Chapter 12

Recent Changes in Sea Ice Plugs Along
the Northern Canadian Arctic Archipelago
Sierra Pope, Luke Copland, and Bea Alt

Abstract For most of the twentieth century, multiyear landfast sea ice (MLSI)
existed in semi-permanent plugs across Nansen Sound and Sverdrup Channel in the
northern Queen Elizabeth Islands (QEI), Canada. Between 1961 and 2004, these ice
plugs only experienced simultaneous break-ups in 1962 and 1998. However, break-
ups of both ice plugs have occurred in 9 out of the 12 years since 2005, indicating
that these features are not reforming. The history of these plugs is reviewed using
Canadian Ice Service ice charts, satellite imagery and a literature review. The
weather systems associated with plug break-up events are related to the synoptic
patterns defined by Alt (Atmos-Ocean 3:181–199, 1979). Most break-ups occur
during Type III synoptic conditions, when a low centers over the Asian side of the
Arctic Ocean and a warm pressure ridge develops over the QEI, creating warm
temperatures, clear skies, and frequent wind reversals. Ice plug break-ups are also
associated with reductions in sea ice concentration along the northwest coast of
Ellesmere Island. The removal of these MLSI plugs in recent years aligns with ice
shelf losses and reductions in age and thickness of sea ice in the Canadian Arctic
Archipelago, with implications for ice import and export through these channels
and the response of Arctic sea ice to a changing climate.
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Introduction

There is strong evidence that Arctic sea ice extent is decreasing, with large area
losses over the past decade compared to the long-term mean (Simmonds 2015), and
a decrease in annual mean sea ice thickness over the central Arctic Basin from
3.59 m in 1975 to 1.25 m in 2012 (Lindsay and Schweiger 2015). Additionally,
there is evidence of other cryospheric changes in the Arctic such as strongly negative mass balance on the Greenland Ice Sheet and the acceleration of outlet glaciers
(Khan et al. 2015), break-up and mass loss from the Ellesmere Island ice shelves
(Copland et al. 2007; Mueller et al. 2008, 2017; White et al. 2015), and widespread
thawing of permafrost (Grosse et al. 2016).
This chapter reviews recent changes in ice plugs, which are semi-permanent sea
ice features that form across channels in the Queen Elizabeth Islands (QEI) in the
Canadian High Arctic, north of 74.5°N. In the past they remained in place for
decades, but they have largely failed to reform since major break-up events in 1998.
Changes to these multiyear landfast sea ice (MLSI) features have occurred in tandem with recent ice shelf losses in the Canadian Arctic Archipelago (CAA); this
chapter addresses the history of these MLSI features and the mechanisms surrounding their break-ups.
The recent response of Arctic sea ice to changing climate conditions assists in
putting ice plug changes in context. Observations since the 1950s indicate accelerating reductions in Arctic sea ice extent up to the present day, with the biggest losses
in September. For example, reductions in September sea ice extent occurred at a rate
of 6.9% decade−1 between 1979 and 2000, compared to a rate of 24.3% decade−1
between 2001 and 2013 (Meier et al. 2014). The increasing melt of first year ice,
formed during the previous winter, is coupled with a decrease in area and thickness
of floating multiyear ice, sea ice which has survived at least one melting season
(Maslanik et al. 2007). An increased percentage of the total Arctic sea ice cover is
therefore now first year ice, representing a significantly thinner and weaker barrier
between ocean and atmosphere. For example, at the end of summer 2011 only 25%
of the Arctic sea ice cover was >2 years old, compared to almost 60% during the
1980s (Stroeve et al. 2012). Landfast sea ice has also been forming later in the fall
and breaking up earlier in the spring in many regions across the CAA since the
1980s (Galley et al. 2012). The break-up and subsequent melting of the thick, multiyear ice plugs and their replacement by thinner, annually-melting first year ice
discussed here exemplifies the limited recovery of the old sea ice regime in the CAA
since 1998.
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Definition and Significance

Atmospheric circulation patterns in the Canadian High Arctic typically result in
thick, multiyear sea ice being pushed against the northwest edge of the QEI (Agnew
et al. 2001; Jeffers et al. 2001). This process contributes to the formation of MLSI,
described further by Jeffries (2002) and Pope et al. (2012). This multiyear sea ice
forms semi-permanent blockages, known as ice plugs, at the head of channels
between islands. The presence of these decades-old plugs can act as effective barriers against movement of pack ice from the Arctic Ocean into the interior channels
of the QEI (Jeffers et al. 2001; Agnew et al. 2001; Kwok 2006).
There is some disagreement about the terminology of sea ice blockages in these
regions, so here we follow the definitions of Alt and Lindsay (2005). Ice arches or
ice bridges are defined as structurally controlled, short-lived summer features that
occur between narrow points of land surrounding a channel, sound, or between
islands (e.g. Nares Strait; Fig. 12.1). Ice barriers are generally poorly defined, but
are taken here to consist of large areas of consolidated ice at the border between the
Arctic Ocean and the channels and seas of the QEI (e.g. Peary Channel; Fig. 12.1).
Finally, ice plugs are small areas of consolidated perennial sea ice formed between
narrow points of land, and are defined largely by their historical longevity and presence over decades. In the Canadian High Arctic, there are only two ice plugs known
to have existed over the past century: the Nansen and Sverdrup (Fig. 12.1b). These
are the focus of this chapter.
The Nansen Sound and Sverdrup Channel ice plugs have been observed as perennial ice features since the first exploration of the Canadian High Arctic in the early
twentieth century. Peary (1907) described the northern coastline of Ellesmere Island
as being fringed by a permanent body of ice. This fringe continued across Nansen
Sound, creating a blockage now known as the Nansen Ice Plug (Vincent et al. 2001).
Ice plugs form due to the in situ growth and agglomeration of sea ice in narrow
channels in the coldest, most northerly parts of the QEI, where nearby land pins
them in place and summer melting is insufficient to remove them (Jeffers et al.
2001; Serson 1972). Their formation is further supported by the fact that the
Beaufort Gyre typically pushes thick, old sea ice towards the northwest coast of the
QEI. This has the effect of providing a near-continual supply of additional ice and
protects their northern margins from wave action. Once formed, the sea ice within
ice plugs typically remains landfast and builds over time via snow accumulation and
basal freeze-on of sea water.
These ice plugs are subject to in situ fracture and melting during the summer, but
have retained their old MLSI for much of recorded history in this region. While each
of the ice plugs has experienced occasional individual break-ups, the particularly
warm summer of 1998 saw the break-up of both ice plugs for the first time since
1962 (Fig. 12.2) (Alt et al. 2006; Jeffers et al. 2001). Since 1998 the MLSI ice plugs
have largely failed to reform, and in this chapter we describe the climate and synoptic conditions which contributed to both earlier break-up events and recent changes.
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Fig. 12.1 (a) Location map of northern Queen Elizabeth Islands. (b) Location of major ice blockages on MODIS TERRA image, August 13, 2005 (imagery courtesy of MODIS Rapid Response
Project, NASA/GSFC and University of Maryland, http://rapidfire.sci.gsfc.nasa.gov)

12.2

Regional Background

Sea ice atlases published by the Polar Continental Shelf Project (PCSP) provide
data on ice plug conditions between 1961 and 1978 (Lindsay 1975, 1977, 1982). Ice
charts produced by the Canadian Ice Service (CIS) provide coverage of the ice plugs
from 1960 to present, and weekly regional ice charts for the past several decades are
available online as part of the CIS Digital Archive (http://iceweb1.cis.ec.gc.ca/
Archive/). Since 2000, during summer cloud-free conditions, daily or better 250 m
resolution optical satellite imagery of the ice plugs is available from the Moderate
Resolution Imaging Spectroradiometer (MODIS), which is flown on both the
TERRA and AQUA satellites.
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Fig. 12.2 Recorded break-up and fracture events of the Sverdrup and Nansen ice plugs, 1961–
2016. Years without complete melt season coverage of the plug areas are analyzed for possible
break-ups via ice codes and concentrations in ice charts at the end of the season or the behavior of
the plug ice the following spring. Instances where in situ fractures cannot be ruled out due to lack
of coverage or generalized ice codes are listed as ‘possible fracture,’ and instances with no evidence of break-up but incomplete coverage are listed as ‘likely no break-up’

Data sources prior to 1960 are sparse and consist largely of visual observations
associated with expeditions to the northern QEI (Peary 1907; Sverdrup et al. 1904;
Stefansson 1938). A comprehensive survey of sea ice in the QEI was completed by
Black (1962), who observed the fracturing of the Nansen and Sverdrup ice plugs
and a subsequent movement of polar-basin ice into the interior passages of the
QEI. Melling (2002) completed an overview of the region’s sea ice conditions using
the CIS Digital Archive from 1970 to 1999 and ice thickness measurements. His
study indicated that landfast ice at 10/10ths concentration covers the Sverdrup Basin
for over half the year, with 9/10ths ice presence during the summer months and a
minimum ice extent in early September. The semi-permanent Sverdrup and Nansen
ice plugs were a noted exception to this summer disintegration, remaining fast in
most years of the study (Melling 2002). The Climate Change Action Fund (CCAF)
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Summer 1998 Project team completed a comprehensive review of cryospheric variability in the Canadian Arctic over the anomalously warm summer of 1998. This
included analysis of the 1998 Sverdrup and Nansen ice plug break-ups, as well as
comparisons of regional temperature, wind and sea ice coverage patterns surrounding these events (Alt et al. 2001; CCAF Summer 1998 Project Team 2001; Jeffers
2001; Jeffers and McCourt 2001).
Annual sea ice flux near Sverdrup Ice Plug was estimated using AMSR-E and
scatterometer image data at 2 ± 6 × 103 km2 a−1 from the Arctic Ocean in to the
northern QEI between 1997 and 2002 (QEI-North Flux Gate in Kwok 2006). Agnew
et al. (2008) calculated no net ice flux between 2002 and 2007 for the same region,
noting lower annual variability in motion than the westerly regions of the northern
QEI. The limited movement through this northern gate, which demonstrates the
landfast nature of the sea ice in this region, suggested limited winter ice movement
even without the presence of the northern plugs. However, decreasing sea ice extent
and increasing sea ice movement in response to extremely warm summers suggests
that the areas of mobile sea ice and the open-water limit will continue to move
northward (Jeffers et al. 2001; Agnew et al. 2008). Regional studies of multiyear sea
ice activity from 1968 to 2006 by Howell et al. (2008) indicate that since 2000, the
CAA has experienced increases in dynamic import of multiyear ice from the Arctic
Ocean. This has continued more recently, with an increase in Arctic Ocean multiyear ice inflow over the period 2005–2012 attributed to increased open water in the
CAA that has provided more leeway for ice import to occur (Howell et al. 2013).
These patterns and trends are consistent with evidence of weakening multiyear ice
barriers in the QEI (Alt et al. 2006), and the increasing import of multiyear ice. Old
sea ice import and export in Sverdrup Channel was assessed by Alt et al. (2006) following the 1998 plug break-up, who concluded that significant loss of old ice
occurred there via melt and its movement out of the channel. Limited import of old
Arctic sea ice into the channel was observed in 1999 and 2005, and significant
through-flow of old ice was observed in 2000 (Alt et al. 2006).
The location of the QEI at a critical boundary between the ice-covered Arctic
Ocean and open-water Baffin Bay creates difficulty in isolating a distinct system of
synoptics to characterize weather behaviour in this region (Alt 1987). Early mass
balance studies in the northern QEI were completed by Koerner (1977, 1979), and
indicated low accumulation in the colder, dry interior of Ellesmere and Axel Heiberg
islands and higher accumulation rates along the Arctic Ocean between Ellesmere
Island’s northwest coast and Meighen Island (Fig. 12.1). The relationships between
regional synoptics and mass balance were studied by Alt (1979, 1987), who developed a categorization of summer atmospheric circulation controls on Meighen Ice
Cap and other QEI ice caps and glaciers. These synoptics were revisited by Gardner
and Sharp (2007) and Bezeau et al. (2015) in an assessment of High Arctic glacier
mass balance, and are further discussed in Sect. 12.4 to provide a context in which
the region’s MLSI break-up events can be better understood.
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Nansen Ice Plug

The Nansen Ice Plug occurs at the northern edge of Nansen Sound, between
Ellesmere and Axel Heiberg islands (Fig. 12.1). All available evidence points to the
fact that it existed as a near-permanent feature for most of the twentieth century. For
example, while crossing the northern section of Nansen Sound in 1906, Peary noted
that the ice in the sound appeared contiguous with the glacial fringe (ice shelf) along
Ellesmere Island’s northwest coast (Peary 1907). Visual observations of new pressure ice and open water north of Axel Heiberg Island from a 1932 expedition suggest minor fracturing in the plug at that time (Krüger Search Expeditions 1934), but
that the blockage was still in place. The first formal sea ice surveys of this area also
noted its presence (Black 1962), and the plug appears on all CIS ice charts from the
beginning of the regional record in 1961 (Alt et al. 2001). The first detailed studies
of this plug were completed by Serson in 1970–1971, who estimated an ice thickness of >6 m at the plug’s northern edge and 10 m near the southern edge. The rolling ice surface featured hummocks ranging in height from 1 to 3 m (Serson 1972).
Hummock heights increased across the plug, from the east side with 60 cm of snow
cover to the wind-polished ice on the west side (Serson 1972). The plug was
observed later by Jeffries et al. (1992), who concluded that the ice mass in Nansen
Sound did not fit the characteristics of either an ice shelf or a large sea ice block, but
instead consisted of an “agglomeration of ice of different ages and thicknesses…
subject to rearrangement of its component floes”. This complicated floe matrix indicates that the plug may, at times, be unstable and subject to rearrangement or disintegration (Jeffries et al. 1992).

12.2.2

Sverdrup Ice Plug

The Sverdrup Ice Plug occurs at the northern edge of Sverdrup Channel, between
Axel Heiberg and Meighen Islands (Fig. 12.1). In this region, thick multiyear sea ice
that is pushed by the polar ice pack from the northwest in the summer and fall meets
a ridged mix of first year, second year and multiyear ice to the south (Melling 2002).
The resulting MLSI plug creates a semi-permanent feature that is clearly identified
in early sea ice maps (Black 1962; Alt et al. 2001). Sverdrup et al. (1904) described
the ice in the channel as “going up and down in waves”, indicating the rolling surface typical of old MLSI. The curved northern boundary of this ice plug was
observed in 1916 by Stefansson (1938), and appears to be the same in aerial photography from 1950 to 1959 (Serson 1974). Spot depth measurements were conducted
on the ice plug in the early 1970s by Serson (1974), who identified ice up to 6 m
thick near its northern margin on the Axel Heiberg Island side. The ice surface was
rolling, paralleling the dominant northwest winds and featured steep-sided hummocks and melt pools extending downwind and undercutting the hummock sides
(Serson 1974). The position of Sverdrup Ice Plug makes it the more vulnerable of
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the two plug features and thus more frequently broken (Fig. 12.2). This occurs
because open water areas to the north and south of Sverdrup Plug, and frequent lead
development north of Meighen Island, leave it less protected from wind and ocean
currents than the Nansen Plug. In addition, the Fay Islands, located directly to the
south of the Sverdrup Plug (Fig. 12.1b), are the source of frequent sea ice
fracturing.

12.3

Chronology of Recent Ice Plug Break-Ups and Activity

Previous observations of the behaviour of the ice plugs has been undertaken via
ground surveys (since 1900), aerial reconnaissance (1960s–1980s) and satellite
image analysis (since the 1990s) (Alt et al. 2006; Black 1962; Jeffers et al. 2001;
Jeffries et al. 1992; Serson 1972, 1974). In this study, we use previously published
papers and reports, ice charts from the CIS and PCSP, and satellite imagery to quantify the presence/absence and area changes of the Nansen and Sverdrup ice plugs
between 1961 and 2016 (Fig. 12.2). Prior to 1998 the plugs were semi-permanent
features, with only limited fracturing occurring in most years. Simultaneous break-
ups of both plugs occurred only twice in the last half of the twentieth century, but
have occurred nine times since the start of the twenty-first century. The chronology
and detailed characteristics of these events is presented below.

12.3.1

1962 Ice Plug Events

The first recorded break-up of either of the ice plugs occurred in summer 1962,
when they both broke up during an extremely warm period characterized by high
temperatures at all climate stations in the QEI. For example, mean summer (June–
July–August) temperatures at Eureka were 5.0°C, compared to the 1961–1970
mean of 3.4°C (Fig. 12.3). This summer featured the highest percentage of open
water in channels of the QEI from 1961 until the extreme light ice year of 1981
(Jeffers et al. 2001). The Ward Hunt Ice Shelf also experienced a significant calving
event in 1961/1962, forming several ice islands with a total area of 596 km2
(Hattersley-Smith 1963). Koerner (1979) states that 1962 was the most negative
mass balance year over the period 1960–1977 for regional glaciers, noting that significant melt was so widespread at high elevations over the ice caps of Devon,
Ellesmere and Axel Heiberg islands that the 1962 melt layer is used as a reference
horizon in ice core stratigraphy.
Black (1962) observed the break-ups of both ice plugs in 1962, noting fracturing
around Meighen Island beginning in early August during dominantly NW, N and
NE winds at 10–14.7 knots (5.1–7.6 m s−1). The ice atlas images for August and
September 1962 demonstrate the temporal progression of the Nansen and Sverdrup
ice plug break-up events (Fig. 12.4; Lindsay 1975). The August 4–5, 1962, image
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Fig. 12.3 Mean June–July–August temperatures at Eureka weather station, 1961–2016. Red diamonds indicate years when both Nansen and Sverdrup ice plugs broke up (Data source: Environment
Canada (2016))

shows solid ice in both Nansen Sound and Sverdrup Channel that had not yet experienced any fracturing that summer (Fig. 12.4a). In contrast, the August 26 to
September 5, 1962, composite chart (the time of maximum open water for the season), shows a broken Nansen Ice Plug with a large, refrozen plug fragment present
at the channel’s northern edge and a weakened, pre-break-up Sverdrup Ice Plug
(Fig. 12.4b; Lindsay 1975). There are no ice charts of the plug area after September
5, 1962, but late September ice charts from the region directly south of Meighen
Island show 8/10 old ice and 1/10 young ice, suggesting that the Sverdrup Plug area
had fractured. Moreover, direct observation by Black (1962) confirms that the
Sverdrup Ice Plug experienced complete break-up in the 1962 melt season.

12.3.2

1963–1997 Ice Plug Events

In 1963, both the Nansen and Sverdrup ice plugs appear to have been re-established
based on spring map and air photo observations. Between 1963 and 1997, occasional individual break-ups and fractures of the plugs were observed (Fig. 12.2).
The Nansen Plug remained stable until 1971; on August 11 of that year an area of
open water was observed in Nansen Sound, and by September 6, 1971, the plug had
completely broken up (Lindsay 1977). First-year ice in Nansen Sound on ice charts
from spring 1972 provides evidence of the previous year’s break-up (Lindsay 1977).
Despite open water to the south of the Sverdrup Ice Plug and along Meighen Island,
the Sverdrup Plug remained intact in 1971 (Lindsay 1977). The Sverdrup Plug
experienced a break-up in 1975, which was observed September 21, 1975, on an ice
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Fig. 12.4 Polar Continental Shelf Project Ice Atlas images of the Nansen and Sverdrup ice plugs
in summer 1962. Ice plug locations are circled. (a) August 4–5, 1962; (b) August 26–September 5,
1962 (From Lindsay (1975), reproduced with permission of Natural Resources Canada)

charting flight, while the Nansen Plug remained solid throughout 1975. A flight
directly over Meighen Island for the September 30–October 9, 1977, sea ice atlas
charts observed a solid (10/10) Nansen Plug and a late season Sverdrup Plug fracture and break-up in 1977 (Lindsay 1982). Regional ice charts indicate that in the
following year the weak first-year ice in Sverdrup Channel broke, but the Nansen
Plug remained fast.
In 1981 there was extensive open water in the QEI, as evidenced in the sea ice
coverage data provided by the CIS (Fig. 12.5a). However, there was no identified
break-up of the Nansen or Sverdrup plugs in this year despite the warm summer
temperatures and high percentage of open water. Generalized ice chart coverage in
August and early September 1981 suggests that there may have been limited fracturing in the plug areas, but the September 8 regional chart indicates 10/10 ice in
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Fig. 12.5 Regional ice coverage indices: (a) Total ice coverage graph on September 10, 1971–
2000, for the Canadian Arctic Archipelago; (b) Median sea ice concentration around ice plugs on
September 24, 1971–2000; (c) Concentration of sea ice around ice plugs on September 28, 1998
(From Canadian Ice Service (2002), reproduced with the permission of Environment Canada)
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clearly outlined plug areas. Daily temperature and wind data indicates that temperatures dropped below freezing in the last week of August and winds shifted from S
/
SW to SE during the second half of the month. This change in temperature and wind
direction could have limited any possible early plug fracturing from becoming full
break-ups during 1981.

12.3.3

1998 Ice Plug Events

In 1998 the melt season began early, characterized by a high pressure ridge, creating
warm southerly flow, increased solar radiation due to clear skies, and above-normal
spring temperatures. This continued with high summer air temperatures, high melt
percentages of first and multiyear sea ice, and a long melt season (Figs. 12.3, 12.6a;
Jeffers et al. 2001). Based on an analysis of CIS Regional Ice Analysis Charts and
RADARSAT ScanSAR Wide imagery, Jeffers et al. (2001) found that the sea ice was
significantly weakened during this summer, with a notable maximum of open water
and the latest maximum open water date (September 28) in the 38-year period since
1961. Areas of light ice conditions in the QEI (less than 1/10 sea ice) were more
prevalent in 1998 (Fig. 12.5c) than in the years preceding it (Fig. 12.5b), and the
larger areas of open water and greater dispersal of sea ice exacerbated the ice decay.
Between August 17 and 24, 1998, the Sverdrup Plug fractured and a large piece
of the Nansen Plug broke off as a single ice mass. The large areas of open water to
the south of the plugs facilitated the southward movement and melt of some of the
plug fragments (Jeffers et al. 2001); however, some large fragments survived to
return to the plug area as the wind direction shifted. New ice growth in the fractured
plug region began between August 31 and September 7, 1998, with a RADARSAT-1
image from September 21 (Fig. 12.7a) indicating a portion of landfast ice which had
remained intact along the margin of Nansen Sound, and the formation of new nilas
and grey ice south of this location. Jeffers and McCourt (2001) attribute this new ice
formation to decreasing maximum air temperatures measured at Eureka (Fig. 12.6a),
and to light and variable winds near the channel.
A contributing factor that made 1998 an unusual year was the fact that between
September 21 and 27, 1998, a low-pressure system brought warmer than average
temperatures and strong southerly winds to the area. A surface low pressure system
then moved northeast through the region behind an upper warm trough and brought
gale force winds (40 knots, 20.5 m s−1) to Sverdrup Channel and winds >20 knots
(10.3 m s−1) to Nansen Sound (Alt et al. 2006). These factors facilitated the final
break-up of the Nansen Ice Plug and entirely dislodged the Sverdrup Ice Plug,
melting and fracturing the new ice which had formed in the previous month
(CCAF Summer 1998 Project Team 2001) and completing the first simultaneous
plug break-up since 1962.
The impact of these strong winds is indicated in RADARSAT-1 images from
September 21 and 28, 1998, which show the highly fractured ice pack at this time
(Fig. 12.7). In the September 28 image (Fig. 12.7b), pieces of the broken Nansen
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Fig. 12.6 Summer conditions at Eureka weather station: (a) Summer 1998 daily maximum and
minimum air temperatures. (b) Daily June–October air temperatures for 1962, 1998 and long-term
mean (Data source: Environment Canada (2016))

Plug are visible north and east from its original position, and the area to the south of
Nansen Sound is largely clear of ice. Sverdrup Channel is clear of ice to the south,
with open water as far north as Meighen Island. The remnants of the Sverdrup Plug
are not identifiable; Jeffers and McCourt (2001) suggest that they may have melted
completely or drifted and were incorporated into the Arctic Ocean ice pack, while
Alt et al. (2006) suggest they returned to the plug area when the winds shifted to
northwesterly behind the storm track.
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Fig. 12.7 RADARSAT-1 images of 1998 plug break-ups: (a) September 21, 1998; (b) September
28, 1998 (Radarsat images copyright Canadian Space Agency)

12.3.4

1999–2005 Ice Plug Events

The response of the Nansen and Sverdrup ice plugs to the extreme summer of 1998
continued well into the following year. Alt et al. (2006) present an overview of the
movement of ice in Sverdrup and Peary channels between the 1998 extreme breakup events and 2005 (Fig. 12.2). The reformed ice in southern Nansen Sound broke
again in the summer of 1999, but an absence of strong winds allowed it to stabilize
as an in situ blockage. Wilson et al. (2004) note that reformation of the Nansen Plug
appeared to consist of a different type of ice than had been previously found there,
forming from in situ landfast ice, as opposed to the Arctic Ocean multiyear ice floes
combined with first year ice that dominated before. The Sverdrup Plug fractured in
both summer 1999 and 2000, which allowed ice to move from Sverdrup Channel
north to the Arctic Ocean. The freeze-up in Sverdrup Channel occurred over 3
weeks earlier in 2000 than in 1999, due to a circulation pattern that enhanced the
flow of cold air from the north.
Summer 2001 was characterized by a relatively cold summer season (Fig. 12.3)
with heavy old-ice presence and early freeze-up, featuring the first summer without
a Sverdrup Plug break-up since 1997 (Alt et al. 2006). The Sverdrup Plug remained
stable in 2002, but in 2003 an early melt season and complete first-year ice loss lead
to its fracturing, although the ice remained in place. The plug also fractured in situ
in 2004, following a short melt season and very limited ice loss, and in late August
2005 it broke up once again. The Nansen Plug also broke up in August 2005, after
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maintaining relative stability since its 1998 break-up. The simultaneous break-up of
the Nansen and Sverdrup plugs in 2005 was not matched by the light sea ice conditions of the previous break-up events (Alt et al. 2006), although many other ice
losses also occurred along northern Ellesmere Island that summer. For example,
almost the entire 87.1 km2 Ayles Ice Shelf was lost during a strong offshore wind
event on August 13, 2005, together with the removal of 330 km2 of young MLSI and
690 km2 of 58+ year old MLSI from Yelverton Bay (Copland et al. 2007; Pope et al.
2012; Mueller et al. 2017). Summer temperatures at Eureka were also the warmest
on record since 1961 (Fig. 12.3).
The frequent fracturing of the Sverdrup Plug and the 2005 simultaneous breakup event suggest that a solid recovery of the plugs did not occur after the extreme
summer of 1998. Alt et al. (2006) and Wilson et al. (2004) used CIS digital ice
charts from 1997 to 2003 to track ice movement and gains/losses of multiyear ice
from Sverdrup and Peary channels, and found that the removal of the ice blockages
has allowed for increased movement southward of old ice through the QEI.

12.3.5

2006–2016 Ice Plug Events

CIS weekly ice charts and MODIS satellite imagery were used to determine the
activity of the ice plugs between 2006 and 2016 (Fig. 12.2). Summer 2006 featured
less ice loss and earlier regional freeze-up than in summer 2005. The Sverdrup Plug,
now consisting of first year and refrozen pack ice, remained solid, and the Nansen
Plug fractured in situ in late August 2006. Ice charts from August 28, 2006, indicated 9+/10 ice in the Nansen Plug area, with areas of 1/10–2/10 ice alongside both
plugs.
The Sverdrup Plug fractured in early August 2007 and broke away completely
between August 20 and 27, 2007, allowing for the movement of pack ice and a piece
of the Ayles Ice Island into the southern part of Sverdrup Channel (Van Wychen and
Copland 2017). The Nansen Plug also broke up in mid-August 2007.
CIS ice charts from 2008 indicated reductions in sea ice concentration along the
northwestern coast of Ellesmere Island and throughout the study region compared
to the two previous years, and show fracture and break-up of both ice plugs between
July 31 and August 4, 2008. MODIS images show the process of break-up and
export of this ice (Fig. 12.8). The break-up of the plugs occurred during a warm
summer (Fig. 12.3) and period of very strong wind and wind reversals; marine wind
prognosis charts indicate strong southeasterly winds at up to 35 knots (18 m s−1)
moving directly parallel with both Sverdrup Channel and Nansen Sound on August
2, 2008 (M. Schaffer, pers. comm. 2009). The Sverdrup Plug area remained filled
with fractured ice through the second week of August 2008, when northerly winds
dominated the region, but by August 17, 2008, both plugs had completely cleared.
Many ice shelf losses also occurred in summer 2008, such as the complete loss of
the Serson Ice Shelf in July 2008 (Mueller et al. 2008) and Markham Ice Shelf on
August 6, 2008 (Mueller et al. 2017).
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Fig. 12.8 MODIS imagery of the 2008 ice plug break-ups (ice plugs indicated by red circles). (a)
July 31, 2008: both plugs appear stable; (b) August 5, 2008: both plugs fractured, ice movement
northwards into the Arctic Ocean; (c) August 29, 2008: both Nansen Sound and Sverdrup Channel
are largely ice-free, with southerly movement of pack ice into Eureka Sound and through Sverdrup
Channel (Imagery courtesy of MODIS Rapid Response Project, NASA/GSFC and University of
Maryland, http://rapidfire.sci.gsfc.nasa.gov)
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Since 2008, the complete loss of the Nansen and Sverdrup ice plugs has occurred
in every summer (typically between early August and mid-September), with the
exceptions of 2013 and 2014. Summer 2013 was very cold across the CAA, with the
coldest mean summer temperature at Eureka over the entire period of record
(Fig. 12.3) and the first positive mass balance recorded at White Glacier (~150 km
SE of Sverdrup Ice Plug) for a decade (Thomson et al. 2017). Timelapse cameras at
Milne and Petersen ice shelves showing a snowline that remained near sea level for
the entire summer (Copland, unpublished data). The cold conditions resulted in the
formation of landfast sea ice along northern Ellesmere Island that was reminiscent
of conditions last seen in the 1990s, and the associated formation of stable Nansen
and Sverdrup ice plugs. Temperatures in summer 2014 were still below the decadal
average (Fig. 12.3), and the stable ice plugs that formed the previous summer
remained locked in place throughout 2014. However, summer 2015 saw the return
of the warm and sunny conditions more typical of the past decade, resulting in fracturing of the ice plugs in the first week of August and their complete loss by the first
week of September. In 2016 MODIS imagery shows the complete loss of both ice
plugs by August 11.

12.4

Discussion

Between 1961 and 2016, our analysis indicates that both the Sverdrup and Nansen
ice plugs broke up in 1962, 1998, 2005, and every year since 2007 with the exception of 2013 and 2014 (Fig. 12.2). These events occurred during record warm summers at Eureka, typically when the mean June-July-August temperature was >5°C
(Fig. 12.3). Many of the break-ups also occurred during strong regional wind events
with a southerly component, making it clear that the plug break-ups are strongly
related to regional weather patterns.

12.4.1

 eather Systems Affecting the Canadian Arctic
W
Archipelago

The Nansen and Sverdrup ice plugs respond to weather systems which have been
described in detail by Alt (1979, 1987), Gardner and Sharp (2007) and Bezeau et al.
(2015). Alt (1979, 1987) developed a classification system of three distinct synoptic
systems for the Canadian High Arctic based on the summer position and characteristics of the 500 mbar circumpolar vortex, a mid-tropospheric cyclonic system with
counter-clockwise winds moving around a cold polar air mass (Table 12.1). Further
discussion and examples of each synoptic type can be found in Alt (1979, 1987).
Following this classification system, Gardner and Sharp (2007) and Bezeau et al.
(2015) described the relationship between Arctic circumpolar vortex variability and
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Table 12.1 Synoptic type classifications (after Alt 1987)
Synoptic
classification
Type I
Type IIs

Type IIr

Type III

Name
Polar Ocean
Circulation
Cyclonic System
Circulation with
Snow
Cyclonic System
Circulation with
Rain
Island Circulation

Characteristics
Baffin low, Arctic
Ocean high
Tracking cyclone
with snow
Tracking cyclone
with rain
Anticyclone

Placements
Vortex in North American
sector
Vortex moving across Queen
Elizabeth Islands (QEI) from
central Polar Ocean
Vortex in Beaufort Sea sector

Ridge in QEI; vortex in
Eurasian sector

glacier mass balance in the Canadian High Arctic. As regional weather patterns
associated with these synoptics have distinct influences on the behaviour and survival of sea ice in this region, the synoptic types are useful in explaining the breakup of the ice plugs.
Synoptic Type I of Alt (1979, 1987), Polar Ocean Circulation, describes conditions dominated at the surface by a high pressure system in the Arctic Ocean to the
west of Meighen Island and a low pressure system over Baffin Bay. Low stratus or
fog is carried from the Arctic Ocean pack ice into the northern QEI by northerly
flow during this circulation type, with the resulting precipitation generally limited
to trace amounts of drizzle, freezing drizzle or snow. The upper cold low in the
Baffin Bay – Hudson Bay area leads to a predominance of storm tracks from the
north continental coast of mainland Canada to Baffin Bay (Alt 1979). Type I scenarios are used by Alt (1979, 1987) to explain periods of low melting degree days
on Meighen Ice Cap, when there is a “suppression of ablation”. Type I features the
lowest occurrence of melting degree days of the three scenarios. When combined
with frequent northerly and northwesterly wind flow, limited wind reversals, and
frequent fog blocking solar radiation, this reduces the potential for Type I systems
to cause multiyear sea ice melt and break-up in the northern Queen Elizabeth
Islands.
Synoptic Type II, termed Cyclonic System Circulation, occurs when the 500
mbar cold low is positioned over the Beaufort Sea region. The frontal systems
between the radiatively heated Siberian and Alaskan landmasses and the colder
polar ocean pick up moisture over the peripheral ice-free ocean areas and move
around the upper cold low (Alt 1979). This results in tracking surface lows and
developed frontal zones along the northern edge of the CAA, low temperatures and
significantly high precipitation. The differences in precipitation type produce a secondary classification into Type IIs (tracking cyclone with snow) and Type IIr (tracking cyclone with rain). Type II systems feature strong winds and potential wind
direction reversals, but do not feature the high temperatures and solar radiation
which would facilitate ice weakening and MLSI break-up.
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Synoptic Type III, termed Island Circulation, occurs when a low at the 500 mbar
level is positioned on the Asian side of the Arctic Ocean and a ridge develops at all
levels over the eastern CAA and Greenland. A warm ridge in eastern North America
can dominate air flow, causing the western Arctic to experience higher temperatures, lighter winds and increased solar radiation reaching the ground and ice surface. Gardner and Sharp’s (2007) classification system, using the circumpolar
vortex position and strength, present a corresponding synoptic condition to Alt’s
Type III, which they refer to as Type I-B. This situation features a vortex centered
in the Eastern Hemisphere that is either weak or strong with no trough reaching into
the Canadian High Arctic, and is associated with warm air temperatures and
extremely negative regional glacier mass balances (Gardner and Sharp 2007).
Similar conditions are also described by Bezeau et al. (2015). Synoptic Type III
frequently develops only partially, but even this is enough to produce clear, warm
weather and southerly wind flow over Meighen Ice Cap. Alt’s (1979) data for this
synoptic type features significantly more melting degree-days over the measured
period than the other two synoptic conditions. Additionally, Type III is identified as
bringing storms northward and creating southerly and easterly winds, tracking from
the land surfaces rather than the Arctic Ocean. Intrusion of well-developed mid-
latitude frontal systems are also observed in Type III cases, leading to strong winds
in the QEI and rapid wind direction reversals. Preconditioning of the ice by high air
temperatures and disturbance by strong, changeable winds strongly impact the ability of local freeze-up to maintain or rebuild ice.

12.4.2

Synoptic Controls on Ice Plug Break-Up Events

The synoptic situations described above indicate that the position of low pressure
systems (and the Polar Vortex) is of vital importance to local climate for the ice
plugs, influencing both temperature and wind patterns and snow and ice changes in
this region. The high summer temperatures associated with Type III synoptic patterns increase the likelihood of ice plug break-up, as demonstrated by the occurrence of warm temperatures at Eureka during years of known ice plug losses
(Fig. 12.3). The dynamic system of lows in the CAA means that there is potential
for significant wind direction reversals. These wind shifts are necessary for the melt
and ice removal mechanisms in the northern QEI, with warm southerly winds causing melt and northerlies transporting the melted and separated ice southward away
from its origin.
Summer 1962 is identified via several climatic variables as a clear example of a
dominantly Type III synoptic condition. Alt (1987) notes that a ridge extending
from Hudson Bay to the QEI in early June 1962 led to near-melting temperatures in
the region. This was followed by well above normal seasonal temperatures at most
stations in mid-July, corresponding to significant anticyclonic circulation, and well
above normal temperatures at the remaining stations in late July, during the passage
of the warm frontal system (Alt 1987). These conditions combined to produce
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Fig. 12.9 Example of Type III Synoptic conditions: NCEP/NCAR reanalysis of 500 mbar geopotential height from July 28, 2008, just before the vortex begins to move into the Beaufort sector of
the Arctic Ocean and fractures appear in Nansen and Sverdrup ice plugs. Note the position of the
low on the Asian side of the Arctic Ocean, and the development of a ridge in the Eastern Queen
Elizabeth Islands

strongly negative mass balance conditions across the CAA. Similarly, the high summer temperatures and winds in summers 1998 and 2008 provided ideal conditions
for the final fracture and removal of the Nansen and Sverdrup ice plugs. Gardner
and Sharp (2007) describe a weak, Eastern Hemisphere centered 500 mbar Arctic
circumpolar vortex in July 1998 (categorized as their Type I-B condition), which
created warm July surface air temperatures and a very negative regional mass balance that summer. Conditions just before the simultaneous plug break-up in 2008,
illustrated in a National Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis for July 28, 2008, exemplify a
Type III synoptic condition (Fig. 12.9), which contributed to the strong southeasterly winds associated with the 2008 break-up events. Bezeau et al. (2015) describe
how similar conditions occurred during every summer between 2007 and 2012, with
frequent summer anticyclonic circulation over the CAA resulting in strongly negative mass balance conditions on glaciers and ice caps. This period exactly overlaps
with the longest period of annual break-ups of both the Nansen and Sverdrup ice
plugs observed in the historical record.
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 omparisons Between Nansen and Sverdrup Ice Plug
C
Break-Up Events

As discussed above, well above normal summer temperatures and sea ice melt
occurred during all of the years in which both the Nansen and Sverdrup ice plugs
broke. However, there is a distinction of scale between the two twentieth century
removals and the frequent break-ups since the start of the twenty-first century. The
older 1962 and 1998 break-up events occurred as anomalous removals of decades-
old MLSI plugs within a context of infrequent break-up events and long periods of
stability. In contrast, the more recent events consist of the almost annual fracture
and break-up of first year ice and young multiyear ice (Fig. 12.2). This facilitates a
classification of the break-ups into two distinct groups: early (1962 and 1998) and
recent (since 2005).
In the early period, Alt et al. (2001) indicate a similarity between the July mean
500 mbar pattern in 1962, noted by both Alt (1987) and Gardner and Sharp (2007)
as a significant negative mass balance and open water situation, and the 500 mbar
pattern for spring 1998. Jeffers (2001) notes that the temperature patterns preceding
the 1962 and 1998 break-up events were very similar, although melt in the region of
the plugs was much higher following the 1998 break-ups than the 1962 events. In
1962, the Sverdrup Ice Plug broke, but the ice did not clear into the Arctic Ocean in
the same way that it did in 1998. In summer 1962, the synoptics featured strong
southerly flow and a freeze-up beginning 3–4 weeks earlier than in 1998. This
explains the moderate post-break-up melting in 1962, whereas in 1998 the open
water season lasted until late September and late summer storms delayed the fall
freeze-up (Alt et al. 2001). Daily mean temperatures at Eureka showed a steady
decrease in late August and September 1962, whereas they remained close to 0°C
through the end of September 1998 (Fig. 12.6b). The extension of warm temperatures into fall 1998 is the most significant difference between the 1962 and 1998
situations, and these increased temperatures impacted the timing of freeze-up
around the ice plugs.
In the recent period, ice plug break-up events have occurred in young multiyear
sea ice (2005 and 2007) or in first year ice (2008–2012, 2016). There is a strong
connection between sea ice age and thickness, which in turn determines its ability
to withstand melt and wind forcing (Maslanik et al. 2007). This is evident in the
timing of break-ups at the start of this period: the 2005 and 2007 break-ups occurred
in mid/late August, whereas the 2008 break-ups of first year ice occurred at the
beginning of August. Daily mean temperatures from Eureka show very little difference between years which featured complete plug break-ups (e.g. 2005, 2007, 2008)
and years with no break-ups or with single plug fractures (e.g. 2004, 2006). A more
important variable associated with these recent simultaneous break-up events is
the presence of a lead of low sea ice concentration along the northern edges of the
plugs, occurring as the pack ice is pushed away from the land. CIS ice charts indicate
that prior to the 2005 break-ups, a lead with 5/10 sea ice concentration developed
along the coast across all of Nansen Sound and extended into Sverdrup Channel.
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In 2007, sea ice at 1/10 concentration bordered the northern coast in the 2 weeks
preceding the plug break-ups. Similarly, in 2008, 2/10 concentration sea ice was
present along the plugs’ northern borders 1 week prior to their break-ups, and similar conditions were observed in 2009–2012 and 2015–2016. This area of low-
concentration ice (lead) was not present in 2004 or 2006; these years feature sea ice
at 9+/10 concentration flush against the fast coastal ice. This suggests that the concentration of sea ice present between the Arctic Ocean and the plugs’ northern edges
is an important factor in the survival or break-up of ice in these waterways. Mahoney
et al. (2007) suggest that the presence of a lead at the landfast ice edge reduces the
stability of landfast sea ice via wave action or solar radiation absorption by the adjacent open water.

12.5

Conclusions

From the review presented here, it is clear that the creation of ice plugs is gradual
and takes many years, requiring summer climate conditions of cool temperatures
and frequent northwesterly winds. The plugs have historically resisted break-up due
to their thick ice and because of the presence of anchoring land on either side. The
break-up events, on the other hand, have occurred rapidly during warm summers
characterized by mean temperatures >5°C at Eureka, an early melt season and long
warm periods sufficient to produce significant surface melting and a weakened plug
structure. These conditions are typically associated with Alt’s (1979, 1987) Type III
synoptic system when a warm ridge dominates eastern North America, bringing
southerly winds, warm temperatures, and high wind speeds with reversals in direction. For the complete break-up of both MLSI plugs to occur, as happened in 1962
and 1998, there must also be weakening of the surrounding sea ice. For example,
Jeffers (2001) discusses the importance of high proportions of open water to the
south of the ice plugs, which weakens the protective matrix around them, adding
tension to the system and facilitating greater fracture and movement of the ice plug
pieces.
An important second phase of the break-up process is the requirement for strong
storm systems to move through the region, which fracture the pre-weakened ice
plug. This was particularly evident in the case of the 1998 plug losses, when a low
pressure system and high winds in mid to late August created a forcing strong
enough to cause a distinct fracture in the Sverdrup Plug and complete breakage of
the Nansen Plug. Continued warm weather into fall 1998 facilitated open water
conditions northward into Sverdrup Channel and the removal of the last piece of the
Nansen Plug. Higher summer temperatures in recent decades have created a backdrop of less ice and more snow-free land and open water; this results in storms that
draw in moisture, track along the land edges, and behave more distinctly like southerly storms. For example, Gardner and Sharp (2007) note that their Type I-B synoptic condition, associated with Alt’s Type III classification (1979) and exemplified by
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the 1962 and 1998 weather systems, created a temperature system in the High Arctic
which was “almost thermally homogeneous with continental North America”.
Following the 1998 break-ups, the patterns of late fall sea ice buildup appear to
have changed. Since 1998 there has not been a classifiable ‘extreme heavy ice year’
in the northern QEI. This is in contrast to the 1962 break-ups and the extreme light
ice year of 1981, after which there were heavy ice years recorded within 5 years,
which aided in the recovery of the plugs and local MLSI. The plug break-up events
of 1962 and 1998, occurring in conditions of thick MLSI, represent responses to
anomalous years of high average summer temperatures, high proportions of open
water, and extreme southerly wind events and wind reversals. The recent lack of old
ice recovery in the northern QEI means that the plug break-ups and fractures since
1998 have occurred in conditions of young MLSI or first year ice. Significant inter-
annual variability in ice conditions within the 1961–2016 measurement period and
the break-ups since 2005 indicate a changing sea ice regime around the plugs. The
two-part plug break-up process can now be placed within the context of the younger,
thinner Arctic ice regime, suggesting limited or no plug recovery in the future.
One of the major potential impacts of recent ice plug losses is the increased ability of old sea ice to move from the Arctic Ocean in to the CAA. For example, Black
(1962) observed that the 1962 Sverdrup Plug clearing allowed for a significant
movement of multiyear ice from the Arctic Ocean into the QEI between late 1962
and fall 1963. Simultaneously there was a northward movement of the open-water
limit, which was largely attributed to the extreme summer air temperatures contributing to sea-surface temperature increases (Jeffers et al. 2001). More recently,
Howell et al. (2009, 2013) found an increase in dynamic import of multiyear ice
from the Arctic Ocean into the QEI.
The removal of the Nansen Sound and Sverdrup Channel ice plugs represents
only part of the destabilization of previously landfast sea ice in the northern
CAA. The break-ups of these ice plugs have occurred in tandem with the removal
of significant areas of ice shelf and MLSI from embayments along northern
Ellesmere Island (Mueller et al. 2017). The loss of landfast sea ice in this region
represents an increase of open water and the removal of an important buffer against
further old ice export and ice shelf break-up.
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