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ABSTRACT. We used Canadian Ice Service (CIS) digital charts from 1983 to 2009 to create a climatology of landfast sea ice
in the Canadian Arctic. The climatology characterized the spatial distribution and variability of landfast ice through an average
annual cycle and identified the mean onset date, breakup date, and duration of landfast ice. Trends in date and duration of onset
and breakup were calculated over the 26-year period on the basis of CIS regions and sub-regions. In several sub-regions—
particularly in the Canadian Arctic Archipelago—we calculated significant trends towards later landfast ice onset or earlier
breakup, or both. These later onset and earlier breakup dates translated into significant decreases in landfast ice duration for
many areas of the Canadian Arctic. For communities located in the most affected areas, including Tuktoyaktuk, Kugluktuk,
Cambridge Bay, Gjoa Haven, Arctic Bay, and Pond Inlet, this shorter landfast ice season is of significant social, cultural, and
economic importance. Landfast sea-ice duration in the interior of the Northwest Passage has not undergone any statistically
significant decrease over the time series.

Key words: sea ice, landfast, coastal, climatology, variability, trends, Canadian Arctic, onset, breakup, duration, Northwest
Passage

RESUME. Nous nous sommes appuyés sur les cartes numériques du Service canadien des glaces (SCG) pour les années 1983
a 2009 afin de produire la climatologie de la glace de mer de I’Arctique canadien. La climatologie permet de caractériser la
distribution spatiale et la variabilité de la glace de mer au moyen d’un cycle annuel moyen, et de déterminer la date moyenne
du commencement, la date de la débacle et la durée de la glace de mer. Les tendances en mati¢re de dates et de durées
relativement au commencement et a la débacle ont été calculées sur la période de 26 ans en fonction des régions visées par
le SCG et des sous-régions. Dans plusieurs sous-régions — plus particulierement dans ’archipel Arctique canadien — nous
avons calculé d’importantes tendances indiquant des dates de commencement plus tardives de la glace de mer ou des dates de
débacle plus hatives, ou les deux. Ces dates plus hatives et plus tardives se traduisent par la réduction considérable de la durée
de la glace de mer en maints endroits de I’Arctique canadien. Pour les localités situées dans la plupart des régions touchées,
dont Tuktoyaktuk, Kugluktuk, Cambridge Bay, Gjoa Haven, Arctic Bay et Pond Inlet, cette saison de glace de mer plus courte
revét une grande importance sur les plans social, culturel et économique. Du point de vue statistique, la durée de la glace de
mer a I'intérieur du passage du Nord-Ouest n’a pas connu de réduction importante au cours de cette période.

Mots clés : glace de mer, glace de rive, cotier, climatologie, variabilité, tendances, Arctique canadien, commencement, débacle,
durée, passage du Nord-Ouest

Traduit pour la revue Arctic par Nicole Giguére.

Annortanus. s KIMMaTOJOTMYECKOTO aHailu3a NnpunaiHoro Jyibpaa B Kanaackodl ApKTHKE HCIOJIb30BaHBI JaHHBIC
uupoBBIX KapT KaHaacKoit neqoBoit ciyx0bl (KJIC) ¢ 1983 mo 2009 ronkl. JlaHHBIN aHAIN3 MO3BOJIUI OXapaKTEPU30BaTh
MIPOCTPAHCTBEHHOE paclpeleieHne U M3MEHUYHNBOCTh NMPUIIAHHOTO JIbJa Ha MPOTSKEHUH CPETHEro TOJO0BOrO IUKIIA, a
TaK)Ke YCTAaHOBUTH CPEJHUE NAaThl Havyaja 3aMep3aHus, pa3ioMa U IPOJODKUTENIEHOCTH Ce30Ha MpumaifHoro npaa. Cpennue
W3MEHEHHUS J1aT Hadajla 3aMep3aHus, pa3jioMa U MPOAOKUTENEHOCTH Ce30Ha OBIIIM PaCCYUTAHBI ISl 26-T€THETr0 Mepruoaa
s o0acteid u nopobnacTeit, ucronbzyeMbix KJIC. B Heckonbkux 1mom1o0i1acTsx, B 4aCTHOCTH, B KaHaickoM ApKTHYECKOM
apxunesnare, oOHapy)XeHa 3HauMTeJIbHasl TEHICHIHS K Oojee MO3AHEMY Havyally 3aMep3aHus NPHUIAaiHOrO JpAa U Ooiee
panHeMy paziomy. bonee mo3aHue KaThl 3aMep3aHus 1 0oJee paHHUE AaThl pa3jioMa IPUBETH K 3HAYUTEIFHOMY COKPAIICHHIO
ce30Ha MPUMIAWHOTrO JbAa Al MHOTUX pernoHoB Kanaackoit Apktuku. [l HaceICHHBIX MYHKTOB, PACIOIOKEHHBIX
B HauboJee MOJBEPKEHHBIX ITOMY H3MEHEHHIO obnactsx (B ToM yucie Tekroskuek, Kyrnykryk, KeiimOpumx beii,
Moa-XeitBen, Apkruk-Beit u IToua-Muner) Gonee KOPOTKHil CE30H MPUIARHOrO IbJa MOXKET HMETh CYIICCTBEHHOE
KyJBTypPHOE M DKOHOMHYECKOe 3HaueHue. [IpoBefeHHBIN aHAIW3 HE IOKa3al CTAaTHCTHYECKH 3HAYMMOIO CHHIKEHUS
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MPOJOJKUTEILHOCTH CE30Ha MPHUITAMHOTO JIbjia B Oacceline CeBepo-3ana Horo MOpCKOro My TH 38 pacCMaTPUBAEMBbIi TIEPUOJ,

BpPEMEHHU.

KuroueBbie ciioBa: MOPCKOM Jie/t; MpUIIAHHBIN Jie; npuOpekHasi 30Ha; KIMMAaTOJIOTH S, K3MEHYMBOCTh; TPpeH 1bl; KaHanckast
APpKTHKa; HA4YaJIO 3aMEP3aHUs; HAYaJIo pa3ioMa; MPOJOJIKUTENBHOCTh ce30Ha; CeBepo-3amaaHblii MOPCKOH My Th

INTRODUCTION

Landfast sea ice is defined as motionless sea ice that is
attached either to the shore, or to ice walls or fronts, or
between shoals or grounded icebergs. It may be formed in
situ or by the amalgamation of floating ice of any age freez-
ing to the shore (CIS, 2002). Landfast sea ice is a predomi-
nantly seasonal feature of the Arctic, with extents ranging
from 5—50 km off the coast of Alaska to several hundred
kilometers off the coast of Siberia (e.g., Divine et al., 2004).
Water depths associated with the landfast ice edge are on
the order of 25 m near the Siberian coast, 8—30 m in the
Beaufort Sea, and 100 m off the eastern coast of Baffin
Island (Mahoney et al., 2007).

The physical interaction between landfast sea ice, mobile
pack ice, and the underlying ocean continues to be a topic
of research interest. Areas of open water at the interface
between landfast and mobile sea ice increase the potential
for solar heating, and they make the ice edge vulnerable
to wind waves and swell (Fox and Squire, 1990; Squire et
al., 1995). The role of landfast ice in either preventing or
aiding upwelling circulation has been a topic of study for
decades (e.g., Clarke, 1978; Buckley et al., 1979; Carmack
and Kulikov, 1998; Carmack and Chapman, 2003). When
adjacent to open water, a landfast ice edge can act as the
boundary necessary to give rise to divergence in the wind-
driven surface current, producing upwelling (Clarke et al.,
1978; Buckley et al., 1979). However, a fast-ice surface
without adjacent open water acts as a barrier to momentum
exchange between the atmosphere and ocean, preventing
upwelling that might occur if the ice were mobile (Pickart et
al., 2009). The interplay between the landfast ice edge, pack
ice edge, bathymetry, and winds favourable to upwelling
governs the transport of nutrients to the surface and thus
biological productivity. Interesting physical-biological
interactions occur as a result of these linkages; for example,
ice-edge phytoplankton blooms often occur in spring as a
result of upwelled nutrients (Mundy et al., 2009).

Landfast sea ice is important from an economic per-
spective because it can be detrimental to ship navigation.
Depending on its thermodynamic state, landfast sea ice
can be much more difficult to navigate through in compar-
ison to even very high concentrations of mobile pack ice.
However, offshore oil and gas exploration may be easier
in landfast sea-ice zones than in areas of mobile pack ice.
The presence of landfast ice also has important implications
for northern communities in the context of coastal erosion,
transportation and winter road development, and subsist-
ence and commercial activities. A concerted effort has been
initiated to provide a continuous measure of ice conditions
in northern communities throughout the Canadian Arctic

that links traditional knowledge with scientific knowledge
(Laidler et al., 2009).

Regional variations exist in landfast ice formation and
decay throughout the Arctic. Investigation of the seaward
landfast ice edge from 1996 to 2004 shows that landfast ice
extent along the Alaskan coast is governed by bathymetry
as opposed to changes in climate, in contrast to the Lapteyv,
Chukchi, and East Siberian Seas, which are governed by
dynamic and thermodynamic forcing mechanisms (Polya-
kov et al., 2003; Mahoney et al., 2007). Although landfast
ice forms gradually in fall, fast-ice cover decays compara-
tively rapidly in spring, as dynamic atmospheric and oce-
anic forcing mechanisms exert their influence on an ice
cover weakened by increasing temperatures and down-
welling radiation (Persson et al., 2002). Decay can be fur-
ther expedited by offshore winds or wave action (Squire,
1993; Squire et al., 1995). River discharge can also influ-
ence landfast ice extent and breakup (Dmitrenko et al.,
1999). As thawing rivers flood sea ice and deposit sedi-
ments, they also transport heat from the terrestrial to the
marine environment (Dean et al., 1994; O’Brien et al.,
2000).

An area where landfast sea ice is of particular impor-
tance is the Canadian Arctic Archipelago (CAA), which
constitutes 15—20% (roughly 1.9 million km?) of the area of
the Arctic Ocean and its peripheral seas (Melling, 2002). A
unique characteristic of the CAA is that the majority of the
sea ice in the region remains landfast for six to eight months
of the year (Melling, 2002). This landfast sea ice restricts
ice drift in the CAA for more than half the year (Marko,
1977). If the sea ice is not landfast during the summer, it
travels very slowly through the numerous shallow and nar-
row channels of the CAA, where internal ice pressure due
to horizontal restrictions mostly stops ice drift (Melling,
2002). Landfast sea-ice properties in the CAA have long
been considered relevant in discussions of climate change
at high latitudes (e.g., Brown and Cote, 1992; Flato and
Brown, 1996).

It is well known that mobile sea ice in the Northern
Hemisphere has experienced significant reductions in both
its thickness (Rothrock et al., 1999; Rothrock and Zhang,
2005) and its extent (Comiso, 2006; Stroeve et al., 2007;
Perovich et al., 2008; Perovich and Richter-Menge, 2009).
Comparatively little is known about landfast sea-ice cli-
matology, especially in the CAA. Seasonal landfast ice
in the CAA behaves thermodynamically and chronologi-
cally much differently from ice in the Beaufort Sea, in part
because of its proximity to land (Flato and Brown, 1996).
Some trends in landfast sea ice have been studied; landfast
ice now forms a week later in the southwestern Beaufort
Sea than it did in the 1970s because fast ice formation is



sensitive to the position of the perennial ice pack, which has
retreated in recent years (Mahoney et al., 2007). A short-
ening in the landfast season is consistent with modeling
studies. For example, Dumas et al. (2005) showed a three-
week reduction in landfast ice duration and a 24 ¢cm reduc-
tion in mean maximum ice thickness when air temperature
was increased by 4°C and the snow accumulation rate was
increased by 20%.

The CAA creates a much different icescape than the
central Arctic Ocean because of its distinctive topography,
bathymetry, and climatological conditions, and landfast sea
ice is not currently incorporated into global climate models.
Despite the importance of landfast ice to the CAA, no stud-
ies describing its climatology or trends in timing and dis-
tribution are currently available. The goals of this work are
to determine (1) the climatology of landfast sea ice in the
Canadian Arctic and (2) spatiotemporal changes in land-
fast ice over the last several decades in the Canadian Arc-
tic. In this study we examine regional variations in landfast
ice formation and decay. We also examine statistically sig-
nificant trends in landfast ice breakup and onset dates and
duration to improve our understanding of changing landfast
ice conditions and their effect on northern coastal commu-
nities over the last several decades.

DATA AND METHODS

The sea-ice data used in this study were obtained from
the Canadian Ice Service (CIS) Digital Archive (CISDA:
http://ec.gc.ca/glaces-ice/). The CISDA is a compilation of
Canadian Ice Service regional weekly ice charts that inte-
grate all available real-time information about sea ice gath-
ered from various satellite sensors, aerial reconnaissance,
ship reports, operational model results, and the expertise of
experienced ice forecasters. These digital ice charts are top-
ologically complete polygon Arcinfo Geographic Informa-
tion System coverages.

The CISDA delineates polygons of similar ice conditions
using the egg code: each polygon is given a total sea-ice
concentration composed of up to three partial sea-ice con-
centrations by type (/10ths). Digitally available CIS charts
in the years 1983 to 2009 (inclusive) for both the eastern
and western Arctic CIS regions were converted to a 2 x 2
km grid on the native CIS Lambert conformal conic projec-
tion. Grid cells with total sea-ice concentration of 10/10ths
were considered to be landfast. This classification is con-
sistent with the method of Melling (2002), which takes into
account that the CISDA uses the 10/10ths concentration
classification only for fast ice, employing a 9.7/10ths clas-
sification for even the highest concentrations of mobile sea
ice. This approach also allowed us to avoid using the “fast
ice” designation in the floe size portion of the egg code,
which has not always been consistent between the eastern
and western Arctic (Tivy et al., 2011) and is incomplete in
the time series. Wohlleben et al. (2010) compared our means
of determining landfast sea-ice duration with published
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estimates from RADARSAT-1 SAR data in Nares Strait
(Kwok et al., 2010) and found the two data sets to be very
similar for the years 1997—-2009. As a final quality control,
we checked each grid to ensure that mobile sea ice (not con-
nected to the coast) was excluded from the analyses.

Source information used in preparing the ice charts has
changed over time because of advances in sensor technol-
ogy and changes in regional shipping routes (Tivy et al.,
2011). Despite this, the CISDA has been found sufficiently
accurate for time series analyses (e.g., Kinnard et al., 2006;
Galley et al., 2008; Howell et al., 2009; Tivy et al., 2011) and
is in fact more accurate than passive microwave ice concen-
tration retrievals during the melt season (Agnew and How-
ell, 2003). Spatiotemporal quality indices for the CISDA
can be found in Tivy et al. (2011). These indices take into
account the availability and quality of ship observations,
airborne observations, airborne synthetic aperture radar
(SAR) or side-looking airborne radar (SLAR), or both, and
satellite data. We acknowledge the potential impact of tech-
nological change on the reported sea-ice conditions, but sat-
ellite data have been the primary source since 1979, before
the starting point of our time series. We chose to use data
from 1983 onward because in 1983 the CIS switched to the
egg code from the older ratio code to allow for more accu-
rate recording of sea-ice stage of development, marking
the beginning of the fourth of six time periods identified as
being significant in the data quality of the CISDA (Tivy et
al., 2011). For the period and regions we studied, the quality
indices are of average confidence between 1983 and 1990
and very high confidence thereafter.

Using the CISDA, we performed the following
calculations:

* The percent of the year during which each grid cell was
landfast was calculated by dividing the number of weeks
that a grid cell was landfast in a sea-ice year (01 Septem-
ber to 31 August) by the total number of charts in that
sea-ice annual cycle. The mean for the period (1983 -84
to 2008—09) was then calculated for each grid cell. The
standard deviation from the mean was also calculated.

For each grid cell, the percent annual occurrence of
landfast sea ice through the period was calculated by
finding the number of years in the period studied when
landfast sea ice occurred in that cell.

The average annual evolution of landfast sea-ice pres-
ence was calculated by determining the percent of years
in which landfast ice occurred in a grid cell for each
year-week between 1983 —84 and 2008 —09.

For each sea-ice year, the landfast onset date was con-
sidered to be the first date between consecutive Sep-
tembers on which landfast sea ice was present, and the
landfast breakup date, the last date between 01 Septem-
ber and 31 August in consecutive years when landfast
sea ice was present. The annual (n = 25) landfast sea-ice
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FIG. 1. Study area, with CIS ice regions delineated by colour: the Beaufort
Sea (red), CAA-West (yellow), CAA-East (purple), and Baffin Bay (green).

onset and breakup dates were used to calculate the mean
onset and mean breakup date for each grid cell over the
time series. The standard deviation was also calculated
to determine the variability from the mean of onset and
breakup at each grid cell through the time series. Both
onset and breakup of landfast sea-ice were calculated
using the same time step used in the average annual
evolution of landfast sea-ice calculations; therefore, the
standard deviation for the onset and breakup dates was
calculated in year-weeks.

* Landfast sea-ice duration for each grid cell in each
annual cycle was calculated in weeks by calculating the
number of weeks between onset and breakup (inclusive).

Using the CIS ice regime regions as a template, we cal-
culated regional (Fig. 1) and sub-regional (Fig. 2) trends in
mean onset, breakup, and duration of landfast sea ice for
all the grid cells in each region and sub-region, using the
method of least squares fit regression. The significance of
each trend was tested using a standard F-test. The onset,
breakup and duration data were tested for normality, and
autocorrelation was found to be sufficiently low to allow for
parametric analysis. Any trend with an associated p-value
equal to or less than 0.05 was considered statistically sig-
nificant. The percentage of each region that was landfast
on the mean onset and breakup dates each year was also
calculated.

RESULTS: FAST ICE CLIMATOLOGY
Average Spatial Distribution of Landfast Ice

Fast ice was spatially and interannually variable in the
Canadian Arctic between 1983 and 2009. Much of the
ocean surface in the CAA was landfast for some portion
of each sea-ice year (Fig. 3a). Areas near the edges of the
CAA, including the periphery of the Western High Arctic,
Amundsen Gulf, M’Clure Strait, Lancaster Sound, Prince
Regent Inlet and the Gulf of Boothia, were landfast for the
shortest amount of time each year (Fig. 3a in blue) and also

FIG. 3. (a) Mean percent of the year (n = 26 years) during which each grid cell
was landfast, (b) the percent occurrence of landfast sea ice in each grid cell
between 1983 and 2009, and (c) the standard deviation from the mean percent
of the year for which each grid cell was landfast.

had comparatively low percent-occurrence values over the
record (Fig. 3b). These peripheral areas did not experience
landfast sea ice every year and exhibited greater variability
between years in the duration of that ice (Fig. 3c).



In the southern interior of the CAA (south of ~75° N),
the sea ice was landfast for about half of each sea-ice year
on average in the Franklin, M’Clintock Channel, and West
Barrow-Viscount Melville sub-regions (Fig. 3a). These sub-
regions experienced landfast sea ice in each year of the time
series (Fig. 3b), and variability in the portion of each sea-ice
year when these areas were landfast was comparatively low
(Fig. 3c). On average, the Western and Eastern High Arc-
tic sub-regions were landfast for most of the year (Fig. 3a),
and there was marginally greater variability nearest the
northwest coast of the CAA (Fig. 3¢). In Kane Basin and
Smith Sound, the sea ice was landfast for a comparatively
short time in each sea-ice year (Fig. 3a), though this area
was landfast in almost all the years studied, if only briefly
(Fig. 3b). This area also experienced greater interannual
variability in the duration of landfast ice than the interior of
the CAA (Fig. 3¢).

Average Annual Evolution of Landfast Sea Ice

In Figure 4, we mapped the mean spatial distribution of
landfast sea ice for each year-week in the CISDA to repre-
sent the annual evolution of landfast ice in the Canadian
Arctic. Multiyear landfast ice persisted through the summer
(and was thus present in early September) only in the High
Arctic and only in 20—-40% of years (Fig. 4). Although
they did not always start the year landfast, most areas in
the High Arctic were usually landfast by mid-November.
After the High Arctic areas, the second areas to begin to
form landfast ice were the southern channels of the CAA,
including the Coronation-Maud, Franklin, M’Clintock, and
coastal Amundsen sub-regions (Fig. 4). These areas can
become landfast as early as the first week in November and
were landfast in most years by early January. Landfast ice
formed slightly later in the interior of the CAA (M’Clure,
West Barrow-Viscount Melville) and along the peripher-
ies (Kane Basin and West Baffin), with formation by mid-
November in years of early landfast ice onset and by the
end of January in most years. The sub-regions with the
latest landfast ice onset were Amundsen Mouth, Eastern
Parry Channel, and Prince Regent, with onset occurring
at some point in January. In more than 50% of years, these
sub-regions never became landfast.

June 18 is the first year-week when the likelihood of
landfast ice began to decrease, marking the start of the
summer breakup season. The areas that were latest to form
landfast ice (i.e., the peripheries of the CAA) were the ear-
liest to break up. The southern areas of Coronation-Maud
were the next to break up, becoming free of landfast ice by
mid-July in most years. They were followed by the M’Clure,
West Barrow-Viscount Melville, Franklin, M’Clintock, and
Kane Basin sub-regions, which were free of landfast ice by
early August in most years. The last area to lose landfast ice
was the High Arctic, where, as mentioned previously, the
ice sometimes persists through the summer.

LANDFAST SEA ICE CONDITIONS - 137

Average Fast-Ice Onset and Breakup Dates and Their
Variability

Landfast sea ice did not always occur each year in every
grid cell (Figs. 3b, 4). The average dates of landfast onset
and breakup are explored here, along with their variability.
Landfast sea-ice onset is mapped in Figure 5a, which sum-
marizes the annual evolution information in Figure 4 and
sets a frame of reference for the onset variability informa-
tion in Figure 5b.

The Coronation-Maud sub-region showed the earliest
and least variable landfast sea-ice onset in the time series,
followed by the Eastern and Western High Arctic sub-
regions (Fig. 5b). Landfast onset was slightly more varia-
ble in the central CA A, where landfast ice usually occurred
next in the annual sea-ice cycle (Fig. 5b); the Eastern Parry
Channel and Prince Regent sub-regions (Fig. 5b) experi-
enced the lowest occurrence of landfast sea ice (Fig. 3b) and
the latest onset (Fig. 5a) in the period. Amundsen, Amund-
sen Mouth, and M’Clure on the western periphery of the
CAA had greater variability than the central CAA and
experienced onset comparatively late in the annual cycle
(Fig. 5a). This was especially true where the percent occur-
rence of landfast sea ice in M’Clure and Amundsen Mouth
dropped rapidly toward the western edges (Fig. 3b). The
greatest onset variability occurred along the west coast of
the Canadian Arctic Archipelago and along the north con-
tinental coast of Canada and Alaska west of Cape Bathurst,
where the landfast sea ice grows outward from the coast
and into the Beaufort Sea unconstrained (Fig. 5b).

Breakup ends the annual evolution of landfast sea ice in
the Canadian Arctic (Fig. 6a). There was very little varia-
bility in landfast breakup date in much of the interior of the
CAA, including Coronation-Maud, Franklin, M’Clintock,
West Barrow-Viscount Melville, and the Western and East-
ern High Arctic sub-regions (Fig. 6b), which were landfast
in almost all the years studied (Fig. 3a). When landfast ice
occurred in the north end of the Prince Regent sub-region,
variability in its breakup date was low (Fig. 6b). Variabil-
ity in the breakup date was high in Kane Basin, and in
Amundsen, Amundsen Mouth, M’Clure, the south half of
the Prince Regent sub-region, and Eastern Parry Channel
(Fig. 6b). These sub-regions are highly variable in all of the
metrics we examined, including occurrence of landfast ice
(Fig. 3b) and onset date (Fig. 5b). There were some small
areas of very high variability in the mean breakup date
along the northwest coast of the CAA (Fig. 6b), but these
were likely due to the limited number of times landfast sea
ice actually occurred and broke up there during the study
period (Fig. 3b).

RESULTS: TRENDS IN LANDFAST SEA ICE
Trends in Landfast Onset and Breakup Dates

For each year, we calculated the mean onset and breakup
dates of all grid cells within the CIS regions (Fig. 1) and
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FIG. 4. The annual evolution of landfast sea-ice presence: weekly mean spatial distribution of landfast ice occurrence in the Canadian Arctic between 1983 and
2009.
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FIG. 5. (a) Mean date of landfast sea-ice onset in the Canadian Arctic for the
years 1983-2009 (given as month day: e.g., S 10 = September 10) and (b)
standard deviation in weeks of landfast sea-ice onset in the Canadian Arctic.

sub-regions (Fig. 2) and regressed those means against time
to examine trends over the study period. The larger regional
landfast sea-ice onset and breakup date trends and their
associated p-values are shown in Table 1. The CAA-West
and CAA-East regions exhibited trends towards later onset
date (0.64 and 1.07 weeksedecade™!) and trends towards
earlier breakup date (-0.57 and -0.89 weeksedecade!
respectively). The trends in both onset and breakup dates
of landfast ice are statistically significant in CAA-East
(Table 1). The time series for this region is shown in Figure
7 (top two panels). In both CAA-East (Fig. 7: bottom) and
CAA-West (not shown), landfast ice is the dominant sur-
face type (accounting for ~80—100% of the regions) at both
onset and breakup.

In contrast, in the regions at the exterior of the CAA, the
Beaufort Sea (Fig. 8: bottom) and Baffin Bay (not shown),
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FIG. 6. (a) Mean date of landfast sea-ice breakup in the Canadian Arctic for
the years 1983-2009 (given as month day: e.g., S 10 = September 10) and
(b) standard deviation in weeks of the date of landfast sea-ice breakup in the
Canadian Arctic.

landfast sea-ice cover at onset and breakup is only ~20%.
The Beaufort Sea and Baffin Bay regions also exhib-
ited trends towards later landfast onset date (2.78 and
0.64 weeksedecade”) and earlier breakup (-0.65 and -0.62
weeksedecade™) (Fig. 8, Table 1).

The Beaufort Sea region is composed of the Alaska, Mac-
kenzie, and Banks sub-regions (Fig. 2). The Alaska (2.87
weeksedecade™) and Mackenzie (2.80 weeksedecade™) sub-
regions drove much of the trend toward later onset of land-
fast ice in the Beaufort Sea (Table 2), and these results are
in general agreement with those of Mahoney et al. (2007).
The Banks sub-region showed a trend toward later onset of
landfast sea ice, but this trend was not statistically signifi-
cant (Table 2). The trends toward earlier breakup of landfast
sea ice in the same sub-regions were not statistically signifi-
cant (for p < 0.05) (Table 2).
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TABLE 1. Regional trends (weeks/decade) in onset and breakup dates for the CIS ice regions shown in Figure 1. Values in bold are

statistically significant at p < 0.05.

Region Onset trend Onset p-value Breakup trend Breakup p-value
Beaufort Sea 2.78 0.0004 -0.65 0.05
CAA - West 0.64 0.13 -0.57 0.07
CAA - East 1.07 0.03 -0.89 0.005
Baffin Bay 0.64 0.11 -0.62 0.08

In the CAA-West region, the trends in both average CAA East
onset and average breakup of landfast sea ice were not sta- Jan 21 = ' '
tistically significant, but sub-regional analysis revealed B+ onset date 1
statistically significant trends in some sub-regions. Statis- g Jan 077 SloPef 1.1 weeks-decade
tically significant trends towards later landfast sea-ice for- § Dec 24 } (pval =0.03) n|
mation appeared at Coronation-Maud in the south (at 0.85 & Dec 101 "
weeksedecade™!) and the Western High Arctic sub-region g e
in the north (1.24 weeksedecade™) (Table 2). The Western = Nov26}
High Arctic sub-region also showed a trend toward earlier ; Nov 12}
landfast sea-ice breakup since 1983 (-0.87 weeksedecade™) >
(Table 2). § Oct297

Within the CAA-East region, significant sub-regional = Oct15}
trends toward later onset (1.20 weeksedecade™) and ear-
lier breakup (-0.95 weeksedecade) occurred in the East- Oct 0119
ern High Arctic sub-region. Similar trends occurred in
the Eastern Parry Channel sub-region, but they were not Aug 20t
statistically significant (Table 2). Admiralty Inlet expe- =
rienced a significant trend toward later landfast onset § Aug 06 .
(1.4 weeksedecade™) over the period (Table 2), but no sig- 5 23} :
nificant trend towards earlier breakup. :é

Neither the Baffin Bay region (Fig. 1) nor any of its sub- 2 Jul 09} ‘
regions (Fig. 2) experienced statistically significant trends = Jun 25 - v
in their onset dates (Tables 1, 2). Trends in breakup date ; E
were also not mgmﬁcapt in the_se sub—regpns except in S Junllp[ - breakup date
Western Baffin Bay, which experienced a declining trend of % i slope = —0.9 weeks-decade”
-0.9 weekssdecade™ (Table 2). The lack of significant trends = May 28 (pval = 0.005)
in most of the Baffin Bay sub-regions was probably due to May 14 . . . . .
the high inter- and intra-annual variability associated with 1980 1985 1990 1995 2000 2005 2010
the chronology and location of landfast ice occurrence, as = 100 : : : : :
described in previous sections (note that the p-value for the -
trend in breakup date in Kane Basin, though not significant, §* 0}
is quite low). 8

=
Trends in Landfast Ice Duration % 601
o

Trends in the duration of the landfast sea-ice season E 40+
were calculated for each grid cell in each year as the dif- ﬁ
ference between breakup date and onset date (Fig. 9). The 3,
real value of zero was assigned to any grid cells that did E 20t onset
not have an onset date. Trends in landfast sea-ice duration g breakup
were mapped for each grid cell (Fig. 9) to show the change E 0 : : : : :

1980 1985 1990 1995 2000 2005 2010

in weeksedecade! through the study period. In the Beaufort
Sea, significant negative trends in landfast sea-ice duration
occurred along the coasts of the Alaska, Mackenzie, Banks,
Amundsen Mouth, and Amundsen sub-regions (Fig. 9) in
areas where landfast sea ice occurred each year (Fig. 3b). In
Canada’s Queen Elizabeth Islands, much of the Western and
Eastern High Arctic sub-regions experienced significant

Year

FIG. 7. CAA-East Region: Trends in dates of onset (top) and breakup (middle)
of landfast ice and the percent of the region that is landfast on those dates
(bottom).
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TABLE 2. Sub-regional trends (weeks/decade) in onset and breakup dates for the CIS sub-regions shown in Figure 2. Values in bold are

statistically significant at p < 0.05.

Region Sub-region Onset trend Onset p-value Breakup trend Breakup p-value
Baffin Bay E Baffin Bay 0.44 0.47 -0.15 0.71
NW Baffin Bay 0.52 0.39 -0.68 0.09
W Baffin Bay 0.62 0.12 -0.92 0.05
Kane Basin 1.15 0.13 -1.72 0.06
Beaufort Sea Alaska 2.88 0.005 -0.62 0.1
Banks 0.97 0.44 -1.17 0.14
Mackenzie 2.80 0.0007 -0.34 0.16
CAA-West Amundsen 0.56 0.59 -0.78 0.56
Amundsen Mouth 0.096 0.93 -0.22 0.79
Coronation-Maud 0.85 0.03 -0.13 0.64
Franklin 0.44 0.43 -0.50 0.14
M’Clintock Channel 0.48 0.36 -0.56 0.09
M’Clure Strait 1.25 0.17 -1.16 0.14
West Barrow - V. Melville -0.17 0.77 -0.63 0.02
Western High Arctic 1.24 0.03 -0.87 0.02
CAA-East Eastern High Arctic 1.20 0.02 -0.95 0.002
Admiralty Inlet 1.41 0.003 -0.53 0.07
Eastern Parry Channel 1.58 0.07 -1.55 0.08
Prince Regent 0.88 0.26 -0.91 0.21

reductions in landfast sea-ice duration (Fig. 9), on the order
of about 2—5 weeksedecade™. Significant negative trends in
landfast sea-ice duration also occurred in the eastern half
of M’Clure Strait where landfast sea ice occurred each year
(Fig. 3b), along the north and east coasts of Victoria Island,
in much of the Coronation-Maud sub-region, and along the
coasts of Prince of Wales and Somerset [slands (Fig. 9).

In the eastern Arctic, significant negative trends in land-
fast sea-ice duration occurred in the south end of the Prince
Regent sub-region, in Admiralty Inlet, and between Bylot
Island and Baffin Island (Fig. 9) where fast ice occurred
each year (Fig. 3b). Kane Basin and the coastline areas
of Northwest, West, and East Baffin Bay also all experi-
enced significant negative trends in landfast sea-ice dura-
tion (Fig. 9) where landfast sea ice occurred each year
(Fig. 3b). Significant negative trends in duration of annual
landfast sea ice were also observed in areas that demon-
strated substantial variability in onset and breakup through
the time series (Figs. 5b, 6b), including the eastern half of
the M’Clure sub-region, the north continental coast of the
Mackenzie and Alaska sub-regions, Kane Basin, and the
coasts of the West Baffin, Northwest Baffin, and East Baf-
fin sub-regions.

DISCUSSION

The human importance of landfast sea ice in the Cana-
dian Arctic lies in its utility or detriment to stakeholders.
Landfast sea ice is important to Inuit communities as a plat-
form from which to hunt, fish, and travel (e.g., Berkes and
Jolly, 2001; Ford et al., 2008; Laidler et al., 2009). It may be
a barrier to economic development, or enable it. Observed
trends (Table 2) and variability (Fig. 3¢) in the landfast
sea-ice regime of the Mackenzie sub-region will affect
the inhabitants of Tuktoyaktuk, and changes observed
in the landfast sea-ice regimes of the Coronation-Maud

sub-region will affect those who make their homes in
Kugluktuk, Cambridge Bay, and Gjoa Haven. In these
sub-regions, the observed trends in landfast ice duration
(Fig. 9) connote a landfast ice season that is now 2—10
weeks shorter on average. The effects of reduced land-
fast sea-ice duration in these areas, whether manifested by
delayed onset, earlier breakup, or both, will have important
impacts on their inhabitants (e.g., Ford et al., 2009). Land-
fast sea ice offshore of Tuktoyaktuk protects the town’s
coastline from erosion caused by wave action, and land-
fast sea ice forms the winter road between Tuktoyaktuk
and communities of the Mackenzie delta. In recent years,
companies have become interested in offshore oil and gas
exploration both within and outside of the landfast sea-ice
zone in the area. Cambridge Bay stands potentially to gain
economically from reduced duration of landfast sea ice in
the future, as it was recently named the site for Canada’s
new High Arctic research station. Observed reductions in
landfast sea-ice duration in the Admiralty Inlet sub-region
(Fig. 9) could potentially vitalize the community of Arctic
Bay as the Canadian Forces turn the former Nanisivik port
into a deep-water facility that will berth and refuel Cana-
dian Forces ships patrolling the entrance to the Northwest
Passage.

While the Northwest Passage is a less elusive shipping
route than it was when it was first sailed by Roald Amund-
sen in 1903 -06, our results show that the landfast sea ice
in many of the navigable channels of the CAA is as perva-
sive now as it was 26 years ago. We observed no decrease
in the landfast sea-ice duration in many of the sub-regions
that make up the Northwest Passage, including Amundsen,
Franklin, M’Clintock, West Barrow-Viscount Melville, and
Prince Regent (Table 2). This result has implications not
only for shipping, but also for the cruise tourism indus-
try, which may be experiencing a false sense of optimism
regarding new opportunities in the Northwest Passage
(Stewart et al., 2007).
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FIG. 8. Beaufort Sea Region: Trends in dates of onset (top) and breakup
(middle) of landfast ice and the percent of the region that is landfast on those
dates (bottom).

Climatologically, landfast sea ice is especially impor-
tant in the Arctic physical system because it all but restricts
the flow of energy from the atmosphere to the ocean in the
spring. Open water areas are important to the timing of sea-
sonal sea-ice melt because of the sea ice—albedo feedback
mechanism (e.g., Perovich et al., 2008): even very small
amounts of lead area in a sea-ice cover have been shown
to dominate the regional surface energy balance (May-
kut, 1978). Since decreases in landfast ice duration imply
increases in open water, observed trends towards a shorter

-10
0.2

0.15

0.1

0.05

FIG. 9. (a) Trend in duration of landfast sea ice (weeks/decade) in the
Canadian Arctic between 1983 and 2009 and (b) associated p-values for the
linear regressions.

landfast season (Fig. 9) must be causing increased solar
energy absorption in some areas of the CAA.

Finally, landfast ice is an important biological habitat,
not only for polar bears (Ferguson et al., 2000) and seals
(Smith and Hammill, 1981), but also for the lower trophic
levels of the ecosystem. Although for most of the year light
transmission is limited through landfast ice, sub-ice pri-
mary production has evolved to take advantage of a range
of irradiance conditions dictated by the seasonality, thick-
ness, and snow cover associated with landfast sea ice
(Welch and Bergmann, 1989). This early production feeds
significant phytoplankton blooms later in the spring dur-
ing advanced ice melt (e.g., Fortier et al., 2002), particu-
larly if upwelling replenishes nutrients at the surface (e.g.,
Mundy et al., 2009). As well as forming the base of the Arc-
tic Ocean food web, these under-ice phytoplankton blooms
reduce dissolved CO, in the surface seawater, creating a
potential for uptake of atmospheric carbon (Fransson et al.,
2009). A transition towards earlier landfast ice breakup—
as we observed in several areas of the CAA—may greatly
affect the timing and magnitude of primary production in
these areas and will also affect the exchange of climatologi-
cally important gases such as CO,.

CONCLUSIONS

Much of the Canadian marine Arctic sees the occurrence
of landfast sea ice at some point in a given year. Areas north
of 75° N and in the central CAA experience the most land-
fast sea-ice coverage both within and between years, while



areas on the periphery of the CAA experience compara-
tively less. Within a sea-ice year, landfast sea ice persists
over summer in the Western High Arctic in about two-
thirds of years, and by November, the entire Canadian High
Arctic is usually landfast. Landfast sea-ice onset is spatially
and temporally variable; by the end of January, much of the
sea ice in the central archipelago is landfast, while areas
on the periphery of the CAA, like Amundsen Gulf and
M’Clure Strait in the west and eastern Parry Channel and
Prince Regent in the east, remain mobile for the duration
of some years. Landfast sea-ice breakup is also spatially
and temporally variable. Landfast ice breakup begins in the
south about the beginning of June and moves towards the
center of the CAA from the periphery and northwards for
the duration of July and August. Greater variability in land-
fast breakup dates occurs where landfast sea ice occurs less
often over the years.

Statistically significant regional trends in onset and
breakup of landfast sea ice were found for the Beaufort
Sea and CAA-East regions, showing that onset has been
delayed by one to three weeks per decade, while breakup
has advanced by more than a half a week per decade. Sub-
regionally, the Alaska and Mackenzie sub-regions drive
much of the trend toward later onset of landfast ice in the
Beaufort region. Statistically significant trends towards
later onset of landfast sea ice are also present in the Corona-
tion-Maud, Western High Arctic, Eastern High Arctic and
Admiralty Inlet sub-regions within the CAA. A significant
trend towards earlier breakup is also occurring in the West
Baffin Bay sub-region. Calculated trends in the total annual
duration of landfast sea ice show that the landfast season
is getting shorter in many areas of the Canadian Arctic.
Areas of the Alaska, Mackenzie, Banks, Amundsen Mouth,
Amundsen, Coronation-Maud, Kane Basin, and East Baf-
fin Bay sub-regions are experiencing negative trends in
landfast sea-ice duration, as are the Western and Eastern
High Arctic regions. However, we find no significant trends
in landfast ice duration in the interior of the Northwest
Passage.
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