward from
the mouth of M’Clure Strait (Figures 2 and 4) throughout the annual cycle has made the annual evolution of
M’Clure Strait at present (Figure 6) very similar to the average historical evolution of Amundsen Gulf, which
has been dominated by first-year sea ice at the end of winter and linked to the off-shelf Beaufort old sea ice
pack through the old-to-first year transition zone for the past 32 years (Figure 2).

Decreased summer old sea ice concentrations in M’Clure, Canada basin and Alaska have created higher per-
cent occurrence of freeze up start in those subregions––a greater portion of the entire study area is now
freezing up thermodynamically in the fall rather than being filled dynamically with old sea ice from the north
[e.g., Maslanik et al., 2011]. Fall freeze up occurred up to 5 weeks later in the Banks subregion on average
between 1983 and 2014 compared to 1983–2004, indicating a shift toward thermodynamic freeze up west
of Banks Island since 2004 as a result of long-term losses of sea ice in the region both on average in summer,
and monthly average losses during July, August, September, and November for the 32 year period.

The freeze up duration (the time between freeze up start and end) of up to 5 weeks in the Banks and
M’Clure (sub)regions in the 1983–2004 time series was reduced to 3 weeks in the 1983–2014 time series; It
follows that the start of freeze up should be regarded as the primary indicator of freeze up in the seasonal
sea ice areas because the main hindrance to freeze up in these areas is the export of heat to the atmos-
phere from the open ocean surface after it has warmed all summer. The presence of 2/10ths sea ice concen-
tration indicates that the ocean surface is likely at the freezing temperature, having lost its heat
accumulated over the summer. Two-tenths ice concentration further likely acts to seed sea ice growth spa-
tially, which allows the achievement of 8/10ths sea ice concentration with little delay.

5. Conclusions

The annual evolution of sea ice by stage-of-development in the study region changed dramatically from
1983 to 2014, and the changes observed were larger in magnitude with the addition of the last decade
(2005–2014) to the time series analyzed here. Between 1983 and 2014, summer reductions in total sea ice
concentration between 210% and 215%�decade21 via reductions in old (25% to 210%�decade21) and
first-year sea ice (25%�decade21) concentrations over increasingly large areas and in more months per
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year. Total sea ice losses were observed to occur earlier in summer (e.g., June and July) in the southerly and
westerly parts of the study region in the 1983–2014 time series compared to the time series ending in 2004.
Those summer changes are followed by thermodynamic freeze up that became increasingly delayed and
occurred over an increasingly large area through the 32 year period (1983–2014) interrogated. Delay in ther-
modynamic freeze up and dynamic forcing on the sea ice has increased the summer open water duration
in much of the study region. Although no temporal or spatial change occurred in the complete total sea ice
cover throughout the study area upon the end of freeze up, autumnal sea ice cover was decreasingly com-
posed of old ice, and increasingly composed of new-plus-young sea ice. This is followed by a similarly com-
plete winter and spring sea ice cover that was increasingly composed of first year ice at the expense of old
ice concentrations at a rate up to 15% decade21 from January to breakup. Breakup timing has not signifi-
cantly changed in most of the study region, with the caveat that break up is now occurring later in the
Alaska subregion and earlier in the Prince Alfred subregion. Further work will focus on regional and subre-
gional thermodynamic and dynamic forcing of the trends observed here. It may also include a comparison
study with the NSIDC sea ice age product [Tschudi et al., 2015].
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