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Abstract

The near-surface water mass structure in the Canada Basin of the Arc-

tic Ocean was examined from 1993 through 2009. This was a period of

rapid change due to warming air and ocean temperatures and subsequent

sea ice melt. During this time, the Southern Canada Basin transitioned

from a perennially ice-covered to an almost seasonally ice-free ocean. It

was found that the freshwater from sea ice melt increased the near-surface

stratification. Solar radiation was stored below the surface mixed layer as a

near-surface temperature maximum (NSTM). From 1993-2009, the NSTM

warmed by up to 1.5◦C, freshened by up to 4 salinity units, expanded north-

wards, and formed at successively shallower depths. Below the NSTM is a

temperature minimum identified as the remnant of the previous winter’s

surface mixed layer (rML). Similar to the NSTM, the rML warmed by up

to 0.5◦C and freshened by up to 2 salinity units from 1993-2009. Using a

1-D model of heat diffusion, it was found that heat from both the NSTM

and Pacific Summer Water (PSW) is diffused to the rML. In warmer years,

more heat was diffused to the rML from the NSTM. The freshening of both

the NSTM and rML was greatest at stations that were located inside the

anticyclonic Beaufort Gyre and this is likely because downwelling caused

freshwater from sea ice melt to accumulate inside the gyre.
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Abstract

An examination of light attenuation to estimate suspended particle con-

centrations identified six common attenuation features. These features were

at the surface, within the summer halocline, within water that has high flu-

orescence, within cold water that had the salinity range 32.9 - 33.1, within

Atlantic water, and at the bottom. It was found that there was no evidence

of increased particle concentrations in the basin from 2003-2008. However,

the chlorophyll maximum inside the basin deepened from an average of 45 m

in 2003 to 61 m in 2008 and it is likely that this is because the nutricline also

descended. The deepening of the chlorophyll maximum is one example of

how changes to the near-surface water mass structure from climate change

can impact the Arctic Ocean ecosystem.
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Chapter 1

Introduction

Sea ice first appeared in the Arctic about 47 Million years ago (Ma) and

became a year-round feature about 13-14 Ma (Polyak et al. 2010). During

this time, there were brief periods (order 1000 years) where the Arctic Ocean

was seasonally ice-free (Polyak et al. 2010) and the cause of these interludes

is thought to be changes in Earth’s orbit around the sun (Polyak et al. 2010)

that led to increased solar energy in the Arctic (Miller et al. 2010a). The

most recent warm period was during the Holocene from 8500-6000 years ago

and although there was reduced sea ice, there is no evidence that the Arctic

Ocean was seasonally or perennially ice-free (Polyak et al. 2010). During

each warming period, air temperatures in the Arctic increased about 3-

4 times more than the rest of the Northern Hemisphere and it is likely

that a similar amplification will be observed (Miller et al. 2010b) over the

coming century as a result of human-induced climate change (White et al.

2010). While the current human-induced climate change has similar forcing

(in terms of size) to some natural climate changes (such as volcanoes and

orbital variability), it is difficult to predict the future Arctic climate and its

feedbacks since there are no past episodes of human-forced climate change

(White et al. 2010).
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Chapter 1. Introduction

During the current climate change, the reduction of the Arctic Ocean

ice cover has been dramatic. Between 1978-1996, the sea ice areal extent

decreased by 2.8% per decade throughout the Northern Hemisphere, with

greatest decreases observed in the Okhotsk Sea, Japan Sea, Barents Sea and

Kara Sea and a rate of decrease in the Arctic Ocean basin of 1.3% per decade

(Parkinson et al. 1999). Prior to 1995, this warming can be explained by an

interdecadal atmospheric variability called the Arctic Oscillation, with a cool

trend from 1930-1965 and a warm trend from 1965-1995 (Steele et al. 2008).

The 1965-1995 warming affected the sea ice thickness, which thinned from

an average of 3.1 m in 1958-76 to an average of 1.8 m in the 1990s (Rothrock

et al. 1999). The ice loss resulted in a surface freshening of 2 salinity units

and an increased heat content of 67 MJm−2 between 1975 and 1997 McPhee

et al. (1998). Throughout this thesis, salinity is reported as salinity units

that are based on the practical salinity scale of 1978 (Unesco 1981). In the

last decade, sea ice cover has decreased rapidly. Since 1995, warming that

was not correlated with Arctic Oscillation occurred throughout the Arctic

such that by 2007, the SST was up to 5 ◦C warmer than the 100 year average

(Steele et al. 2008). This warming has melted snow and thinned ice, and

the reduced albedo has resulted in an increase of solar heat input to the

ocean by as much as 200 MJm−2 from 1979 to 2005 (Perovich et al. 2007).

It is estimated that that rate of loss of sea ice areal extent was 10.1% per

decade from 1997-2007, with the lowest summer sea ice extent and area

ever observed in 2007 (Comiso et al. 2008). The rapid warming over the

past decade has caused a decrease in the amount of multiyear ice, from an

average of 31% that was at least 5 years old in 1988 to an average of 10%

2



Chapter 1. Introduction

in 2007 (Maslanik et al. 2007). Climate models have predicted the loss of

summer sea ice throughout the Arctic Ocean as early as 2100, however, the

recent rapid decline was faster than predicted and implies that summer sea

ice could be gone by 2040 (Stroeve et al. 2007). Winton (2006) suggests

that a rise above an annual mean polar temperature of -9◦C (-5◦C) could be

the tipping point between a perennially ice-covered and seasonally ice-free

(perennially ice-free) ocean.

The decrease in summer sea ice is expected to have significant impacts on

the Arctic atmosphere (Ogi and Wallace 2007, Overland 2009), ocean (Shi-

mada et al. 2006, Perovich et al. 2007, Proshutinsky et al. 2009, McPhee

et al. 2009, Toole et al. 2010), and ecosystem (Carmack et al. 2006, Car-

mack and Wassmann 2006, Lavoie et al. 2010). For example, phytoplankton

growth is limited by both light and nutrients. In the Canada Basin, the loss

of sea ice would be expected to increase both the amount of photosyntheti-

cally available radiation and the stratification. The former process would be

expected to increase primary production because phytoplankton would be

supported at deeper depths while the latter process would decrease primary

production because the replenishment of nutrients through vertical mixing

would be inhibited. Thus even the direction and magnitude of change, pos-

itive or negative, is not known. For my Ph.D. thesis, I studied changes to

both the near surface waters, which I define as the upper 100 m (Chapters

2 and 3), and to particle concentrations (Chapter 4) in the Canada Basin

and its surrounding shelves during the rapid warming from 1993-2009.
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1.1. Physical Oceanography of the Canada Basin

1.1 Physical Oceanography of the Canada Basin

The Arctic Ocean can be considered a Mediterranean sea due to its relatively

enclosed, or in the middle of land, nature (Figure 1.1; Aagaard et al. 1985).

It is composed of two main basins - the Eurasian and Canadian - that are

separated by the 1600 m Lomosomov Ridge and is surrounded by shallow

shelves. It has been estimated that shelves account for as much as 53% of

the total area (Jakobsson 2002) and only 25% of the volume (Aagaard et al.

1985) of the Arctic Ocean. The Canada Basin alone, with a bottom depth of

up to 4000 m, makes up 43% of the total volume of the Arctic Ocean. The

Canada Basin is surrounded by shallow shelves on three sides - the Chukchi

Sea to the west (details in Section 1.1.2), the Beaufort shelf to the south

(details in Section 1.1.3), and the shelves adjacent to the Canadian Arctic

Archipelago (CAA) to the east (details in Section 1.1.4).

1.1.1 General Circulation of the Canada Basin

The anticyclonic gyre (herein known as the Beaufort Gyre) that dominates

the general circulation of the surface waters of the Canada Basin was first

identified based on the drift of ice floe stations and ocean vessels (Coach-

man and Barnes 1961). An initial estimate of the velocitiy was 1-5 cms−1

throughout most of the gyre, with a higher velocity of 10 cms−1 just north of

Alaska (Coachman and Barnes 1961). Using a coupled ocean-ice model that

was forced with NCEP winds, Jahn et al. (2010a) confirmed these velocity

estimates for the upper 108 m, which was the depth of the top two layers of

their ocean model. By comparing the temperature profiles of two stations

4



1.1. Physical Oceanography of the Canada Basin

Figure 1.1: A bathymetric map of the Arctic Ocean and the features that are
relevant for this thesis. The contour lines represent the bathymetry from
500-3550 m in 500 m intervals. Red lines indicate the inflow of Atlantic
water into the Canada Basin based on findings by McLaughlin et al. (2002)
and McLaughlin et al. (2009). Green lines estimate inflow of Pacific water
into the Canada Basin basin on findings by Coachman and Barnes (1961),
Weingartner et al. (1998), and Münchow and Carmack (1997).
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1.1. Physical Oceanography of the Canada Basin

in the Canada Basin, I estimated a minimum velocity of about 1 cms−1 if

the near-surface waters traveled in a unrealistically straight line between

stations (Chapter 3.6.2). Since the Beaufort Gyre is anticyclonic, Ekman

pumping (downwelling) causes water to accumulate and descend within the

gyre. Using satellite passive microwave data, Yang (2006) gave the first

estimate of downwelling in the Canada Basin as 0.9 to 4.5 m per month,

or about 29 m per year, with highest values in November and December

and lowest values in August and September. I confirmed this annual Ek-

man pumping rate based on ice-tethered profile (ITP; details in Toole et al.

2006) data from 2005 to 2008 (Chapter 2.4.3). McPhee et al. (2009) also

found a similar downwelling rate of 27 m per year based on different ITPs.

The depth of the Beaufort Gyre is largely unknown. Coachman and Barnes

(1961), Shimada et al. (2001), and Steele et al. (2004) suggest that the gyre

forces the circulation of Pacific Summer Water (PSW, described in Section

1.1.5) that is found at depths of about 40-100 m. I found evidence that the

Beaufort Gyre affects PSW to about 80 m (Chapter 3.4). McLaughlin et

al. (2009) suggested that the gyre actually impacts the circulation of At-

lantic water (described in Section 1.1.5) based on the spreading of thermal

intrusions.

The strength of the circulation of the Beaufort Gyre is influenced by

interdecadal climate variability that can be predicted by the Arctic Ocean

Oscillation index (AOO), which is based on sea level height (Proshutin-

sky and Johnson 1997). The AOO has two modes - during the cyclonic

regime, the Beaufort Gyre weakens while during the anticyclonic regime,

the Beaufort Gyre strengthens. This results in more freshwater stored in
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the Beaufort Gyre during the anticyclonic regime that is largely released

and exported out of the Arctic during the cyclonic region (Proshutinsky et

al. 2002). From 1997 to 2008, the gyre was in a strong anticyclonic mode

(Overland 2009, Arndt et al. 2010) and switched to a cyclonic mode in

2009 (Arndt et al. 2010). This, combined with the increased sea ice melt

and subsequent stronger near-surface stratification increased the storage of

freshwater (relative to the salinity 34.8) within the Beaufort Gyre by about

1000 km3 (Proshutinsky et al. 2009). Several recent papers have commented

on a shift in the location of the Beaufort Gyre from traditionally being cen-

tred at 76◦N, 150◦W to gradually moving towards the southeast Canada

Basin in the last decade (Proshutinsky et al. 2009, Yamamoto-Kawai et al.

2009a, McPhee et al. 2009). It has been suggested that the accumulation

of freshwater within the gyre has altered the near-surface circulation, with

higher velocities along the southern, western, and eastern edges of the gyre

(McPhee et al. 2009). Based on mapping the depth of a given isohaline,

I found that the location of the gyre was quite variable during my study

period and not necessarily in the southeast corner of the Canada Basin in

recent years (Chapter 3.4.2). In addition, this fresher Beaufort Gyre altered

the near-surface water properties to at least a depth of 40 m and may even

have a longer term impact on the water masses (Chapter 3.4).

The other main circulation pattern in the Canada Basin is the cyclonic

transport of Atlantic origin water that flows from the Eurasian Basin into

the Canada Basin. It is thought that there are 2 main branches of Atlantic

water - the Fram Strait branch and Barents Sea branch - whose properties

depend on where they were formed (Rudels et al. 1996). McLaughlin et al.
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(2009) describe the cyclonic flow as a boundary current that travels at a

velocity of about 0.5 cms−1. Its proximity to the shelf allows Atlantic water

to be periodically upwelled onto the shelf (further discussed in Section 1.1.2).

1.1.2 The Chukchi Sea

To the west of the Canada Basin is the Chukchi Sea. This large, shal-

low sea has an average depth of about 50 m (Woodgate et al. 2005a) and

it accounts for 5% of the total Arctic Ocean area (Jakobsson 2002). The

Chukchi Sea serves as a gateway between the Pacific and Arctic Oceans. Pa-

cific water generally flows northward to the Arctic Ocean through the shal-

low (about 45 m) Bering Strait (Coachman and Barnes 1961). Flow across

the Bering Strait into the Arctic is thought to be primarily controlled by a

sea level-induced pressure gradient between the Pacific and Arctic Oceans

such that water flows ’downhill’ towards the Arctic (Coachman et al. 1975,

Woodgate et al. 2005a), however, the transport may reverse to southward

flow if wind speeds exceed 8 ms−1 from the north (Coachman 1993, Wein-

gartner et al. 1998). Once through the Bering Strait, Pacific waters cross

the shallow Chukchi Sea, are modified along the way, and in general flow off

the shelf either to the west into the East Siberian Sea or to the east into the

Canada Basin (Coachman and Barnes 1961). The geochemical and physi-

cal properties of these Pacific origin waters depend on the season in which

they were modified and will be further discussed in Section 1.1.5. Of the

eastern branch, it is thought that most of the water flows through Barrow

Canyon (Aagaard and Roach 1990, Weingartner et al. 1998, Woodgate et

al. 2005a, Weingartner et al. 2005). Based on a 2-D barotropic model, Win-
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sor and Chapman (2004) found that most of the Pacific-origin water exits

the Chukchi Sea through Barrow Canyon when winds are from the south,

north, or west, however, strong northeasterly or easterly winds push flow to

the northern Chukchi Sea. Thus, wind direction is important in determining

where Pacific-origin water enters the Arctic Ocean.

Barrow Canyon is a 250 km, 30 km wide feature that runs parallel to

the coast near Point Barrow, Alaska (Aagaard and Roach 1990). Flow is

generally down-canyon, towards the Canada Basin, at an average velocity of

13-23 cms−1 (depending on location in the canyon) and a peak velocity of up

to 100 cms−1 (Woodgate et al. 2005a). Reversals to up-canyon flow, caused

by upwelling-favourable winds, are common (about 10-15 events per year

from 1986-87 moorings (Aagaard and Roach 1990) and 1990-91 moorings

(Woodgate et al. 2005a)) and bring waters from the Canada Basin onto the

Chukchi Sea shelf. These flow reversals last about 5 days, are most common

in fall, and can bring warm (temperature about 1◦C), salty (salinity about

34) Atlantic-origin water onto the Chukchi Sea shelf (Aagaard and Roach

1990, Woodgate et al. 2005a). Transport times from Bering Strait to Barrow

Canyon vary considerably depending on season, with estimates of 150 days

for waters entering Bering Strait in September and 270 days for waters

entering in February or March (Panteleev et al. 2010). It is likely that much

of this variability can be explained by wind direction because winds are often

from the northeast in the late fall to early winter (Weingartner et al. 1998),

which would be expected to slow the northward flow across the Chukchi

Sea. (Weingartner et al. 1998, Winsor and Chapman 2004, Woodgate et al.

2005a, Panteleev et al. 2010).
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Once Chukchi Sea water (which is largely of Pacific-origin (Aagaard and

Roach 1990, Woodgate et al. 2005a, Okkonen et al. 2009)) enters Barrow

Canyon, it can travel one of three directions - one that travels eastward

along the Beaufort shelf, one that travels eastward along the Beaufort slope,

and one that turns north into the Canada Basin (Münchow and Carmack

1997). Not much is known about the fate of the water that travels east

along the shelf although Okkonen et al. (2009) found that its velocity and

pathway are related to wind direction. Due to the shallow nature of the

shelf, it is likely that these Pacific waters are heavily modified from sea ice

formation, input of river runoff, and wind mixing. More research has been

done on the water that flows eastward along the slope. The annual average

velocity and transport of this western Arctic boundary current is 6-8 cms−1

eastward and 0.39 Sv, respectively (Pickart 2004), although Nikolopoulos

et al. (2009) found that the flow can become westward under upwelling-

favourable winds. Pickart et al. (2009) correlated upwelling events with

northward-travelling Pacific-born storms that originated near the eastern

end of the Aleutian Island Arc. These storms were frequent in the fall

of 2002 and upwelled warm, salty Atlantic-origin water onto the Beaufort

shelf (Pickart et al. 2009) where it likely mixed with Beaufort shelf water.

The fate of Pacific-origin water that travels in the western Arctic boundary

current is not well-understood although it is generally thought that some

water is advected into the Canada Basin and some is transported all the

way to the Canadian Arctic Archipelago (Jones et al. 1998, Steele et al.

2004). Mechanisms that transport Pacific-origin water from the boundary

current into the Canada Basin are largely unknown, although it has been
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suggested that hydrodynamic instabilities of the current can form basin-

bound eddies (Pickart 2004, Nikolopoulos et al. 2009), and upwelling events

(Pickart 2004) could feasibly advect the boundary current into the basin.

The velocity of water that flows northward from Barrow Canyon into the

Canada Basin has been estimated (based on 2 days in September 1993) as

5-10 cms−1 (Münchow and Carmack 1997) although specific details of this

transport and its volume are unknown.

1.1.3 The Beaufort Shelf

The Beaufort shelf is the region that is bordered to the west by Barrow

Canyon and to the east by the Amundsen Gulf (Carmack et al. 2006). The

shelf is narrow (about 70 km) at the western end and widens to about

120 km at the eastern end (Carmack et al. 2006). At the western end, the

feature that likely has the greatest impact on Canada Basin waters is Bar-

row Canyon that, as discussed in Section 1.1.2, enables cross-shelf transport

of Pacific-origin water from the Chukchi Sea and forms an eastward-flowing

boundary current along the slope. Heading east, there are several small

rivers such as the Sagavanirktok, Colville, and Kuparuk Rivers that can

modify shelf properties during spring when the rivers flood (Alkire and Tre-

fry 2006, Carmack et al. 2006). There is no evidence that outflow from these

rivers affect waters in the Canada Basin (Alkire and Trefry 2006).

At the eastern end, the features that likely have the greatest impact on

Canada Basin waters are the Mackenzie Trough and the Mackenzie River

(Figure 1.1). The Mackenzie Trough lies to the west of the main Mackenzie

River mouth. Unlike Barrow Canyon, most of the flow through the 60 km
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wide, 400 m deep Mackenzie Trough is along-shelf although frequent up-

welling events (about 6 in the winter of 1995-96) advect Atlantic and Pacific-

origin waters into the canyon (Williams et al. 2006). In winter, Melling and

Lewis (1982) found that ice formation along the shelf near the Mackenzie

Trough can cause the water to become so dense (σt ∼26.5) that it flows

cross-shelf and into the basin as a density current. It is possible then that

the Mackenzie Trough enables the transport of dense winter-derived shelf

water into the Canada Basin. The Mackenzie River is the largest river in

the North American Arctic and the fourth largest river in the Arctic Ocean.

It discharges about 3.3 x 1011 m3 per year of freshwater, with the greatest

flows from May to September (Macdonald et al. 1998). The pathway and

spreading of Mackenzie River water is controlled by ice thickness (Macdon-

ald et al. 1995a) and wind direction (Macdonald et al. 1999, 2002, Mulligan

et al. 2010), with landfast ice in spring restricting and strong winds acceler-

ating the spreading of the river plume. Mackenzie River water is modified

as it heads north, becoming saltier as wind-mixing and ice formation erodes

the surface stratification and entrains saltier water below (Macdonald et

al. 1995a, Mulligan et al. 2010). Based on geochemical data, it is thought

that much of Mackenzie River water is advected into the Canadian Arctic

Archipelago (McLaughlin et al. 2006), though there are some years when a

change in wind direction can transport the water into the southern Canada

Basin (Macdonald et al. 1999, 2002). Indeed, more Eurasian river-origin

water is generally found in the central Canada Basin than Mackenzie River-

origin water (Yamamoto-Kawai et al. 2005, Guay et al. 2009). This suggests

that although the Mackenzie River is a prominent feature in my study area,
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its impact on near-surface waters and particle concentrations in the Canada

Basin may be minimal.

1.1.4 The Eastern Shelf of the Canada Basin

The eastern shelf of the Canada Basin was sampled during the summer of

2007. This was the first time in recent history that the area between the

entrance to Amundsen Gulf to the south and the western Archipelago shelf

up to about 76◦C to the north was virtually ice-free and passable by ice-

breaker (Eddy Carmack and Fiona McLaughlin, personal communication).

Thus, I collected the first known particular organic carbon (POC) and to-

tal suspended solids (TSS) samples and analyzed some of the first CTD,

transmissometer and fluorometer data from this region of the Arctic Ocean.

The CAA has been termed an outflow shelf because Arctic Ocean water

passes through it on its way to the North Atlantic (Carmack and Wassmann

2006). Little Atlantic water flows over the shallow sills into the CAA so most

water is of Arctic or Pacific origin (Carmack and Wassmann 2006). Near

surface physical and geochemical processes such as the freeze-melt cycle and

nutrient uptake by phytoplankton modify water during its transit so that it

has different properties when it enters the North Atlantic (McLaughlin et

al. 2006). However, the relatively high silicate content in Baffin Bay sug-

gests that this water still has a Pacific signature after passing through the

archipelago (Tremblay et al. 2002). For the eastern shelf of the Canada

Basin, it is likely that water generally flows from the shelf into McClure

Strait and the Amundsen Gulf of the CAA (McLaughlin et al. 2006, Steele

et al. 2004), which may explain why sea ice tends to be heavily ridged in
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this region. I found evidence of nepheloid layers transporting particles from

the eastern shelf into the Canada Basin (Chapter 4.4.5), which suggests

that cross-shelf gravity currents may be important here. There are no ma-

jor rivers (McLaughlin et al. 2006) or known topographic features such as

canyons along this shelf.

1.1.5 Water Mass Structure of the Canada Basin

Traditional Definition of Water Masses

The original classification of water masses in the Canada Basin was based

on data from 1894 through 1960 and defined by Coachman and Barnes

(1961) as follows (Figure 1.2, black line). At the surface was a deep (about

50 m) mixed layer, called the polar mixed layer (PML), that was relatively

fresh and at the freezing temperature. Below the PML was a temperature

maximum that was at depths of 75-100 m, had a temperature of 0.5◦C to

1.0◦C and was within the salinity range 31.6 to 32.4. Below the temperature

maximum was a temperature minimum at a depth of about 150 m that

had a temperature of about -1.4◦C to -1.5◦C. Coachman and Barnes (1961)

suggested that these waters were originally from the Bering Sea and entered

the Canada Basin after transiting through the Bering Strait and Chukchi

Sea. Thus, they named both the temperature maximum and minimum

Bering Sea Water (BSW). They pointed out that source of the temperature

maximum is likely water that flowed through the Chukchi Sea in summer

whereas the source of the temperature minimum is water that flowed through

in winter. Using geochemical data, Jones and Anderson (1986) confirmed
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that the source of BSW was Pacific water that was modified in the Chukchi

Sea. In addition, they found that the nutrient maximum was associated

with cold BSW centred at the salinity 33.1. Details of the biogeochemical

modification of Pacific-origin waters during their transit across Chukchi Sea

are sparse, however Grebmeier et al. (2006a) report that the organic carbon

concentration increases as the water moves north. Below the BSW was a

temperature maximum located at depth of about 250 m to 900 m that had

a temperature greater than 0◦C and a salinity of 34.5-35. The source of

this water is the Atlantic Ocean and it has long been called simply Atlantic

water. Below Atlantic water is cold (temperature less than 0◦C), salty (34.93

to 34.99) deep water that fills the basin from about 900 m to the bottom

(the average basin depth is about 3700 m). It is likely that sporadic (order

1000 years) renewal events cause deep water to flow from the Eurasian Basin

to ventilate the deep Canada Basin (Timmermans and Garrett 2006).

Recent Changes to Near-Surface Water Masses

The recent warming and freshening of near-surface waters in the Canada

Basin has had a significant effect on the near-surface (which I define as the

upper 100 m) water masses. Beginning at the surface, I will discuss below

the known changes to the near-surface waters.

I chose to change the name PML to surface mixed layer (SML) for my

thesis. This is because the term PML is ambiguous. It implies that there is

only one mixed layer in the Canada Basin but recent changes have caused

at least one other mixed layer to form. From 1993 through 2009, the SML

has shoaled, warmed and freshened. Based on data from ice island T-3
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Figure 1.2: The classical (first defined by Coachman and Barnes (1961))
and new water masses observed in the Canada Basin. Both a) observed
temperature and b) salinity are shown. Note that the vertical axis is log
depth so that the surface features are exaggerated. The blue line and words
represent the classical water masses that are represented by data collected
at station 18 (76.4◦N, 151.3◦W) on September 2, 1993. The red line and
words are from data collected at station CB4 (76◦N, 150◦W) on August 29,
2006 and represent the new water masses that I defined in Chapter 2. Here,
PML stands for polar mixed layer, SML for surface mixed layer, NSTM for
the near-surface temperature maximum, rML for remnant of the previous
winter’s mixed layer, BSW for Bering Sea Water, PSW for Pacific Summer
Water, and PWW for Pacific Winter Water. This figure represents changes
observed at one station during the summers of 1993 and 2006. In Chapter
3, I detail similar changes that occurred throughout the Canada Basin from
1993-2009.
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(located in the northeast corner of the Canada Basin), collected from 1970-

1973, Morison and Smith (1981) found that the SML varied little seasonally

- the average SML depth was about 40 m in summer and 50 m in winter,

the SML temperature was at the freezing temperature in winter and about

0.5◦C warmer in summer, and the SML salinity varied from about 31.25 in

summer to 31.65 in winter. In October 1997, the SML depth was about

30 m, the salinity was about 27.5, and the temperature was at the freezing

temperature (Kadko 2000). During the summer of 2002, the SML depth in

the southern Canada Basin was 15-20 m with a temperature of -1.3◦C and

a salinity of 26 (McLaughlin et al. 2005). Based on year-round ITP data

from 2004 to 2009, Toole et al. (2010) found that the average summer SML

depth was 16 m and the average winter SML depth was 24 m. It is likely

that the summer SML depth is overestimated because ITPs do not sample

above 8 m depth. I suggest that the shoaling of the SML can be explained

by the rapid freshening of the surface waters, which formed a new halocline

(that I name the summer halocline in Chapter 2). The stratification of the

summer halocline is so strong that an eddy diffusivity of 13x10−4 m2s−1 in

summer (2x10−4 m2s−1 in winter) is needed to erode the summer halocline

and deepen the SML (Toole et al. 2010). This is 2-3 orders of magnitude

greater than the diffusivity of 1-3 x10−6 m2s−1 that has been estimated for

the Canada Basin (Chapter 3.6.3; Gargett 2003, Zhang and Steele 2007). In

addition, the location of the Beaufort Gyre had a impact on the depth of the

SML. Freshwater accumulates within the gyre (Proshutinsky et al. 2002),

thereby increasing the strength of the summer halocline, and I found that

the depth of the SML was about 10-15 m shallower at stations that were
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located inside the gyre than those that were outside of the gyre (Chapter

3.5).

The temperature maximum below the SML (Figure 1.2; grey line) was

not discussed in the literature until the 1990s. This temperature maximum

has been called the summer mixed layer water (Shimada et al. 2001) and I

chose to rename it the near-surface temperature maximum (NSTM) because

it normally lies at the base of the summer halocline and is therefore not in

a mixed layer (Chapter 2.4.1). According to the literature, the NSTM was

first observed in late July 1975 during the AIDJEX experiment. McPhee et

al. (1998) found that the winter mixed layer was near the freezing temper-

ature until the end of May 1975 and warmed steadily through summer so

that by mid-August a NSTM had formed that was 0.2◦C above the freezing

temperature at a depth of 25 m. A NSTM, with a temperature of 0.5◦C

above the freezing temperature, was also observed during the SHEBA ex-

periment in mid-October, 1997 at a depth of 30 m (Kadko 2000, Kadko and

Swart 04) and in early November, 1997 at a depth of 34 m (McPhee et al.

1998). In December 1997, Shimada et al. (2001) described a NSTM with

a temperature of about 0.6◦C above the freezing temperature at a depth

of 38 m in the western Canada Basin. From 1993-2007, I found that the

NSTM spread northwards such that by 2003, it was found throughout the

Canada Basin (Chapter 2.5.1). This change was the greatest north of 75◦N

and I found that from 2004 through 2007, the temperature of the NSTM

increased by an average of 0.13◦C per year (Chapter 2.5.1). The salinity of

the NSTM also freshened from 1993 through 2009 by as much as 4 salin-

ity units (Chapter 3.4.1). Similar to the SML, the NSTM was freshest at
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stations that were located inside the Beaufort Gyre.

The heat source that produces the NSTM has been debated. The AID-

JEX data showed the gradual evolution of the NSTM, from warmed summer

upper water in early summer to a trapped temperature maximum in late

summer as the colder winter mixed layer formed at the surface (McPhee et

al. 1998). Results from 7Be sampling (a radioactive nuclide with a short

half life (53 days) that is useful for studying seasonal processes) during

SHEBA in 1997 showed that the water within the NSTM formed during

that same summer, confirming that the NSTM formation mechanism is sea-

sonal (Kadko 2000). Thus, it has been suggested that the source of heat in

the NSTM is the penetration of solar radiation through leads during sum-

mer (Maykut and McPhee 1995, McPhee et al. 1998, Kadko 2000, Kadko

and Swart 04). McPhee et al. (1998) suggested that the warm, low salinity

water in the NSTM was associated with sea ice melt, whereas Macdonald

et al. (2002), based on data collected in 1997, used oxygen isotopes to show

that the warm, low salinity water was due to influx of Mackenzie River

water. The presence of Mackenzie River water in the basin is anomalous be-

cause the dominant eastward wind direction normally pushes these waters

towards the archipelago (McLaughlin et al. 2006). Shimada et al. (2001)

also noted that baroclinic flow would advect near-surface waters around the

perimeter of the Beaufort Gyre so that the NSTM is not necessarily formed

by local processes. For stations that were located within the Canada Basin

(and thus far removed from coastal processes), I found that the NSTM is

formed in mid-June to mid-July when sufficient solar radiation penetrates

through leads and melt ponds to warm the near-surface waters (Chapter
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2). The summer halocline then forms a few weeks later when enough sea

ice has melted to stratify the near-surface waters. The summer halocline

prevents mixing and entrainment of the NSTM into the SML, essentially

trapping solar radiation below the SML. The NSTM became a year-round

feature in the winter of 2007-2008 so solar radiation is now stored through-

out the year in the Canada Basin. The storage of the NSTM is also enabled

by downwelling, which causes the NSTM and summer halocline to descend

by as much as 29 m during the winter, thereby further protecting these

features from surface mixing processes such as sea ice formation and wind

stress. Thus, the summer halocline traps solar radiation as the NSTM in the

Canada Basin where the heat can either be used to melt ice if the summer

halocline erodes or to amplify the temperature of the following summer’s

NSTM if it is stored year-round.

Below the NSTM is a cold mixed layer that I call the remnant of the pre-

vious winter’s mixed layer (rML). I was the first person to identify this layer

(Chapter 2) and to describe how it has changed in recent years (Chapter

3). The rML is the temperature minimum directly below the NSTM (grey

line, Figure 1.2), which implies that the presence of the rML is dependent

on presence of the NSTM. I suggest that as the NSTM forms each summer,

there is a part of the previous winter’s SML that is too deep to be warmed

by solar radiation. This cold water should have the same properties as the

previous winter’s SML (i.e. the temperature should be near the freezing

temperature and it should have a uniform salinity). In essence, the annual

formation of the NSTM traps a remnant of the previous winter’s mixed

layer below it that forms a separate temperature minimum. The depth of
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the rML is about 35-45 m in summer (Chapter 3.5) and, similar to the

NSTM, deepens in winter from Ekman pumping (Chapter 2.4.3). Since the

rML is trapped below the NSTM and summer halocline, it is unlikely that

it will be ventilated by the newly-formed SML. During my study period,

I found that, similar to the SML and NSTM, the rML warmed (by about

0.5◦C) and freshened (by about 2 salinity units) (Chapter 3.4.1). Using a

1-D vertical model of heat diffusion, I found that the warming of the rML

can be largely explained by the diffusion (with a value of 3x10−6 m2s−1) of

heat from both the NSTM and the temperature maximum below the rML

(Chapter 3.6.3). As the NSTM warmed, the rML also warmed because more

heat was diffused to the rML. Similar to the NSTM and SML, the rML was

fresher at stations that were located within the Beaufort Gyre (Chapter

3.5). It is likely then that the freshwater accumulated in the Canada Basin

can explain the freshening of the rML because the rML has been formed in

progressively fresher near-surface waters.

Much research has been done on the temperature maximum below the

rML that was originally called BSW. For my thesis, I called this feature

Pacific Summer Water (PSW) because it’s origin is the Pacific Ocean (not

just the Bering Sea) and it is modified in the Chukchi Sea during summer.

Pacific water entering the Arctic Ocean through Bering Strait has different

sources. The Bering Strait is separated into two channels by the Diomede

Islands (Woodgate et al. 2005b) that are too small to appear on Figure 1.1.

Flowing through the western channel is colder, saltier Anadyr water, while

warmer, fresher Alaskan coastal waters (ACW) are found in the eastern

channel, and the warmest, freshest Alaskan coastal current (ACC) hugs the
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eastern shelf (Coachman et al. 1975, Woodgate et al. 2005b). Of these wa-

ters, the source of the temperature maximum that I call PSW in the Canada

Basin is thought to largely be a combination of ACW and ACC (Shimada et

al. 2001, Steele et al. 2004) that primarily enters the basin through Barrow

Canyon (for example Münchow and Carmack 1997). By comparing mooring

data in the Bering Strait from 1992 through 2009 to summer CTD data

in the Canada Basin from 1993 through 2009, I found that the properties

of PSW in the basin are very well-correlated (i.e. R2 values greater than

0.8) with properties of ACW (Chapter 3.6.1), thus changes to PSW can be

explained by changes to ACW. Several recent papers have suggested that

some of the reduction of ice cover can be attributed to warming of PSW

(Shimada et al. 2001, 2006, Woodgate et al. 2010). Based on an assessment

of both ACW water in the Bering Strait and PSW in the Canada Basin,

I found no evidence that these waters were either warming or freshening

(Chapter 3.6.1). Indeed, it is likely that the strengthening of the summer

halocline (Chapter 2.5.2) combined with the deepening of PSW (Chapter

3.5) will further remove PSW from surface processes and the heat in PSW

will be less available to melt ice.

1.2 Suspended Particles in the Canada Basin

Predictions for how primary production will change as the Canada Basin be-

comes ice-free are varied. Some recent papers have postulated that primary

production will increase due to a longer growing season from reduced sea-ice

cover (Arrigo et al. 2008, Lavoie et al. 2010) and increased export of nutri-
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ents from increased river runoff, coastal erosion, and coastal upwelling that

could be advected into the basin (Carmack and Wassmann 2006, Dunton et

al. 2006). Conversely, other studies have suggested that primary production

will decrease due to increased near-surface stratification that reduces verti-

cal nutrient transport (Chapter 2.6.2, Tremblay et al. 2008, Cai et al. 2010),

the deepening of the subsurface chlorophyll maximum (Chapter 4.4.4) that

could be related to the deepening of nutrient-rich Pacific waters (Chapter

3.5), an observed shift in the phytoplankton species from larger cells to

smaller cells (Li et al. 2009), and the acidification of near-surface waters

(Yamamoto-Kawai et al. 2009b). In addition, it is predicted that subarctic

species are invading the Arctic Ocean, which could have profound effects

on the Arctic Ocean ecosystem and its primary production (Grebmeier et

al. 2006b). Thus, not even the direction of change - increased or decreased

primary production - is known.

The first estimates of organic biomass, which can indicate regions of high

primary production, in the Arctic Ocean were based on particulate organic

carbon (POC) samples. The first reported POC data from the Canada

Basin, collected in the spring of 1968 and 1969 at Ice Station T-3 ranged

from 2-14 µgC kg−1, with the highest values of both observed at 50 m

(Kinney et al. 1971). Similar values for POC were found in April 1983 along

the Alpha Ridge during the CESAR program (Gordon and Cranford 1985).

The above concentrations were among the lowest ever observed for an open

ocean system, and thus the Canada Basin was described as a biological

desert (Kinney et al. 1971, Gordon and Cranford 1985). In 1994, POC

samples were collected in summer during the joint Canada-US expedition
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from the Chukchi Sea to the North Pole and values in the upper 100 m

were about five times greater than previous estimates, suggesting that the

Canada Basin is seasonally productive (Wheeler et al. 1997) and actively

cycles carbon (Wheeler et al. 1996). Thus, early sampling of production in

the Canada Basin was both spatially and temporally sparse.

Transmissometer data, which is a measure of light attenuation, have been

collected along the eastern Beaufort shelf and the southern Canada Basin

since the mid-1980s and fluorometer data, a proxy for the concentration of

chlorophyll a, have been collected since the early 1990s. These sensors are

attached to the CTD so allow for the entire water column to be examined at

every station. Studies have shown that both the concentration of suspended

particulate matter (herein known as total suspended solids or TSS), which

includes both organic and inorganic particles, and the concentration of POC

can be estimated from transmissometer data (Bishop 1986, 1999). Previous

research has shown that the relationships between TSS and attenuation

and POC and attenuation are well-correlated in Puget Sound (Baker and

Lavelle 1984), along the continental rise of the northwest Atlantic (Gardner

et al. 1985), in the Gulf Stream (Bishop 1986), in the Laptev Sea near the

Lena River delta (Burenkov 1993), in the equatorial Pacific (Bishop 1999)

and in the subarctic Pacific (Bishop et al. 1999). Prior to my thesis, the

relationships between TSS and POC and attenuation in the Canada Basin

had not been examined. To account for spatial variability, I divided my

study area into 5 separate regions (the eastern Beaufort shelf, the western

Beaufort shelf, the eastern slope of the Northwind Ridge, the interior of

the Canada Basin and the eastern shelf of the Canada Basin) and found
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that TSS and attenuation were not well-correlated anywhere (Chapter 4.6).

In addition, the relationship between POC and attenuation was only well-

correlated along the eastern slope of the Northwind Ridge, in the interior of

the Canada Basin and along the eastern shelf of the Canada Basin (Chapter

4.6).

To date, there have been no known interannual studies of attenuation

or fluorescence data that could answer the question of whether production

has increased or decreased due to sea ice melt. I examined both attenuation

and fluorescence data that were collected during the summer cruises of 2003

through 2008 (Chapter 4.5). I found no obvious trend of increasing attenua-

tion and instead found some evidence that attenuation may have decreased

over my study period. In the interior of the Canada Basin, I found that

the depth of the chlorophyll maximum had deepened at a rate of 3.2 m per

year. The cause of this deepening and its impact on primary production is

an important area of future research.

1.3 Research Objectives and Layout of Chapters

My research objectives for my Ph.D. are:

1. To examine changes to the near-surface water masses in the Canada

Basin during a period of rapid warming and freshening that is linked to

human-induced climate change from 1993-2009. In particular, I will examine

changes to the NSTM and rML.

2. Using transmissometer data from 2003-2008, I will construct a base-

line of persistent regions with high attenuation throughout the Canada Basin
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and its surrounding shelves. I will correlate these high attenuation regions

with POC and TSS data from 2006 and 2007 to determine where the parti-

cles are primarily organic or inorganic. I will also examine the attenuation

data from 2003 to 2006 to determine if attenuation has changed during my

study period.

In chapter two I present the changes to the NSTM in the Canada Basin

from 1993 through 2007. In chapter three I examine how the warming and

freshening from sea ice melt changed the near-surface water mass structure

from 1993 through 2009. In chapter four I present suspended particle con-

centrations from bottle and optical data from 2003 through 2008. In chapter

5 I conclude and discuss how the near-surface waters in the Canada Basin

have changed during the reduction of sea ice cover from 1993 through 2009.
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Chapter 2

Identification,

Characterization and Change

of the Near-Surface

Temperature Maximum in

the Canada Basin,

1993-20081

2.1 Chapter Summary

Sea ice in the Canada Basin of the Arctic Ocean has decreased significantly in

recent years, and this will likely change the properties of the surface waters.

A near-surface temperature maximum (NSTM) at typical depths of 25-35 m

1
This chapter is published as ”Jackson, J. M., E. C. Carmack, F. A. McLaughlin, S. E.

Allen, and R. G. Ingram (2010), Identification, characterization, and change of the near-

surface temperature maximum in the Canada Basin, 1993-2008, Journal of Geophysical

Research, 115, C05021, doi:10.1029/2009JC005265.”
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has been previously described; however its formation mechanisms, seasonal

evolution and interannual variability have not been established. Based on

summertime CTD surveys and year-round Ice Tethered Profiler data from

2005-2008, I found that the NSTM forms when sufficient solar radiation

warms the upper ocean. A seasonal halocline forms in summer once enough

sea ice melt has accumulated to separate the surface mixed layer from the

NSTM. The surface mixed layer returns to the freezing temperature in fall

and the NSTM becomes trapped below the summer halocline, thereby stor-

ing heat from solar radiation. This heat can be stored year-round in the

Canada Basin if the halocline is strong enough to persist through winter. In

addition, energy from storm-driven mixing can weaken the summer halocline

and entrain the NSTM, thereby melting sea ice in winter. Throughout this

cycle, Ekman pumping within the convergent Beaufort Gyre acts to deepen

the NSTM. From 1993 through 2007, the NSTM warmed and expanded

northwards and both the NSTM and the summer halocline formed at suc-

cessively shallower depths. North of 75◦N, the temperature of the NSTM

increased from 2004-7 by 0.13◦C per year and the NSTM and summer halo-

cline shoaled by 2.1m/year and 1.7m/year, respectively from 1997-2007. The

formation and dynamics of the NSTM are manifestations of both the ice-

albedo feedback effect and changes to the freshwater cycle in the Canada

Basin.
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2.2 Introduction

Recent changes observed in the Arctic Ocean have been dramatic. The sea

ice cover has declined at a rate of ∼11% per decade from 1979-2007 and the

sea ice extent observed in September 2007 was 37% less than the climato-

logical average for the same period (Comiso et al. 2008). This decrease in

sea ice has led to an increase in the annual amount of solar energy absorbed

in the upper ocean, estimated by Perovich et al. (2007) to be 400 MJm−2

from 1992-2005 compared to 200 MJm−2 1979-1992. Steele et al. (2008)

calculated that this amount of heat would delay freeze-up by 13-71 days

and would prevent 56 - 75 cm of sea ice from forming during the following

winter in peripheral seas. Overall, the Chukchi and southwestern Beaufort

seas have experienced the greatest increase in absorbed solar radiation (Per-

ovich et al. 2007). The loss of sea ice has increased ice velocities and this has

increased the rate of Ekman convergence (downwelling) within the Beaufort

Gyre (Yang 2009). Despite these documented changes, very little is known

about how warming will affect the structure and properties of the upper

water column in the central basins of the Arctic Ocean, or how the upper

ocean will affect the sea ice cover (Serreze et al. 2007).

The upper 200 m of the Canada Basin in the western Arctic Ocean (Fig-

ure 2.1) is a complex layering of water masses (Figure 2.2). The upper 50 m

was historically described as the relatively fresh surface mixed layer with

temperatures near the freezing point (Coachman and Barnes 1961). Then,

based on data from AIDJEX from April 1975 - May 1976, a summertime

temperature maximum at a depth of ∼25 m was described in the Canada
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Basin (Maykut and McPhee 1995, McPhee et al. 1998). I call this feature

the near surface temperature maximum (NSTM) and observe that it lies

within the summer halocline - a seasonal feature that is the most stratified

part of the water column. Below the NSTM is a temperature minimum that

I suggest is the remnant of the previous winter’s mixed layer. There are also

several distinct water masses of Pacific origin in the upper 200 m. Below the

remnant of the winter mixed layer is a temperature maximum that is com-

posed of Pacific origin water that was modified in the Chukchi Sea during

summer, which Coachman and Barnes (1961) referred to as Pacific Summer

Water (PSW). PSW is typically warmer than -1.0◦C (Steele et al. 2004)

and has a salinity of ∼31-33 (Shimada et al. 2001, Steele et al. 2004). The

deepest Pacific origin feature is a temperature minimum found at a depth

of ∼150 m and at a salinity of ∼33.1. This water mass, which Coachman

and Barnes (1961) call Pacific Winter Water (PWW), is composed of Pacific

origin water that was modified in the Chukchi Sea during winter.

It is important here to make the distinction between the winter mixed

layer, which has near-uniform salinity and temperatures near the freez-

ing point, and the summer upper layers (the layers that occupy the upper

∼50 m), which are freshened by ice melt and river inputs and warmed by

solar radiation and are thus highly stratified. During AIDJEX, McPhee et

al. (1998) found that the winter mixed layer was near the freezing temper-

ature until the end of May 1975. By late July, the summer upper layer

had warmed to about 0.15◦C above the freezing temperature and by mid-

August a NSTM had formed that was 0.2◦C above the freezing temperature

at a depth of 25 m. A NSTM, with a temperature of 0.5◦C above the
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Figure 2.1: A map of the southern Canada Basin. The black lines represent
the bathymetry at 500m intervals, from 500m to 3500m. The black arrow
represents the approximate location of outflow from the Mackenzie River
although the actual path of modified river water depends on ice and wind
conditions.
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Figure 2.2: Water mass structure of the Canada Basin as characterized by a)
temperature, b) salinity and c) Brunt-Väisälä frequency profiles. Note the
depth axis is log scale. In summer, there are up to 3 temperature maximums
(the near-surface temperature maximum (NSTM), Pacific Summer Water
(PSW) and Atlantic water), 2 temperature minimums (the remnant of the
previous winter’s surface mixed layer and Pacific Winter Water (PWW)),
and 3 haloclines (the summer halocline, the winter halocline and the lower
halocline). The strongest stratification is associated with the NSTM. Profiles
are from a station located at 75◦ N, 150◦ W, occupied on August 29, 2006.

freezing temperature, was also observed during the SHEBA experiment in

mid-October, 1997 at a depth of 30 m (Kadko 2000, Kadko and Swart 04)

and in early November, 1997 at a depth of 34 m (McPhee et al. 1998). In

December 1997, Shimada et al. (2001) described a NSTM with a temper-

ature of about 0.6◦C above the freezing temperature at a depth of 38 m

in the western Canada Basin. Thus, a NSTM was observed from August

to December in the central and western Canada Basin with characteristic
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temperatures increasing from 0.2◦C to 0.6◦C above the freezing temperature

between 1975 and 1997.

The heat source that produces the NSTM has been debated. The AID-

JEX data showed the gradual evolution of the NSTM, from warmed summer

upper water in early summer to a trapped temperature maximum in late

summer as the colder winter mixed layer formed at the surface (McPhee et

al. 1998). Results from 7Be sampling (a radioactive nuclide with a short half

life (53 days) that is useful for studying seasonal processes) during SHEBA in

1997 showed that the water within the NSTM formed during that same sum-

mer, confirming that the NSTM formation mechanism is seasonal (Kadko

2000). It has then been suggested that the source of heat in the NSTM is

the penetration of solar radiation through leads during summer (Maykut

and McPhee 1995, McPhee et al. 1998, Kadko 2000, Kadko and Swart 04).

In addition to the increased temperature of the NSTM in 1997 compared

to 1975, the near surface water column was about 2 salinity units fresher.

McPhee et al. (1998) suggested that the warm, low salinity water in the

NSTM was associated with sea ice melt, whereas Macdonald et al. (2002)

used oxygen isotope data to show that the warm, low salinity water was

due to influx of Mackenzie River water. Shimada et al. (2001) also noted

that baroclinic flow would advect near-surface waters around the perimeter

of the Beaufort Gyre so that the NSTM is not necessarily formed by local

processes.

Given the reductions of sea ice cover during the past decade, which

have substantially altered the regional ice-water albedo ratio, I suggest that

the properties of the NSTM have continued to change since the late 1990s.
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In addition, I will show that the stronger near-surface stratification from

accelerated sea ice melt traps heat in the NSTM for longer periods of time,

thereby storing solar radiation in the Arctic Ocean as a result of the albedo-

feedback effect. Here, I will examine conductivity, temperature and depth

(CTD) sensor data from the Canada Basin sampled during the summers of

1993, 1997 and 2002-2007 to identify the characteristics and geographical

location of the NSTM and to determine whether its temperature warmed

during this time. Also, I will analyze CTD data collected year-round from

Ice-tethered profilers (ITP; Toole et al. 2006) deployed in the Canada Basin

from 2005-8 to investigate the distribution and seasonal evolution of the

NSTM. Based on these data, I will describe its mechanism of formation,

show its seasonal progression and then discuss its interannual and spatial

variability.

2.3 Data and Methods

2.3.1 Definition of the NSTM

The NSTM was observed each year and its depth, spatial distribution, and

temperature varied significantly. To compare the NSTM in space and time, I

first calculated the observed temperature of the NSTM relative to the freez-

ing temperature (Tf (S, p)), which is a function of salinity (S) and pressure

(p), for all ship-based and ITP CTD profiles as:

Tf (S, p) = −0.0575S+1.710523×10−3
S
3/2−2.154996×10−4

S
2−7.53×10−3

p

(2.1)
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where p is in decibars and Tf (S, p) fits measurements to an accuracy of

0.004◦C (Gill 1982). I then defined the NSTM as present if it met three

criteria - i) The NSTM was the temperature maximum that was nearest to

the surface and was above a temperature minimum that was at least 0.1◦C

colder than the NSTM. This criterion ensured that the NSTM was a dis-

tinct layer separate from the deeper temperature maxima; ii) The NSTM

was defined as having a salinity less than 31 to ensure that the temperature

maximum was not PSW; iii) The NSTM was defined as present when the

maximum temperature was at least 0.2◦C above the freezing temperature.

This temperature difference, though somewhat subjective, was chosen be-

cause it was the maximum temperature above freezing observed during the

AIDJEX in the summer of 1975 (McPhee et al. 1998), and thus serves as a

baseline for comparison.

2.3.2 Ice Tethered Profiler Data

Data from ITPs deployed in the Canada Basin provide year-round obser-

vations from the upper Canada Basin (Krishfield et al. 2008, Toole et al.

2006). Here, archived (level 3) CTD data were examined from ITP1, ITP6,

ITP8 and ITP18. The measurement error for both temperature and salinity

from level 3 data is estimated at 0.005 (Richard Krishfield, personal com-

munication). The locations and dates of deployment of these ITPs varied

through the study period (Table 2.1). Data collection commences at about

8 m and continues to 800 m with 1 m resolution. These data are biased to

waters that have a high ambient ice concentration and it is likely then that

the ITP data only show NSTMs formed in relatively ice-covered waters. In
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Table 2.1: Date range and location range for ITP1, ITP6, ITP8 and ITP18.
Temperature and salinity data from these ITPs were used to investigate the
seasonal progression of the NSTM.

ITP Date range of data collection Start Location End location
ITP1 Aug 16, 2005 - Aug 15, 2006 78.8◦ N, 150.1◦ W 77.2◦ N, 132.7◦ W
ITP6 Sept 5, 2006 - Aug 10, 2007 78.2◦ N, 140.1◦ W 74.8◦ N, 139.9◦ W
ITP8 Aug 12, 2007 - July 24, 2008 78.4◦ N, 153.8◦ W 79.1◦ N, 132.9◦ W
ITP18 Aug 17, 2007 - July 28, 2008 79.9◦ N, 140.1◦ W 75.3◦ N, 143.4◦ W

contrast, the ship-based CTD data gives a yearly snapshot of conditions at

pre-determined locations in various ice conditions during the summer, and

thus show NSTMs formed in a range of sea ice conditions. ITP data with

preliminary processing are available online at http://www.whoi.edu/itp. I

analyzed profiles on a 3 day interval and only examined profiles that started

at a minimum depth of 10 m.

2.3.3 CTD Data

Temperature and salinity CTD data were collected by researchers from Fish-

eries and Oceans Canada in collaboration with researchers from Woods Hole

Oceanographic Institution and the Japan Agency for Marine-Earth Science

and Technology in 1993, 1997, 2002-07 using instruments reported in Tables

2.3 and 2.3. In 2007, photosynthetically active radiation (PAR, 400-700nm)

data were collected at select stations with a biospherical PAR sensor that

was attached to the CTD.
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Table 2.2: Data collection dates and information on CTD used during each
cruise and from the ice tethered profilers.
Year Date range References
1993 Aug 3 - Sept 25 Macdonald et al. (1995b)
1997 Sept 24 - Oct 15 Macdonald et al. (2002)
2002 Aug 18 - Sept 5 Shimada et al. (2005)
2003 Aug 13 - Sept 3 McLaughlin et al. (2008)
2004 Aug 5 - 30 McLaughlin et al. (2008)
2005 Aug 3 - 31 McLaughlin et al. (2008)
2006 Aug 7 - Sept 12 McLaughlin et al. (2008)
2007 July 27 - Aug 28 McLaughlin et al. (2008)
2005-8 ITP - year round Krishfield et al. (2008)

Table 2.3: Data collection dates and information on CTD used during each
cruise and from the ice tethered profilers.
Year CTD make CTD model Temp precision (◦C)
1993 FSI CTD ICTD 0.002
1997 Neil Brown MkIII 0.002
2002 Seabird SBE-911 Plus 0.001
2003 Seabird SBE-911 Plus 0.001
2004 Seabird SBE-911 Plus 0.001
2005 Seabird SBE-911 Plus 0.001
2006 Seabird SBE-911 Plus 0.001
2007 Seabird SBE-911 Plus 0.001
2005-8 Seabird SBE-41-CP 0.002
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2.3.4 Sea Ice Data

Sea ice concentrations were obtained from the National Snow and Ice Data

Center (http://www.nsidc.org). I used the final data produced from the

Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and the

Defence Meteorological Satellite Program (DMSP) -F8, -F11 and -F13 Spe-

cial Sensor Microwave/Imager (SSM/I) radiances (Cavalieri et al. 2008) .

These data have a 25 km spatial resolution. Here, both daily and monthly

averaged data were used to determine the representative sea ice concentra-

tions during the ship-based CTD sampling. Monthly averaged data from

August were used except in 1997, when the later cruise meant that Septem-

ber data were more representative of conditions during the sampling period.

2.4 Results from ITP Data

ITP data give continuous, year-round conditions in the Arctic Ocean, but

only where sufficient sea ice persists to support the system. Here, I use

summer 2005 - summer 2008 ITP data to investigate the seasonal evolution

of the NSTM. Initial observations showed that the depth of the NSTM was

closely linked to the depth of a near-surface pycnocline, which I call the

summer halocline (Figure 2.2). Thus, the Brunt-Väisälä frequency (N) was

calculated as

N
2 =

−g

ρ

dρ

dz
(2.2)

to compare the strength of the stratification. For this equation, a value of

9.8 ms−2 was used for gravity (g), ρ represents the observed density and z is
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the vertical distance measured upwards. Once the Brunt-Väisälä frequency

was calculated, the depth of the maximum Brunt-Väisälä value was used to

represent the most stratified region of the water column.

Here, I describe the seasonal evolution of the summer halocline. The

summer halocline is formed when enough sea ice melt water is injected into

the ocean to stratify the near-surface waters, thereby becoming a barrier

between the fresh surface mixed layer and the saltier waters below. The

summer halocline continues to strengthen until either solar radiation weak-

ens and there is not enough heat in the surface waters to melt sea ice or until

all the ice has melted. At this time, the summer halocline stops forming and

is either entrained into the surface mixed layer if there is enough mixing from

air-sea and ice-water stress to break down the stratification or, if not, the

halocline remains intact below the descending surface mixed layer. At this

time, the summer halocline represents a remnant of the previous summer’s

stratification.

In the following evaluation of the annual progression of the NSTM based

on ITP data, I will call each summer halocline according to the year in which

it was formed. It is also important to note here that I neglect advective ef-

fects in the following section. While lateral advection is no doubt important

in the Canada Basin, I instead focus on the average seasonal evolution of

the NSTM. How advection, and in particular baroclinic advection, affects

the NSTM would be an important topic for future research.
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2.4.1 Seasonal Progression of the NSTM from ITP Data

From August 2005 to August 2006, ITP1 moved from the north-west to

the east part of the Canada Basin, within the range of 75-80◦N, 131-153◦W

(Figure 2.3). From at least mid-August through late-October 2005, a NSTM

was present in the salinity range of 28-30 and was generally deeper than

20 m. The water at 10 m reached the freezing temperature in early Octo-

ber, indicating the onset of freezing and the end of summer 2005 halocline

formation. The NSTM gradually cooled and deepened, with average tem-

peratures above the freezing temperature of 0.32◦C, 0.27◦C and 0.24◦C and

depths of 20 m, 24 m and 29 m in August, September and October, re-

spectively. During this period, the summer 2005 halocline (denoted by the

Brunt-Väisälä frequency maximum) was always above the NSTM, with an

average depth between the two features of 3 m (Figure 2.3b). From the

beginning of November, a NSTM was observed sporadically until mid-June.

During this period, the NSTM deepened to an average depth of 41 m yet

the temperature varied, with the warmest NSTMs observed at the begin-

ning of February and in early May. Higher temperatures coincided with the

most southwesterly location of ITP1. The NSTM first reappeared near the

surface in mid-July and persisted above 22 m through at least mid-August.

In comparison, the maximum Brunt-Väisälä frequency remained deep, be-

low 35 m, until mid-August, when the summer 2006 halocline formed at

12 m. It is interesting to note that while the summer 2006 halocline appears

to have formed intermittently in August 2006 (Figure 2.3b), the depth of

the maximum in Brunt-Väisälä frequency alternated between two stratified
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waters - the summer 2006 halocline and the deeper summer 2005 halocline.
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Figure 2.3: Results from ITP1. Figure a) is a contour plot of the observed
temperature above the freezing temperature from 10-80 m at ITP1. The
black lines indicate the salinity contours at 1 salinity unit intervals. Figure
b) is a comparison of the depth of the Brunt-Väisälä Frequency maximum
(blue line with blue exes that denote the sample dates) and the depth of
the NSTM (red dashed line with red dots that denote the sample date)
over the sample period. Figure c) shows the movement of ITP1 over the
sample period. Data from every 3 days were plotted from August 16, 2005
to August 15, 2006.

From September 2006 to August 2007, ITP6 moved south in the central

region of the Canada Basin, in the range of 74-79◦N, 136-145◦W (Figure

2.4). ITP6 was deployed later than other ITPs and the NSTM was already

deep at the beginning of September. The water at 8 m reached the freezing

temperature in late September. A progressively deepening NSTM was ob-

served consistently until the end of January and then sporadically until the

middle of April. Again, the NSTM cooled and deepened through fall, with
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average temperatures above the freezing temperature of 0.32◦C, 0.26◦C and

0.26◦C and depths of 26 m, 33 m, and 37 m in September, October and

November, respectively. The depth of the summer 2006 halocline was again

on average just 3 m shallower than the NSTM until the end of January and

there were no instances when the NSTM was above this stratified water.

A deeper temperature maximum that could be PSW was present through-

out the study period and was cooler and deeper until the end of January,

then became warmer and shallower as ITP6 moved south from May through

August. The NSTM first reappeared near the surface in mid-June and per-

sisted above 21 m until at least mid-August. The summer 2007 halocline

was first observed in mid-July at 11 m, however the most stratified water

was associated with the PSW so this feature is not evident in Figure 2.4b.

The warmest NSTM was 0.95◦C above the freezing temperature on August

8th at 18 m, more than two times the temperature of the NSTMs observed

by ITP1 in 2006.

From August 2007 to July 2008, ITP8 moved from the northwest to

the northeast region of the Canada Basin, within the range of 78-81◦N,

130-154◦W (Figure 2.5). In the summer of 2007, the NSTM was relatively

shallow until the end of August and the warmest NSTM was 0.73◦C above

the freezing temperature at 16 m on August 30th. The NSTM was observed,

for the first time, year-round from ITP8. The NSTM again cooled and

deepened through the fall, with average temperatures above the freezing

temperature of 0.57◦C, 0.49◦C and 0.49◦C and depths of 24 m, 31 m and

31 m in September, October and November, respectively. The depth of the

summer 2007 halocline was just above the NSTM, with an average difference
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Figure 2.4: As in Figure 2.3 but for ITP6 from September 5, 2006 to August
10, 2007. White regions in a) denote times when data were not available.
White region denotes time when data were not available.

of 4 m, until the beginning of February, when these features, with an average

difference of 10 m, became less correlated. The NSTM first reformed at the

end of June 2008, and the summer 2008 halocline formed in early July.

From August 2007 to July 2008, ITP18 followed the anticyclonic path

of sea ice in the Beaufort Gyre (Proshutinsky et al. 2002), within the range

of 74-79◦N, 131-145◦W (Figure 2.6). Overall, the near-surface water prop-

erties were different at ITP18 than other ITPs and three features were of

note. First, the NSTM was shallower throughout late summer to early fall

2007, and did not consistently descend below 20 m until late October. It is

interesting to note that the water at 8 m reached the freezing temperature

on October 9th, thus for almost 3 weeks ice was forming less than 20 m

above water that was up to 0.7◦C above the freezing temperature. Second,
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Figure 2.5: As in Figure 2.3 but for ITP8 from August 12, 2007 to July 28,
2008. White region denotes time when data were not available.

the NSTM was on average 6 m deeper than the summer 2007 halocline from

mid-August to the beginning of December, which was more than the 3 m

- 4 m difference observed from the other ITPs. Third, the depth of the

NSTM and summer 2007 halocline were much more variable from Decem-

ber through June than at the other ITPs. Some of the latter variability can

be explained by the movement of ITP18. At the end of December, ITP18

moved south, into a region which contained a warm, shallow NSTM below

the freshest observed surface water. From February to mid-March, ITP18

moved west, into a region with a deeper NSTM below relatively unstratified

water. In late March, near 145 ◦W, ITP18 again moved into a region with a

relatively shallow NSTM. The NSTM was then only seen intermittently from

mid-April through the end of May. Overall, there were multiple pycnoclines
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in the upper water column through this winter. Thus, my method of simply

choosing the maximum Brunt-Väisälä frequency to represent the summer

2007 halocline doesn’t distinguish between this and other regions stratified

by eddies and other water masses. Likewise, there were several instances, for

example in early March, where the NSTM may have merged with a deeper

temperature maximum that could be PSW, thus my analysis may have iden-

tified a NSTM when one was not present. I left these examples to show the

complex near-surface structure of the south-central Canada Basin in early

2008. The NSTM reformed in late-June and the summer 2008 halocline

formed in early July. Both these features were observed at a shallow depth

through the remainder of my study period.
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2.4.2 Changes to the Upper Ocean Heat Content

In the previous section, I found that i) The NSTM warmed form 2005-8, ii)

The NSTM was warmer at more southerly locations, and iii) The NSTM

was a year-round feature in the winter of 2007-8. This variability would be

expected to have a significant impact on heat stored in the upper waters of

the Canada Basin. To examine these changes, I calculated the heat content

(HC) relative to the freezing temperature above PWW. HC was calculated

as:

HC = ρoCp

�
(T − Tf )(S, P )dz (2.3)

where ρo, the reference density, was 1027 kgm−3, Cp, the specific heat of

seawater, was 3986 J◦C−1kg−1, and (T − Tf )(S, P ) was the temperature

relative to the freezing temperature interpolated in 1 m intervals. The base

of the initial calculation was chosen to be PWW since this is a relatively

consistent feature whose presence can be approximated based on tempera-

ture and salinity profiles. My initial findings suggested that the depth of

PWW varied considerably from about ∼130 m in 2005 to ∼190 m in 2008.

To correct for this, I calculated the average heat content per meter instead

of the total heat content above PWW. Also, the initial examination found

that changes to the heat content of the NSTM were often dwarfed by vari-

ations in the temperature maxima below the remnant of the winter mixed

layer (rML, temperature minimum below the NSTM). Thus, to highlight

near-surface changes, I separated the water column into two different layers

and calculated the average heat content per meter in each layer. The first
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layer was from 10 m to the rML (Figure 2.7a) and the second layer was

from rML to PWW (Figure 2.7b). There were a few instances when no rML

was present, for example in May 2007 from ITP6. In these cases, I instead

plotted the average heat content from PWW to 10 m in Figure 2.7b.
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Figure 2.7: The average heat content per meter (inMJm
−3) for two different

layers. The first layer a) is between 10 m the temperature minimum below
the NSTM that I call the remnant winter mixed layer (rML). The second b)
is between the rML and Pacific Winter Water (PWW). Here I calculated the
heat content relative to the freezing temperature. If no rML was present,
the average heat content for Figure 2.7b was calculated from PWW to 10 m.
A 9 day centered running mean was applied to the average heat content in
both figures to smooth the data.
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An important difference between the upper and lower layers was that,

with the exception of ITP18, the heat content in water above the rML had

a distinct seasonal cycle. This cycle showed that at ITP1, ITP6 and ITP8,

the heat content decreased around the end of October and was generally less

than 1 MJ m−3 until the beginning of June, when the heat content began to

increase. This closely matched the timing of the NSTM formation described

in Section 2.3.1. As previously discussed, near-surface observations from

ITP18 were different. In particular, while the average summer heat content

was similar at ITP6, ITP8 and ITP18 (∼ 1.5 - 3 MJ m−3), the average

winter heat content above the rML at ITP18 was greater than at other

ITPs, indicating that about 1 MJ m−3 more heat was being stored there

during the winter. Below the rML, about 2 - 3.5 MJ m−3 of heat were

stored year-round at all ITPs. I suggest that the amount of heat stored

here was dependent on both advective and vertical processes. Advective

processes would be the shelf to basin transport of modified Pacific water into

the Canada Basin and the circulation of the Beaufort Gyre while vertical

processes would be the quasi-perennial storage of heat below the rML that

is trapped by the summer halocline. Further investigation of the different

temperature maxima below the rML is needed to determine how these are

changing the structure of the upper ocean and how these may impact the

sea ice cover (more details in Chapter 3).

2.4.3 Ekman Pumping, Winter Storms and Advection

In this chapter, I propose that the seasonal progression of the NSTM is pri-

marily forced by the 1-D thermodynamics dominated by the annual cycle of
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solar radiation. However, it is evident from the variable depth and tempera-

ture of the NSTM, especially in fall, that other processes, including Ekman

pumping, winter storms, and advection, affect the behaviour of the NSTM.

To examine these processes, I plotted the average monthly downwelling rate

(based on calculations by Yang 2006) with the Brunt-Väisälä frequency and

the depth of the NSTM (Figure 2.8). The downwelling rates I used were

0.9 m month−1 for September, 3.6 m month−1 for October, 4.5 m month−1

for November and December, 3.6 m month−1 for January, 2.7 m month−1

for February, and 1.8 m month−1 for March through July. Based on ITP

observations, McPhee et al. (2009) estimated downwelling rates of 3.5 m

month−1 from September through May, indicating that an NSTM at 20 m

at the end of September would descend to 48 m by the end of May compared

to 44 m based on the values in Yang (2006).

Overall, the depth of the fall NSTM closely followed the average down-

welling rate at all ITPs. However, there were some instances when the fall

NSTM was deeper or shallower than can be explained by Ekman pumping

alone. Storm-driven vertical mixing can also cause the NSTM to deepen.

Based on buoy data analyzed from April 1996 - April 1997 in the Canada

Basin, Yang et al. (2004) found that winter and spring storms can cause ice

to move up to 40 cm s−1, thereby amplifying ice-ocean stress and deepening

the surface mixed layer to at least 45 m, even under full winter ice cover.

The average number of stormy days (defined as daily average geostrophic

winds above 15 m s−1) in the Canada Basin is 8-16 per year (Yang et al.

2004). In addition, since there is variable sea ice cover, sea ice melt, and

incoming solar radiation throughout the Canada Basin, the NSTM is not
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Figure 2.8: A comparison of the strength of the Brunt-Väisälä frequency
(s−2) between the four ITPs - a) ITP1, b) ITP6, c) ITP8, and d) ITP18.
Here, the black dots represent the depth of the NSTM and the white line
shows the average rate each month of downwelling from Ekman pumping as
calculated by Yang (2006). White regions denote times when no data were
available.

formed at a uniform depth. Thus, wind-driven advection of sea ice can cause

the ITP to drift into a region with either a shallower or deeper NSTM.

At ITP18, the NSTM was less correlated with the downwelling rate than

the other ITPs. For example, the decreased stratification observed in mid-

December 2007 was correlated with a very deep NSTM that was followed

3 days later by a very shallow NSTM located just below a near-surface

halocline. At the same time, the salinity decreased by about 0.5. It is

possible that this near-surface variability was due to mixing from a winter
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storm that caused sea ice to melt, freshen the upper waters, and form a near-

surface halocline. However, based on 6-hourly data from the NCEP/NCAR

reanalysis 1 (Kalnay et al. 1996), no major storms occurred near ITP18 in

mid-December. Thus, it is likely that ITP18 drifted across a front in mid-

December that separated saltier near-surface water with a deep NSTM from

fresher near-surface water with a shallow NSTM. Given the shallow depth

of the NSTM during the winter of 2007-8, it is possible that heat from the

NSTM could melt ice during winter if there was sufficient mixing to erode

the halocline and I suggest this is an important subject for future research.

2.5 Results from CTD Data

2.5.1 The Temperature and Location of the NSTM,

1993-2007

Ship-based CTD data provide an annual snapshot of conditions in the Canada

Basin in varying sea ice. Initial observations showed that the upper 8 m was

complex and there were often various peaks in the Brunt-Väisälä frequency

(not shown). This suggests that, unlike the smooth progression seen below

8 m in the ITP data, the summer halocline is formed over time near the

surface under variable summer atmospheric conditions (for example Over-

land 2009, Yang et al. 2004). In other words, summer snapshot sampling

emphasizes NSTM spatial variability, not the gradual NSTM and summer

halocline formation that is observed from ITP data.

Since I analyzed data collected from 1993, I can investigate how the

NSTM changed from 1993-2007 under increased sea ice melt (Perovich et
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al. 2008, McPhee et al. 2009, Yamamoto-Kawai et al. 2009a). To do this, I

first plotted the maximum temperature of the NSTM relative to the freez-

ing temperature (Figures 2.9 and 2.10) and several patterns emerged - i) the

highest temperatures were located to the south and at coastal stations; ii)

north of 75◦ N the NSTM was observed only sporadically until 2002, after

which it was seen in all northern samples, iii) the NSTM warmed through-

out the study period, with warmest offshore temperatures seen in 2007.

This warming of the NSTM appears to be correlated with decreased sea

ice concentrations, however, a linear regression of the NSTM temperature

with daily sea ice concentration at each station was inconclusive (not shown,

R2=0.18). The lack of correlation between these is likely caused by the poor

spatial resolution of both the CTD (∼100 km) and sea ice data (25 km).

Since I suggest that temperature of the NSTM is dependent on variations

in both time (the annual cycle of solar radiation and the gradual melting

of sea ice) and space (the latitude and the inconsistent sea ice cover), it is

unrealistic to expect that a snapshot of data on the order of 25-100 km will

correlate with these processes. However, a recent analysis by Yamamoto-

Kawai et al. (2009a) found that the proportion of sea ice melt in Canada

Basin freshwater (relative to the salinity 32.5) increased threefold from 2003

to 2007. Within the Canada Basin, the southeast region where they found

the greatest sea ice melt water in 2007 was also where I found the warmest

NSTMs (Figure 2.10), supporting my suggestion that the warming of the

NSTM is linked to sea ice melt.
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Figure 2.9: Temperature (relative to the freezing temperature) of the NSTM
from CTD data at all stations for 1993-2003 cruises. Contour lines represent
the monthly sea ice concentration (from the National Snow and Ice Data
Center’s final SMMR and DMSP SSM/I Passive Microwave data) labeled
in percent concentration. August sea ice data were used for 1993, 2002 and
2003 and September data were used for 1997. Black dots indicate stations
that were sampled where no NSTM was observed. Note that due to the
changing ice concentration, the contour colours are different among years.
Regions with no contour lines over water represent ice-free regions. The
temperature range varied each year: 0.20 - 10.98◦C in 1993; 0.25 - 4.28◦C
in 1997; 0.46 - 0.90◦C in 2002, and 0.23 - 4.35◦C in 2003.
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Figure 2.10: As in Figure 2.9 but for 2004-7. August sea ice data were used
for all years. The temperature range varied each year: 0.27 - 6.96◦C in 2004;
0.25 - 6.20◦C in 2005; 0.20 -11.79◦C in 2006; and 0.51 - 11.21◦C in 2007.
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To investigate the rate of change over my study period, the observed

temperature above the freezing temperature of the NSTM was averaged in

1◦ latitude ranges from 70◦ - 80◦N for each year (Figure 2.11). It was found

that south of 75◦N (Figure 2.11a), the temperature was more variable, with

the highest average temperatures at 70◦ - 71◦N in 2006 and 1993. This vari-

ability can be explained by the melting of multiyear ice that is periodically

transported by the Beaufort Gyre atmospheric circulation into the open wa-

ter at more southerly latitudes (Ogi and Wallace 2007, Yamamoto-Kawai

et al. 2009a) and by the advection of anomalies (such as river runoff) from

the shelves that is not accounted for in my 1-D analysis. North of 75◦N was

different, with the highest temperature at all latitudes observed in 2007 and

the temperature minimum observed in either 2003 or 2004 (Figure 2.11b).

I compared the rate of change from 2004 to 2007 for all latitude increments

north of 75◦N. It was found that the temperature of the NSTM increased

by an average of 0.18◦C per year at 75◦ - 76◦N, by 0.14◦C at 76◦ - 77◦N,

by 0.17◦C per year at 77◦ - 78◦N, and by 0.08◦C per year at 78◦ - 80◦ N.

Thus, north of 75◦N, the temperature of the NSTM increased by an average

of 0.13◦C per year from 2004 through 2007.
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Figure 2.11: The average observed temperature relative to the freezing tem-
perature of the NSTM within each latitude range for each year. Dashed
lines connect data points that were not sampled yearly. Standard errors
ranged from 0.1 - 1.6◦C for 70-71◦N; 0.1 - 3.0◦C for 71-72◦N; 0.1 - 1.0◦C
for 72-73◦N; 0.0 - 1.5◦C for 73-74◦N; 0.0 - 0.2◦C for 74-75◦N; 0.0 - 0.3◦C
for 75-76◦N; 0.0 - 0.1◦C for 76-77◦N; 0.0◦C for 77-78◦N; and 0.0 - 0.1◦C for
78-79◦N.
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2.5.2 How Increased Salt-Stratification has Changed the

NSTM from 1993-2007

In addition to the warming of the NSTM, changes to the stratification of

the near-surface waters were observed. To demonstrate these changes, I cal-

culated the average profile of Brunt-Väisälä frequency (Figure 2.12). Since

the most consistent temperature increase of the NSTM was found in the

northern Canada Basin, I chose to only include stations that were north of

75◦N and had a bottom depth greater than 3500 m in this calculation. From

these profiles, the following trends emerged - i) The most stratified region

of the water column was in the upper 40 m and this feature was associated

with the summer halocline formed from sea ice melt during all years except

2002 and 2003. In 2002, a temperature maximum that could be PSW was

found at a shallow depth so this stratified feature marked the transition

from surface mixed layer to the deeper temperature maximum. In 2003,

conditions were more variable and the surface mixed layer was often quite

deep so that the Brunt-Väisälä frequency maxima were sometimes associ-

ated with the transition from surface mixed layer to a deeper temperature

maximum; ii) The surface mixed layer became progressively shallower, from

a maximum of about 23 m in 1997 to virtually no surface mixed layer in

2007. To emphasize this point, I calculated the average depth of the NSTM

and the average depth of the maximum Brunt-Väisälä frequency (Table 2.4)

at the same deep, northern stations. Both features shoaled over time, from

maximum depths of about 33 m in 1997 to minimum depths of about 15 m

in 2007, for a shoaling rate of 2.1 m year−1 for the NSTM and 1.7 m year−1
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Table 2.4: Comparison of the average depth (with standard error) of the
NSTM and the average depth of the maximum Brunt-Väisälä frequency in
the northern Canada Basin during the summers of 1993, 1997, and 2002-07.
Here, only stations that were north of 75◦N and had a bottom depth greater
than 3500 m were used to calculate the average. For standard error, the
value of n was 3 in 1993, 2 in 1997, 3 in 2002, 12 in 2003, 13 in 2004, 11 in
2005, 13 in 2006 and 17 in 2007. In 2002, only one station had an NSTM
that was 1 m deep.
Year Depth of NSTM (m) Depth of maximum Brunt-Väisälä frequency (m)
1993 26.8±6 27.6±4
1997 35.0±1 33.0±1
2002 1 28.0±4
2003 16.6±3 33.5±4
2004 21.3±1 18.8±8
2005 18.2±3 17.4±3
2006 20.9±1 18.6±1
2007 13.6±2 16.3±4

for the summer halocline. The shallow NSTM may explain the dramatic

bottom melting of ice observed by Perovich et al. (2008) during the sum-

mer of 2007; iii) Another strongly stratified feature was prominent below

the summer halocline in all years except 1993 and 2002. This deeper fea-

ture was either the previous year’s summer halocline or was associated with

PSW and there was a relatively well-mixed layer between the two haloclines

in 1997 and 2004. The region between the two haloclines became more

stratified with time, so that by 2007 the entire upper 50 m was stratified.

Thus, I suggest that the warm, shallow NSTM observed through the winter

of 2007-8 from ITP data can be explained by the increased stratification of

the upper 50 m that prevented a deep surface mixed layer from forming in

winter.
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Figure 2.12: The average profile of the Brunt-Väisälä frequency in the north-
ern Canada Basin during the summers of 1993, 1997 and 2002-7. Here, only
stations that were north of 75◦N and had a bottom depth greater than
3500 m were used to calculate the average. The number of stations that fit
this criteria was 3 in 1993, 2 in 1997, 3 in 2002, 12 in 2003, 13 in 2004, 11
in 2005, 13 in 2006 and 17 in 2007.
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2.6 Discussion

2.6.1 Heat Source of the NSTM

To determine whether there was sufficient solar radiation entering the water

to warm the NSTM, I approximated the amount of incoming solar radiation

through sea ice and open water. I based these calculations on data from

station CB11b at 80◦N, 150◦W. On August 12, this station in the northern

Canada Basin had one of the highest concentrations of sea ice (55%) in

2007 and an NSTM that was 0.56◦C above the freezing temperature at a

depth of 21 m (Figure 2.13). It was sampled in the early morning, and,

based on transmissometer profiles (not shown), the water was very clear so

attenuation was minimal. In addition, CB11b was one of only a few stations

during the summer of 2007 cruise where PAR profiles were taken from which

I could calculate the extinction coefficient in the water column.

Since I found in section 2.3 that the NSTM begins forming around mid-

June, I need to determine the sea ice conditions in the 2 months before the

CTD and PAR profiles were taken. Based on daily sea ice data, I found

that the average sea ice concentration for these 2 months was 78%. If I

assume that the sea ice from June 12th through August 12th was melting

multiyear ice, I can use an albedo of 0.75 for the ice and 0.25 for the open

water (Light et al. 2008). Thus, based on the average daily incoming solar

radiation of ∼200 Wm−2 found by Maykut and McPhee (1995) during the

AIDJEX experiment in 1995, I find that 150 Wm−2 (i.e Of the 200 Wm−2,

25% is reflected) enters the ocean and 50 Wm−2 (i.e Of the 200 Wm−2, 75%

is reflected) enters the surface of the melting multiyear ice. Of the solar
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Figure 2.13: Profiles of a) PAR, b) observed temperature above the freezing
temperature and, c) salinity sampled at station CB11b (80.0◦N, 150.0◦W).
CB11b was sampled at 09h30 on August 12th, 2007.

radiation that enters the sea ice, about 9 Wm−2 (based on an extinction

coefficient for melting multiyear ice that is 0.753 m−1 (Light et al. 2008) and

an ice thickness of 2 m) would be transmitted to the ocean surface. Thus

given the proportions of sea ice and open water, an average of 42 Wm−2

enters the ocean from mid-June to mid-August at station CB11b. The

observed PAR profile (Figure 2.13a) at CB11b had an extinction coefficient

of 0.08 m−1 so the incoming solar radiation deposited at 21 m would be

0.6 Wm−3. To compare this to the observed temperature, I first calculate the

heat content at the NSTM as 2.3 MJm−3. Based on a continuous incoming
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value 0.6 Wm−3 and assuming that no heat was lost by vertical diffusion,

it would take 45 days to warm the NSTM to 0.56◦C above the freezing

temperature. Thus there is sufficient incoming solar radiation to form the

NSTM over two months.

2.6.2 The NSTM Under a Changing Climate

Based on my findings, I suggest that the NSTM is a manifestation of i) the

thermodynamic ice-albedo feedback effect, where decreased sea ice allows

more solar radiation to enter and warm the ocean, and ii) changes to the

ocean’s freshwater cycle, where increased freshwater input from sea ice melt

changes the buoyancy of the surface waters and traps solar radiation in the

ocean. As the Arctic Ocean continues to warm, I propose several altered

processes in the near surface waters.

• The year-round presence of the NSTM will modify the annual sea

ice cycle. Overland et al. (2008) showed that the melt date near the

North Pole was now on average one week earlier in the 2002-7 period

than in the 1937-88 period. An earlier melt date would likely mean

that both the NSTM and the summer halocline are formed sooner,

thereby forming a warmer NSTM because albedo is reduced earlier.

Conversely, the average freeze-up date has not changed, however, as

was seen from ITP18 in October 2007, a shallow NSTM can still persist

several weeks after sea ice begins forming. This suggests that heat from

the NSTM can be entrained into the surface mixed layer as it deepens,

thereby melting the underside of ice and reducing ice thickness. In
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addition, if there is enough mixing from winter storms, heat from the

NSTM will maintain thinner sea ice through winter, which would then

melt sooner in spring.

• Thinner ice will alter the effect of wind stress on sea ice. Shimada et al.

(2006) suggested that reduced internal ice stress from thinner sea ice

would increase ice drift and air-ocean coupling. In other words, thinner

sea ice moves faster, thereby transferring more stress into the ocean

than thicker sea ice. It would be expected then that with thinner sea

ice, both downwelling and storm-driven mixing would increase (Yang

2009) and the former would cause the NSTM to descend while the

latter would cause the summer halocline and NSTM to erode. Thus,

a weakening of internal ice stresses would activate two feedback mech-

anisms, one that would cause the heat associated with solar radiation

to be stored deeper in the ocean and the other that would bring the

heat associated with solar radiation closer to the surface.

• Increased near-surface stratification would decrease primary produc-

tion in the Canada Basin because it would constrain the yearly replen-

ishment by convection of nutrients in the surface mixed layer. If the

summer halocline becomes a persistent, year-round feature, as was ob-

served from ITP8 in 2008, it is probable that the near-surface waters

will be even more nutrient-limited because the summer halocline limits

interaction with the nutrient-rich modified Pacific waters. In addition,

amplified downwelling from thinner ice would be expected to cause the

Pacific waters to descend farther away from incoming solar radiation.
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Thus, I suggest that the new, more stratified Canada Basin will be

less productive.

2.7 Conclusions

The near-surface temperature maximum (NSTM) in the Canada Basin of

the Arctic Ocean was examined year-round from 2005-8 and during the

summers of 1993, 1997 and 2002-7. Based on the year-round ITP data, I

determined the seasonal evolution of the NSTM. The NSTM is first formed

from mid-June to mid-July when sufficient solar radiation enters the up-

per ocean through leads and melt ponds to warm the near-surface waters.

The accumulation of sea ice melt from the warmed surface waters forms a

near-surface summer halocline below the surface mixed layer. This feature,

which first forms between the beginning of June and mid-August, prevents

the NSTM from eroding, thereby storing solar radiation. The summer halo-

cline continues to form and the NSTM continues to warm until there is

insufficient incoming solar radiation to melt ice. This occurs near the end

of September, when sea ice begins to form and the NSTM and the summer

halocline become the stored residual of the previous summer’s solar radiation

and sea ice melt, respectively. The summer halocline continues to trap the

NSTM until penetrative convection from brine rejection and air-ocean and

ice-ocean stresses deepen the surface mixed layer. Throughout this cycle,

Ekman pumping within the convergent Beaufort Gyre acts to deepen the

NSTM. The erosion of the summer halocline did not occur at the same time

each year and the NSTM was even a perennial feature during the winter of
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2007-2008. Processes such as storm-driven mixing and advection alter the

properties of the summer halocline and the NSTM and would be interesting

areas of future research.

My examination of ship-based data from the summer of 1993, 1997

and 2002-2007 showed that although the temperature of the NSTMs were

warmest and most variable south of 75◦N, the temperature of the NSTM

in the Canada Basin increased more uniformly north of 75◦N at a rate of

0.13 ◦C per year since 2004. In addition, while the strength of the strati-

fication north of 75◦N did not increase since 1993, the depth of the water

column over which there was strong stratification increased so that by 2007,

the upper 50 m was strongly stratified. This caused both the depth of the

NSTM and the depth of the summer halocline to shoal since 1997 at a rate

of 2.1 m per year and 1.7 m per year, respectively. These changes can be

attributed to increased sea ice melt during the same years. To verify that

enough solar radiation could enter the ocean to form the NSTM, I approxi-

mated (based on average sea ice concentration and estimated radiation flux

through ice and water) the amount of solar radiation at a station in the

northern Canada Basin from mid-June through mid-August 2007. It was

found that it would take about 45 days to warm the NSTM to the observed

temperature.

In summary, my analyses suggests that the NSTM is a ubiquitous feature

in the Canada Basin which influences stratification of the upper ocean and

may be related to the rapid sea ice decline. The dynamics of the NSTM

should be considered when modelling climate change in the Arctic.
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Chapter 3

Changes to the near-surface

waters in the Canada Basin,

Arctic Ocean from

1993-2009: Waters below the

NSTM

3.1 Chapter Summary

Decreased albedo and increased sea ice melt have changed the water mass

structure of the Canada Basin. From 1993-2009, the near-surface tempera-

ture maximum (NSTM) and remnant of the previous winter’s mixed layer

(rML) warmed by up to 1.5◦C and 0.5◦C and freshened by up to 4 and 2

salinity units, respectively. A vertical heat diffusion model shows that the

warming of the rML can be explained by heat diffusion from both the NSTM

above and PSW below. In years with a warmer NSTM, more heat was dif-

fused to the rML. The salinity of the rML was correlated with distance from
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the centre of the Beaufort Gyre; the rML was on average 1.9 salinity units

fresher at stations that were inside than outside the gyre. I suggest this is

because convergent Ekman drift and downwelling caused the freshened sur-

face water (from sea ice melt) to accumulate within the gyre. In addition,

the salinity range of Pacific Summer Water (PSW) - defined by its local

temperature maximum - freshened from about 30-32 in 1993 to about 28-

32 in 2008. Order of magnitude calculations suggest this freshening cannot

be explained by changes in the PSW source waters, changes in advection

of PSW within the Canada Basin, or salt diffusion from the PSW. Thus,

it is likely that the freshened rML widened the salinity range surrounding

PSW. Observations from 2009 were different, with the appearance of a third

temperature maximum from an as yet unknown source.

3.2 Introduction

Changes in the near-surface (here defined as the upper 100 m) waters of

the Canada Basin of the Arctic Ocean in recent years include the increased

annual absorption of solar radiation in the upper ocean (Perovich et al.

2007), the earlier onset of the melt season by about 7.3 days per decade

and the delay of freeze-up by about 6 days per decade over the past 30

years (Markus et al. 2009), and the freshening of the upper waters from

both increased river runoff and sea-ice melt (Yamamoto-Kawai et al. 2009a).

These changes can be partly explained by the rapid decrease of summer sea

ice (e.g. Stroeve et al. 2007). The increased accumulation of freshwater has

led to higher stratification and a shallower winter mixed layer (Toole et al.
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2010) that now traps summer solar radiation throughout winter (Chapter

2).

It is likely that the increased sea ice melt and absorption of solar radi-

ation will also affect the near-surface water mass structure. In the Canada

Basin, water masses have been typically defined as follows (Figure 3.1, 1993

curve). At the surface is a mixed layer that had a depth of 40-50 m based on

data collected from the 1890s through 1970s (Coachman and Barnes 1961,

Morison and Smith 1981). Year-round ice-tethered profile (ITP) data col-

lected from 2004-2008 showed that the surface mixed layer shoaled since the

1970s to an average summer depth of (at most) 16 m and a winter depth of

24 m (Toole et al. 2010). The base of the surface mixed layer is called the

summer halocline and is formed from sea ice melt diluting the layer above

(Chapter 2). Below the summer halocline is a feature called the near-surface

temperature maximum (NSTM). This NSTM is formed each summer by so-

lar radiation that is trapped by the summer halocline (Chapter 2). During

winter, the NSTM will either disappear if the summer halocline erodes from

winter mixing or is trapped year-round below the summer halocline if winter

mixing is weak. The temperature minimum below the NSTM is thought to

be the remnant of the previous winter’s local mixed layer (rML) (Chapter

2), and thus its temperature should be near the freezing point when formed

because the high arctic winter vertical mixing is likely due to brine rejec-

tion or surface freezing rather than mechanical mixing. The temperature

maximum below the rML has long been defined as water of Pacific origin

that is modified in the Chukchi and Bering Seas during summer (Coachman

and Barnes 1961). I call this second temperature maximum Pacific Summer
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Water (PSW). PSW is believed to come from the eastern Chukchi Sea (and

has also been called the eastern Chukchi Sea water or ECSW by Shimada

et al. 2001), waters that have previously been defined as Alaskan Coastal

Water (ACW) by Coachman et al. (1975). A major component of the ACW

is in the Alaskan Coastal Current (ACC) (Woodgate and Aagaard 2005), a

warm, fresh seasonal coastal current present in the Chukchi Sea in summer.

I call the halocline between the rML and PSW the winter halocline (Chapter

2). Finally, the temperature minimum below PSW is Pacific Winter Water

(PWW) and its source is Pacific water that is modified in the Chukchi and

Bering Seas during winter (Coachman and Barnes 1961).

The warming and freshening of the near-surface waters is affecting the

ecology of the Canada Basin. Recent studies have shown the deepening

of the subsurface chlorophyll maximum by about 18 m from 2003 to 2008

(Chapter 4) and a transition in foodweb structure from primarily nanoplank-

ton (2 - 20 µm diameter) to primarily picoplankton (<2 µm diameter) (Li

et al. 2009). Phytoplankton rely on nutrients that are transported into the

Canada Basin within modified Pacific waters (Jones and Anderson 1986),

thus changes to the Pacific waters would be expected to impact productivity.

In this paper, I use summer CTD data to examine changes to the near-

surface (0-100 m) water masses in the Canada Basin from 1993-2009. Section

3.3 discusses details of the data and of the 1-D vertical model used to esti-

mate heat diffusion. The data show warming and freshening of the NSTM

and rML and the freshening of the salinity range surrounding the PSW tem-

perature maximum; I examined the warming of the NSTM in Chapter 2. In

section 3.4, I discuss changes to the rML and PSW. In section 3.5, I investi-
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Figure 3.1: A comparison of temperature and salinity above Atlantic water
at station CB21 (74◦N, 140◦W). Samples were taken on 11 September, 1993
(blue line), 24 August, 2004 (green line), 8 September, 2006 (red line), 23
August, 2007 (cyan line), 14 August, 2008 (purple line), and 9 October,
2009 (mustard line). The coloured symbols mark the temperature maxi-
mum near-surface temperature maximum (NSTM; circle), the temperature
minimum remnant of the previous winter layer (rML; square) and tempera-
ture maximum that is likely Pacific summer water(PSW; diamond) for each
year. PSW is not indicated in 2006 because it appears as though cold water
intruded on the temperature maximum. While this appears to be similar in
2009, an examination of other stations found that three temperature max-
ima were ubiquitous in 2009 and an anomaly in 2006. The black solid line
represents the freezing temperature as a function of salinity and pressure
and the grey lines denote density (sigma-theta) at 2 unit intervals.
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gate the role of the Beaufort Gyre in changing water mass distribution and

properties. In section 3.6, I examine three different mechanisms that could

be changing the salinity range of PSW - viz., changes to the sources waters

of PSW, changes to the pathway and velocity of PSW, and changes to the

vertical diffusion of heat and salt in the waters surrounding PSW. These

mechanisms are examined in isolation but all could be acting together.

3.3 Data and Methods

3.3.1 Definition of the Near-Surface Water Masses

As in Chapter 2, I define the current NSTM as being present if:

• is the temperature maximum that is nearest to the surface and is at

least 0.1◦C warmer than the temperature minimum directly below (the

rML);

• has a salinity less than 31;

• has a maximum temperature that is at least 0.2◦C warmer than the

freezing temperature.

I then define the rML as the temperature minimum directly below the NSTM

that exists if it is at least 0.1◦C colder than the NSTM. Thus, by definition,

the NSTM cannot exist without the rML and vice-versa. If there appear

to be multiple temperature maxima and minima that fit these criteria (e.g.

the 2009 profile in figure 3.1) then the NSTM is the temperature maximum

nearest the surface and the rML is temperature minimum below the NSTM.
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The PSW is defined as the temperature maximum directly below the

rML that was at least 0.1◦C warmer than the rML. If no NSTM or rML

is present then PSW is the only temperature maximum in the near-surface

waters. This definition was consistent until 2009, when three near-surface

temperature maxima were observed. In 2009 I chose to define PSW as

the only temperature maximum that had a salinity greater than 31. The

definition of PSW in 2009 will be examined further in section 3.6.

3.3.2 CTD Data

I use CTD data collected by a collaboration of Fisheries and Oceans Canada,

the Japan Agency for Marine-Earth Science and Technology, and the Woods

Hole Oceanographic Institution during the summers of 1993 and 2002-2009

(details in McLaughlin et al. 2008) using a FSI CTD ICTD (1993) and a

Seabird SBE-911 Plus (2002-09). Cruises took place in late summer, specif-

ically

• 1993: 3 August - 25 September;

• 2002: 18 August - 5 September;

• 2003: 13 August - 3 September;

• 2004: 5-30 August;

• 2005: 3 - 31 August;

• 2006: 7 August - 12 September;

• 2007: 27 July - 28 August;
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• 2008: 23 July - 20 August;

• 2009: 20 September - 12 October.

3.3.3 Ice Tethered Profiler Data

I also use year-round archived (level 3) CTD data from the Ice Tethered

profiler (ITP) (http://www.whoi.edu/itp Toole et al. 2006, Krishfield et al.

2008) instrument number 8, which collected data from 12 August, 2007 - 24

July, 2008 in the northern Canada Basin. Uncertainties in the CTD data

are estimated at 0.005 salinity units and 0.005◦C (Krishfield et al. 2008).

Data collection commences at about 8 m and continues to 800 m with 1 m

resolution. It is important to note that these data are biased to waters

that have a high ambient ice concentration. Profiles from every 3 days were

examined and those that started deeper than 10 m were ignored.

3.3.4 Bering Strait Mooring Data

I also use time-series temperature and salinity data from the Bering Strait

from 2001-2009 (Woodgate et al. 2010) and references therein, http://psc.apl

.washington.edu/BeringStrait.html and NODC. Year-round moorings have

been deployed in the 2 channels of the strait and at a site just to the north

almost continuously since 1990 (not all moorings were deployed all years).

I use data from moorings in the eastern strait (site A2- centre of the strait,

sampling mostly ACW, and site A4 in the Alaskan Coastal Current) and

from the northern site (A3), believed to be a useful average of the total

flow through the strait (Woodgate et al. 2005b). The time series are from
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Figure 3.2: A bathymetric map of the location of Bering Strait moorings,
which are denoted by a blue x.

about 9 m from the seafloor thus do not measure the upper waters, which

in summer and fall are likely up to 2◦C warmer and 1 salinity unit fresher

(Woodgate et al. 2005a).

3.3.5 Sea Ice Data

Sea ice concentrations were obtained from the National Snow and Ice Data

Center (http://www.nsidc.org). I used the August averaged 25 km final data

produced from the Nimbus-7 Scanning Multichannel Microwave Radiome-

ter (SMMR) and the Defence Meteorological Satellite Program (DMSP) -F8,

-F11 and -F13 Special Sensor Microwave/Imager (SSM/I) radiances (Cava-
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lieri et al. 2008) for the years 1993 and 2002-07. Since -F13 was lost at the

end of 2007, for 2008 and 2009 I used the near-real-time 25 km DMSP SSM/I

daily polar gridded sea ice concentrations (Maslanik and Stroeve 1999) from

the -F17 satellite. I used sea ice concentrations from the middle of the cruise

- August 5, 2008 and October 1, 2009 - to estimate the sea ice conditions

since monthly averages are not available.

3.3.6 Model of Heat and Salt Diffusion

In section 3.6, I use a 1-D vertical diffusion model to study changes in tem-

perature and salinity in the upper 100 m of the Canada Basin. Although

vertical diffusion coefficients are small and often ignored in the Arctic (Gar-

gett 2003), the large temperature and salinity gradients in the near-surface

waters suggest the effect of diffusion might be significant. By central deriva-

tive finite difference, I solve

∂T

∂t
= κ

∂
2
T

∂z2
,
∂S

∂t
= κ

∂
2
S

∂z2
(3.1)

where t is time, T is temperature, S is salinity, z is depth and κ is the vertical

diffusivity (from both molecular and turbulent processes) for temperature

or salinity. Previous studies have found κ values of 1-3 x 10−6 m2s−1 in the

polar ocean below the mixed layer (Gargett 2003, Zhang and Steele 2007)

so two separate model experiments, one with a diffusivity of 1 x 10−6 m2s−1

and the other with a diffusivity 3 x 10−6 m2s−1 were run. This simple

model does not include advection, horizontal variability or mixing driven by

brine-rejection from sea-ice on freezing.
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The model was run for the upper 100 m for summer profiles from two

different stations - CB5 (75.3◦N, 153.3◦W; Figure 3.3b) near the southern

Northwind Ridge and CB21 (74◦N, 140◦W; Figure 3.3b) in the centre of

the basin. At the upper and lower boundaries, zero gradient boundary

conditions were used. The upper and lower boundaries were set to the

temperature or salinity that was one space step away (above or below) from

the boundary. The model used a vertical resolution of 0.25 m and a time

step of 50 minutes, both of which were sufficiently small that the solution

was independent of resolution. It was run for 1 year to estimate conditions

during the following year’s cruise.

3.4 Results: Changes to the Near-Surface Water

Masses, 1993-2009

3.4.1 The NSTM and rML

The CTD data showed dramatic changes to the near-surface properties from

1993 through 2009, e.g. at station CB21 in the central Canada Basin (Fig-

ure 3.1). Since 2004, the depth of the winter mixed layer has shoaled in the

central Canada Basin due to increased near-surface stratification (Chapter

2; Toole et al. 2010), which has resulted in the year-round storage of the

NSTM (Chapter 2). Since successive strongly-stratified NSTMs are formed

at progressively fresher salinities (Figure 3.1) that may then descend by

gyre-driven downwelling, I would expect to identify annual NSTM layers

stacked one on top of each other. If deep enough, these layers may be iso-
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lated from surface mixing - Toole et al. (2010) found the average winter

mixed layer depth from the summer 2004 through the summer 2009 was

24 m and I showed, based on all the ITP data available that almost without

exception, the NSTM was consistently deeper than 30 m in winter (Chapter

2). Data from ITP8 show how the NSTM could form successive stacking

layers (Figure 3.3). This was the first time that the NSTM was observed

year-round (Chapter 2) and the NSTM that formed during the summer of

2008 (salinity 28) was at least 1 salinity unit fresher than the 2007 NSTM

(salinity 29). Thus, unless there was diffusive mixing below the 2008 sum-

mer halocline, the 2007 NSTM should form a separate, denser layer below

the lighter 2008 NSTM. Separate stacked NSTM and rML layers were not

evident and instead, with the exception of 2009, both the NSTM and rML

warmed and freshened each summer together (Figure 3.1). It is only in 2009

that two temperature maxima and two temperature minima that could be

successively stacked NSTMs and rMLs were observed. I will now explore

the NSTM and rML from 1993 through 2009 to describe how these layers

are changing.

Both the NSTM and the rML warmed by about 1.5◦C and 0.5◦C, re-

spectively. To determine the spatial extent of the warming, the temperature

(Figure 3.4) at the rML was plotted during each summer in relation to the

sea ice concentration. To minimize shelf effects, only stations whose bot-

tom depth was greater than 2000 m were examined. Similar to the NSTM,

the rML warmed during my study period and it appeared that the warmer

rMLs were in regions with reduced sea ice. This warming is at first puzzling

because the temperature of the rML should be independent of sea ice con-
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Figure 3.3: Observations from ITP8, where data were collected from 12 Au-
gust, 2007 - 24 July, 2008. On the left in colour is the observed temperature
relative to the freezing temperature. The black lines indicate salinity con-
tours. On the right is the location of ITP8 over time. Stations CB5 (75.3◦N,
153.3◦W) and CB21 (74◦N, 140◦W) are denoted by black x.
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Figure 3.4: The temperature at the rML during the summer cruises of 1993
and 2002-9. To minimize coastal processes, only stations whose bottom
depth was greater than 2000 m were plotted. Black dots represent stations
where no rML was present. Contour lines estimate the sea ice concentration
during each cruise.

centration since it is formed in winter when the surface mixed layer is at the

freezing temperature. Modifications to the temperature of the rML will be

examined in section 3.6.3.

From 1993 through 2009, the NSTM and rML freshened by about 4

and 2 salinity units, respectively. The spatial extent of the freshening was

also plotted relative to sea ice concentration (Figure 3.5). The salinity trend

seemed to be more variable and less linked to ice conditions, with the freshest

rMLs observed in 2002-3 and 2006-9. The freshest rMLs appeared to be
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Figure 3.5: As in Figure 3.3 but for the salinity at each rML.

clustered at a slightly different location each summer, suggesting that the

salinity of the rML may be influenced by the location of the Beaufort Gyre.

The relationship between the salinity of the rML and the location of the

Beaufort Gyre will be examined in section 3.4.2.

From 2004-2008, the salinity range of the temperature maximum that

includes PSW was about 2 salinity units fresher (about 28-32) than the

salinity of 31-32 defined by Shimada et al. (2001) and Steele et al. (2004).

In 2009, two temperature maxima were observed below the NSTM, and the

source of the middle temperature maximum is unknown. It could be an

intrusion of warmer and fresher PSW or another water mass that formed

between the rML and PSW. Changes to PSW will be explored in Section
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3.6.

3.4.2 The Location of the Centre of the Beaufort Gyre

Several recent papers have discussed the importance of the Beaufort Gyre to

changes in the near-surface salinity of the Canada Basin and have identified

decreasing salinities within the gyre (e.g. Proshutinsky et al. 2009, McPhee

et al. 2009, Jahn et al. 2010a), so it is possible that the salinity of the rML

is affected by the location of the Beaufort Gyre. Anticyclonic gyres have

a bowl shape, with isohalines deeper in the centre and shallower at the

edge; thus, the location of the Beaufort Gyre can be identified by plotting

isohalines in the upper layer. The recent freshening (e.g. Proshutinsky et

al. 2009, Yamamoto-Kawai et al. 2009a, McPhee et al. 2009) has resulted

in the deepening of isohalines (discussed further in section 3.5), thus the

same isohalines could not be examined each year. Initial observations of the

Beaufort Gyre were based on contoured isopycnals across the Canada Basin

that showed the bowl shape of the gyre (not shown). These suggested that

the depth of the bottom of the gyre, which was estimated as the deepest

part of the bowl shape, was usually less than 50 m, so the isohaline that was

at 40 m in the centre of the gyre was plotted (Figure 3.6). The results were

not sensitive to this depth choice. This isohaline was 30 salinity units in

1993, 29.5 in 2002 and 2003, 29 in 2004 and 2005, 28.5 in 2006, 27.5 in 2007

and 2009 and 27 in 2008. The location of the Beaufort Gyre was variable

and appeared to be in the southeast Canada Basin in 2002 and 2004-6, in

the central Canada Basin in 1993, 2007 and 2008, in the northeast Canada

Basin in 2003, and in the southwest Canada Basin in 2009. The number of
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Table 3.1: The number of stations that were defined as inside the gyre,
outside the gyre and in the transition zone from 1993-2009.
Year Inside the gyre Outside the gyre In transition zone
1993 4 0 13
2002 5 0 2
2003 20 1 2
2004 8 9 8
2005 9 4 6
2006 13 2 7
2007 9 6 13
2008 6 9 17
2009 13 5 8

stations within each region are presented in Table 3.1.

The salinity of the rML appeared to be negatively correlated with the

local depth of the chosen isohaline, suggesting the rML was fresher inside

the Beaufort Gyre. To elucidate this relationship, the average salinity of the

rML was calculated for three different regions - i.) The inside of the Beaufort

Gyre, which was defined as the region where the depth of the chosen isohaline

was 25-40 m; ii.) The outside of the Beaufort Gyre, which was the region

where the depth of the chosen isohaline was 0-15 m; and iii.) The transition

zone between the inside and outside of the gyre, which was defined as the

region where the depth of the chosen isohaline was 16-24 m (Figure 3.7).

When calculating the average, only basin stations that had bottom depths

greater than 3000 m were included. The rML was on average 1.9 salinity

units fresher inside than outside the gyre, with the greatest difference (3.0

salinity units) in 2008 and the smallest difference (1.1 salinity units) in 2004.

Given these salinity differences, I suggest that the freshening of the rML can

be partially attributed to the location of the Beaufort Gyre. This is because
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Figure 3.6: The depth of a chosen isohaline to outline the location of the
Beaufort Gyre (details in text). This isohaline was 30 salinity units in 1993,
29.5 in 2002 and 2003, 29 in 2004 and 2005, 28.5 in 2006, 27.5 in 2007 and
2009 and 27 in 2008. Coloured circles represent stations that were inside
the Beaufort Gyre, triangles represent stations that were in the transition
zone, squares represent stations that were outside of the gyre and black
dots indicate stations that were sampled where the surface was saltier than
the chosen isohaline (and thus outside of the gyre). Black lines show the
bathymetry at 500 m intervals from 500 m to 3500 m.
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Figure 3.7: Average salinity with error bars of the rML for stations that
were within the Beaufort Gyre (blue line), outside of the Beaufort Gyre
(green line) and in the transition zone between the centre and edge of the
Beaufort Gyre (red line). The dashed line represents years when no samples
were taken.

the properties of the rML should reflect the surface salinity where it was

formed. If formed in the centre of the gyre, the rML should be fresher

than if it was formed outside the gyre. The effect of the Beaufort Gyre on

near-surface water masses will be explored in Section 3.5.
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3.5 Effect of the Beaufort Gyre on Changing

Water Mass Properties

To examine how the Beaufort Gyre influences water mass properties, the av-

erage temperature and salinity profiles for stations inside the Beaufort Gyre,

outside the Beaufort Gyre and within the transition zone during each sum-

mer cruise were calculated (Figures 3.8). These profiles showed that from

2003-2008, the NSTM, rML and PSW were coldest and saltiest outside of

the gyre and warmest and freshest inside the gyre. In addition, the tem-

perature maximum associated with PSW changed to encompass a greater

salinity range, from about 29.5-32 in 2004 to 28-32 in 2007. Data from 2009

were different - inside the gyre there were three temperature maxima (at

salinities 26.6, 29.5 and 31.5) and two temperature minima (at salinities

28.1 and 30.9), in the transition zone there were two temperature maxima

(at salinities 28.1 and 30.5) and one temperature minimum (at salinity 28.7),

and outside the gyre there was only one temperature maximum (at salinity

30.3) that extended over the salinity range of about 28-32.

The chlorophyll maximum deepened in the Canada Basin between 2003-

2008 (Chapter 4) and this could be linked to the deepening of the win-

ter halocline and nutrient-rich Pacific waters. The average depths of the

NSTM, rML and PSW relative to the location of the centre of the Beaufort

Gyre was calculated to determine if these water masses have deepened. The

NSTM ranged from about 1-35 m and did not appear to be influenced by

the location of the Beaufort Gyre (Figure 3.9a). The NSTM shoaled in all

regions and this trend was linear (2.9 m per year from 2004-2007) and sta-
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Figure 3.8: Average temperature-salinity plots for stations that were a)
inside the Beaufort Gyre, b) outside the Beaufort Gyre, and c) in the tran-
sition zone for 1993-2009. Only stations with bottom depths greater than
3000 m were used to calculate the average. The number of stations used to
calculate the average are presented in Table 3.1.
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tistically significant (p-value=0.002) only in the transition zone. The later

sampling in 2009 resulted in a deeper NSTM throughout the basin due to

downwelling and the winter deepening of the surface mixed layer. From

1993-2003, the average depth of the rML ranged from about 25-55 m but

was consistently 35-45 m from 2004-2009 when there was better spatial cov-

erage of the Canada Basin (Figure 3.9b). Similar to the NSTM, the depth

of the rML did not appear to be influenced by the location of the Beaufort

Gyre and unlike the NSTM, the rML had no statistically significant shoaling

trend (p-value from 2004-2009 ranged from 0.11 for stations in the transition

zone to 0.60 for stations inside the gyre). This suggests that changes to the

near-surface stratification in summer do not affect the depth of the rML.

Unlike the NSTM and rML, the depth of PSW appeared to be influenced

by the location of the Beaufort Gyre. The depth of PSW inside of the gyre

and in the transition zone appeared to deepen from 2002-2008 and 2002-

2009, respectively (Figure 3.9c). This deepening was statistically significant

(p-value = 0.01 for the relationship ZPSW = 5.186∗year −10340 m) only for

stations inside the gyre. Outside of the gyre, the depth of PSW was more

variable and was deepest in 2005 and 2008. In 2009, PSW inside the gyre

remained at the 2008 depth while PSW in the transition zone and outside

of the gyre shoaled by about 30 m.

The deepening of PSW inside the Beaufort Gyre and in the transition

zone from 2006-2008 could be related to interdecadal climate variability that

affects the circulation of the Beaufort Gyre. This interdecadal variability is

described by the Arctic Ocean Oscillation index (AOO) (Proshutinsky and

Johnson 1997). The AOO has two modes - a cyclonic regime where the
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Figure 3.9: A comparison of the average depth of the a) NSTM, b) rML and
c) PSW from inside of the gyre (blue line), outside of the gyre (green line)
and in the transition zone (red line) during the summers of 1993 to 2009.
The error bars represent the standard error for year, with the same sample
sizes that were noted in Figures 3.8-3.10 The dashed lines represent years
when no data were collected.
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Beaufort Gyre weakens and the Transpolar Drift strengthens and a anticy-

lonic regime where the Beaufort Gyre strengthens and the Transpolar Drift

weakens. During the anticyclonic regime more freshwater is stored in the

Beaufort Gyre that is largely released and exported through Fram Strait

during the cyclonic regime (Proshutinsky et al. 2002). The AOO was anti-

cyclonic from 1997-2008, with very high values for 2007 and 2008 (Overland

2009, Arndt et al. 2010), and switched to a cyclonic mode in 2009 (Arndt

et al. 2010). The strengthened anticyclonic winds in 2007 led to enhanced

Ekman pumping (downwelling) and increased freshwater storage within the

Beaufort Gyre (Proshutinsky et al. 2009). In addition, the sea ice concen-

tration (Figures 3.4 and 3.5) was lowest and the surface salinity (not shown)

was lowest in 2007 and 2008. I suggest that the strong downwelling and sea

ice melt led to increased freshwater storage inside the gyre from 2006-2008,

which freshened the NSTM and rML. The salinity of the NSTM and rML

should be similar to the summer salinity and winter salinity, respectively, at

the location that they were formed. Unless the source of PSW freshened,

which will be examined in Section 3.6.1, this increased freshwater would

likely accumulate in the gyre, causing PSW to enter the Canada Basin at a

deeper depth. PSW remained deeper in 2009 inside of the gyre but shoaled

in both the transition zone and outside of the gyre - the non-synchronized

depth of PSW could be a response to the switch to the cyclonic regime.
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3.6 Changes to Pacific Summer Water

In the previous section I showed that the NSTM and rML freshened and the

salinity range of PSW has also freshened from about 29.5-32 in 2004 to 28-32

in 2007. Has PSW itself freshened or have other waters merged with PSW

to change the properties of the temperature maximum? Here, I propose and

examine three possible mechanisms that could change these properties. The

first is that the source waters of PSW have freshened so that PSW enters

the Canada Basin along a lighter isopycnal. The second is that the velocity

and pathways of PSW entering into the Canada Basin have changed so that

the amount of PSW and the modification of PSW once in the Canada Basin

have changed. The third is that the diffusion of heat from PSW and the

NSTM and diffusion of salt in the more stratified basin have changed the

properties of the rML and have increased the salinity range surrounding the

temperature maximum of PSW.

3.6.1 Changes to the Source Waters of Pacific Summer

Water

There is significant interannual variability in the properties of the waters

entering the Arctic through the Bering Strait (Woodgate et al. 2006, 2010).

The source of PSW in the Canada Basin is thought to largely be a combi-

nation of ACW and ACC (Shimada et al. 2001, Steele et al. 2004) that pri-

marily enters the basin through Barrow Canyon (for example, see Münchow

and Carmack 1997, Weingartner et al. 1998, Woodgate et al. 2005a). Can I

relate changes in the basin to changes in the salinity of the inflow?
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I first examined the interannual variability of PSW in the Canada Basin.

Since the temperature of PSW is non-conservative, I chose to compare the

salinity at the temperature maximum. This temperature maximum was a

consistent feature (a Gaussian-like PSW temperature peak was observed in

201 out of 204 temperature profiles) so I simply found the salinity at the

highest PSW temperature. This salinity was plotted for all cruises (Figure

3.10) and the average salinity inside the gyre, outside the gyre and in the

transition zone was calculated (Figure 3.11). The salinity at the PSW tem-

perature maximum ranged from about 30.6 to 32.0. From 1993-2008, the

salinities were freshest inside the gyre (average 30.8 to 31.6) and saltiest

outside the gyre (average 31.1 to 31.9). Considerable interannual variabil-

ity was observed, with the freshest salinities throughout the basin in 2006

(31.0) and 2002 (31.1) and the saltiest in 1993 and 2005 (31.6). In addition,

the freshest salinities in 2006 were on the western side of the Canada Basin

near the Northwind Ridge. This is the same region where Shimada et al.

(2001) and Steele et al. (2004) observed the warmest PSW. Shimada et al.

(2006) suggested this is because the warmest pulse of PSW is transported

through Barrow Canyon at the same time that easterly winds become domi-

nant, thereby pushing the warm PSW toward the western Canada Basin. It

is thus likely that the region near the Northwind Ridge receives new PSW

each year.

To compare the source PSW to that in the Canada Basin, the monthly

average salinity and temperature were calculated from moorings A2, A3

and A4 and the data were smoothed with a three month running mean.

These were plotted with the salinity and temperature of PSW at CB5 near
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3.6. Changes to Pacific Summer Water

Figure 3.10: A comparison of the salinity at the PSW temperature maximum
from the 1993-2009 summer cruises. Coloured circles represent stations that
were inside the Beaufort Gyre, triangles represent stations that were in the
transition zone, and squares represent stations that were outside of the gyre.
Black lines show the bathymetry at 500 m intervals from 500 m to 3500 m.
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Figure 3.11: The average salinity at the temperature maximum of PSW
from 1993-2009. The average salinity was calculated for stations inside the
Beaufort Gyre (blue line), outside the gyre (green line), in the transition
zone (red line), and for the entire Canada Basin (black line). Only stations
that had a bottom depth greater than 3000 m were considered. The dashed
line indicates years when no data were collected.
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the southern Northwind Ridge (75.3◦N, 153.3◦W) during cruises 2002-09

to evaluate how they are related (Figure 3.12). From these data, I found

that: i) A2 and A4 are in the same salinity range as PSW at CB5 (A3 is

far saltier), however the timing of anomalous events (e.g. the 2004 fresh

anomaly at A4 and the 2006 fresh anomaly at CB5) did not match; ii)

the temperature at CB5 was much cooler than in the Bering Strait. This

suggests substantial heat loss during transit from the Bering Strait into the

Canada Basin that, as discussed by Woodgate et al. (2010), would affect

sea ice and atmospheric conditions in the Chukchi Sea, and; iii) while the

salinity of the PSW source waters vary interannually, there was no freshening

trend over my study period that could account for the fresher salinity range

surrounding PSW observed in the Canada Basin.

The joint examination of the mooring and CTD data allowed me to

explore two questions about the relationship between Bering Strait waters

and PSW - i) Is PSW at station CB5 most influenced by ACC, ACW or the

mixed water at mooring A3?; and ii) Can the transport time from Bering

Strait to station CB5 be estimated? To answer both questions, the average

salinity and temperature mooring data from the months where the water had

warm and fresh PSW properties (June through November) was calculated

and a linear regression was run between the seasonally averaged mooring

data and the summer data at CB5 (Figure 3.13). Data from the same

year couldn’t be compared as it would take time for water to travel from

Bering Strait to the Canada Basin. Woodgate et al. (2005b) found that it

takes several months for water to cross the Chukchi Sea from the Bering

Strait to Barrow Canyon and, given typical near-surface velocities in the
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Figure 3.12: A comparison of the salinity (top) and temperature (bottom)
at Bering Strait moorings A2, A3 and A4 with the salinity and temperature
from the PSW temperature maximum at station CB5 (75.3◦N, 153.3◦W) in
the western Canada Basin. The mooring data were averaged monthly and
smoothed with a 3 month running mean.
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Canada Basin of 1-5 cms−1 (Coachman and Barnes 1961, Jahn et al. 2010a),

it would take up to 1 year for water to reach CB5 from Barrow Canyon.

Thus, CB5 data were compared with Bering Strait data that were moved

forward by 1 year (Figure 3.13a and b) and no significant relationship was

found with a 1-year lag. A 2-year lag (i.e. 2002 Bering Strait data were

compared with 2004 CB5 data; Figures 3.13c and d) showed that both the

salinity (R2=0.99; SCB5 = 1.36 ∗ SA4 − 11) and temperature (R2=0.82;

TCB5 = 0.843∗TA4−3.71◦C) at CB5 were very well-correlated with the five

month averaged salinity and temperature at mooring A4. While only four

data points are shown, these relationships appear to be robust since both

temperature and salinity were well-correlated.

Based on these findings, several conclusions can be drawn. The first

is that during my study period, ACC (sampled at mooring A4) primarily

controlled the properties of PSW in the southwestern Canada Basin. The

second is that a transit time of 2 years from the Bering Strait to the south-

ern Northwind Ridge, at least during my study period, is reasonable. The

third is that, since the relationship between water at A4 and CB5 was so

consistent, there was little interannual variation in mixing of PSW between

the Bering Strait and CB5 during my study period. The fourth conclusion is

that ACC cooled and became saltier on its transit from A4 to CB5. An area

of future research would be to study how ACC is modified between A4 and

CB5 and the role that heat fluxes and the freeze-melt cycle (as discussed by

Woodgate et al. (2010)) and diffusion play altering the properties of ACC.

The fifth conclusion is that while there was no obvious warming or fresh-

ening trend, changing ACC may have a large impact on PSW at CB5. For
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Figure 3.13: Linear regression between the 5 month average (June through
November) from moorings A2, A3, and A4 (horizontal axes) and the PSW
properties at station CB5 (horizontal axes). Here I compared the data from
CB5 to data from the Bering Strait moorings that were collected 1 year
(Figures a and b) and 2 years (Figures c and d) before. Lines represent the
best fit between each different mooring and station CB5. Black line is the
1:1 ratio of the properties.

97



3.6. Changes to Pacific Summer Water

example, anomalously warm and fresh 2004 ACC waters caused the PSW

to warm by about 0.5◦C and freshen by about 0.5 salinity units from 2005

to 2006.

3.6.2 Changes to the Pathway and Velocity of Pacific

Summer Water

Almost half (0.3 Sv) of the 0.8 Sv Pacific water that crosses through Bering

Strait is thought to enter the Canada Basin through Barrow Canyon (Coach-

man and Barnes 1961, Shimada et al. 2001, Steele et al. 2004, Weingartner

et al. 2005, Shimada et al. 2006). Thus, changes in the transport through

Barrow Canyon could alter the properties of PSW within the basin. The

water flowing through Barrow Canyon, which is about 2-4 months down-

stream of Bering Strait (Woodgate et al. 2005b, Panteleev et al. 2010), is

warm enough and fresh enough to be PSW from the end of July through the

beginning of November (Aagaard and Roach 1990, Woodgate et al. 2005b).

Transport estimates through Barrow Canyon into the basin have ranged

from an annual average of 0.14 Sv (Woodgate et al. 2005b) to about 0.3 Sv

during summer and fall (Münchow and Carmack 1997, Nikolopoulos et al.

2009, Watanabe and Hasumi 2009). Münchow and Carmack (1997) found

that PSW will follow three pathways out of Barrow Canyon - one that travels

eastward along the shelf, one that travels eastward along the slope, and one

that turns north into the Canada Basin. It has been estimated that the east-

ward slope current, which Nikolopoulos et al. (2009) call the western Arctic

boundary current, transports about 0.13 Sv at a velocity of 5-10 cms−1 from

mid-August to the beginning of October (Nikolopoulos et al. 2009). Mecha-
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nisms that transport PSW from the boundary current out into the Canada

Basin are largely unknown, although it has been suggested that hydrody-

namic instabilities of the Barrow Canyon inflow and the slope current can

form basin-bound eddies (D’Asaro 1988, Pickart 2004, Nikolopoulos et al.

2009). Also, upwelling events (which are most prevalent in late fall Pickart

2004) could feasibly move waters from the slope current into the basin. The

fate of PSW that travels along the shelf is largely unknown but it is likely

its properties are modified in fall and winter as sea ice forms.

The velocity of PSW that flows northward from Barrow Canyon into

the Canada Basin has been estimated (based on 2 days in September 1993)

as 5-10 cms−1 (Münchow and Carmack 1997) although specific details of

this transport is unknown. Using a model, Watanabe and Hasumi (2009)

suggested that more PSW is transported into the Canada Basin in summer

when the sea ice concentration is reduced. They argue that reduced sea ice

accelerates flow through Barrow Canyon, thereby creating more instabilities

that form eddies that travel into the basin. Similarly, a simulation by Steele

et al. (2010) found that Pacific water traveled further into the Canada Basin

in 2007 than 2000-2006 and they suggest that the minimal 2007 sea ice cover

led to faster spreading of PSW. Despite these findings, the strong correlation

between mooring A4 and station CB5 suggest that how PSW is transported

through Barrow Canyon has little effect on its properties once in the Canada

Basin.

Based on a model of heat and salt diffusion (see Section 3.3.6 for de-

tails), PSW modification once in the gyre was examined. Once it leaves the

southern Northwind Ridge, PSW is thought to be transported as part of the
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anticyclonic Beaufort Gyre (Coachman and Barnes 1961, Steele et al. 2004).

Station CB21 is downstream of CB5 and was within the gyre for every year

of the study period (Figure 3.6) so the transport from CB5 to CB21 should

give an estimate of PSW modification from its ’new’ form (given the high

correlation between ACC water and PSW at CB5) once in the gyre. Heat

and salt diffusion (with two different diffusivities, κ = 1 x 10−6 m2s−1 and κ

= 3 x 10−6 m2s−1) was estimated for each summer cruise from station CB5

for 1 year and then compared to data from station CB21 sampled during

the following cruise (Figure 3.14). In general, the properties at CB21 were

quite similar to those at CB5 from one year earlier. For example, the cold

PSW observed at CB5 in 2004 was seen during the following summer cruise

at CB21. This suggests that it takes about 1 year to transport PSW from

the southern Northwind Ridge to the centre of the gyre. If PSW traveled

a straight path from CB5 to CB21, PSW would need to travel at a speed

of about 1 cms−1 to cover the 415 km between the two stations in 1 year.

This estimate is within the range of 1-5 cms−1 observed by Coachman and

Barnes (1961) and less than the 5 cms−1 found by Jahn et al. (2010a). Re-

sults shown in Figure 3.14 also suggest that a diffusivity of 1 x 10−6 m2s−1

gave the best estimate of heat loss from CB5 to CB21 between the annual

cruises.

Although several mechanisms have been proposed for changing the ve-

locity and pathway of PSW once it leaves the Chukchi Sea (the pathway of

PSW at the mouth of Barrow Canyon, the sea ice cover offshore of Barrow

Canyon, and the strength of the Beaufort Gyre), I found no evidence that

this happened during my study period. The high correlation of properties
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Figure 3.14: Temperature-salinity diagram of the upper 100 m for station
CB5 (75.3◦N, 153.3◦W, solid black line) and station CB21 (74◦N, 140◦W,
solid grey line) one year later. PSW travels from station CB5 to CB21 in
the anticyclonic Beaufort Gyre so heat and salt should diffuse from CB5
to CB21. The diffusion of heat and salt from station CB5 were estimated
from a 1-D vertical diffusion model calculated using a central derivative
finite difference. The model was run separately for 1 year with two different
diffusivities - 1x10−6 m2s−1 (solid blue line) and 3x10−6 m2s−1 (solid red
line).
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between mooring A4 in Bering Strait and station CB5 near the southern

Northwind Ridge suggests (for the years examined) that transport between

these regions did not change. In addition, although there was interannual

variability, changes to PSW between CB5 and station CB21 inside of the

gyre can partly be explained by vertical heat diffusion over ∼1 year, and

there was little evidence for systematic change in the velocity or pathway to

PSW during my study period. However, PSW appeared to propagate faster

from 2003 at CB5 to 2004 at CB21 and propagate slower from 2005 at CB5

to 2006 at CB21.

3.6.3 Heat Diffusion from the NSTM and PSW to the rML

In previous sections, I found that successive NSTMs appear to be merging

instead of stacking on top of each other (Figure 3.1), that the rML has

warmed and freshened (Figures 3.4 and 3.5), and that the salinity range

surrounding PSW freshened (Figures 3.8). These changes were greatest

at stations located within the Beaufort Gyre. Since more heat has been

stored below the summer halocline in recent years (Chapter 2), it is possible

that some changes could have been caused by the diffusion of heat and salt

between the NSTM, rML and PSW.

To estimate heat diffusion, a 1-D model of the heat equation was run

for 1 year (Figure 3.15). The model was run at station CB21 since this was

located within the gyre each year. This is different than the comparison

in section 3.6.2 because here I am interested in the change to the rML that

remains inside of the gyre whereas in section 3.6.2, I was interested in change

to PSW as it is advected into the gyre. In general, the temperature change
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was about double for the higher diffusivity (e.g PSW in 2004 lost about

0.25◦C with the lower diffusivity and 0.5◦C with the higher diffusivity).

The rML gained heat each year while the NSTM and PSW lost heat. It

was found that from 2002-05, the greatest heat loss was from PSW and the

greatest heat gain was at the rML. Beginning in 2006, heat loss from the

NSTM became equally important to that lost from PSW. My model shows

that some of the heat lost from the NSTM was gained in the surface mixed

layer, which suggests that even though Toole et al. (2010) found that a

much larger diffusivity is needed to completely erode the summer halocline,

small diffusion can bring some heat stored as the NSTM in contact with sea

ice. From the heat equation, I conclude that much of the warming of the

rML observed since 1993 can be attributed to heat diffusion from both the

NSTM and PSW, with more heat being contributed from the NSTM since

2006. These results also imply that a diffusivity of 3 x 10−6 m2s−1 explains

most of the heat gained by the rML over 1 year. This is because the rML

usually disappears during winter (Figure 3.3) and the higher diffusivity is

more realistic in smoothing out the rML. The disappearance of the rML is

likely from both heat diffusion and downwelling (the latter which thins the

rML and makes it more susceptible to mixing) and the higher diffusivity

accounts for both mechanisms.

Salt diffusion was also estimated for 1 year (Figure 3.16). In general, the

greatest changes were seen above and below the summer and winter halo-

clines, with salt lost below each halocline and gained above it. This implies

that in general, PSW became fresher, the rML became saltier (by up to 0.5

salinity units in 2002), the NSTM became fresher and the surface mixed
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Figure 3.15: An estimate of vertical heat diffusion at station CB21 (74◦N,
140◦W) for 1993 and 2002-09. Using a central derivative finite difference, the
heat equation was calculated in the upper 100 m for 1 year. Two experiments
were run, one where the diffusivity (κ) was 1.0 x 10−6 m2s−1 (solid black
line) and one where κ was 3.0 x 10−6 m2s−1 (solid grey line). The observed
temperature profile (dashed black line) was also plotted. The horizontal bar
graphs show where the temperature increased or decreased in 1 m increments
within the range -0.75◦C to 0.75◦C.
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Figure 3.16: As in Figure 3.15 but for salt diffusion. The salinity range of
the horizontal bar graphs is -1.5 to 1.5 salinity units.

layer became saltier. Thus, the freshening of the rML can not be explained

by salt diffusion. It is important to note that there were no dynamics in this

model to represent processes such as the freeze-melt cycle and wind mixing,

thus the upper boundary condition is likely erroneous and over-represents

salt diffusion. However, it is possible that some salt diffuses upwards to

weaken the summer halocline during winter.

From this simple model I can then conclude that the diffusion of heat

from PSW and the NSTM is likely what caused the rML to warm during my

study period. It is likely that the warming of the rML, first noticed in 2006

(Figures 3.1, 3.4 and 3.8) was linked to the warming of the NSTM that was
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caused by the increased absorption of solar radiation from sea ice melt. The

freshening of the rML was different and was likely caused by the freshening

of near-surface waters from sea ice melt and interannual changes to the

strength of the Beaufort Gyre. The accumulation of freshwater within the

Beaufort Gyre intensified the freshening and warming of the rML because it

was formed at fresher salinities and because the higher stratification trapped

more heat in the NSTM (Chapter 2) that can later diffuse to the rML. Since

there was no freshening trend of PSW entering the Canada Basin and since

the velocity and pathway of PSW seems not to have changed, I can conclude

that the freshening of the salinity range surrounding PSW was caused by the

freshening of the rML. The water mass structure from 2009 was different,

with 3 temperature maxima inside the basin. My model predicts that these

temperature maxima will diffuse into one temperature maximum by the

summer of 2010.

3.7 Discussion and Summary

The near-surface waters of the Canada Basin changed dramatically from

1993-2009. These changes include the warming and freshening of the rML

and the NSTM, the apparent freshening of the PSW temperature maximum,

and the appearance of a third temperature maximum and second temper-

ature minimum in 2009. I used CTD, mooring and sea ice concentration

data and a 1-D model of heat and salt diffusion to examine several possible

processes that could account for these changes.

A model of heat diffusion showed heat is diffused from the NSTM and
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PSW to warm the rML. Before 2006, most of the heat to warm the rML

was diffused from PSW. Since 2006, heat to warm the rML was diffused

from both the NSTM and PSW. Thus, the warming of the NSTM through

reduction of sea ice melt and the increased absorption of solar radiation

indirectly warmed the rML (estimated at 30-50 m in summer).

My results suggest that the salinity of the rML was associated with the

location of the Beaufort Gyre. It is likely that the location of the gyre can

be attributed to changes in surface winds (Overland 2009, Proshutinsky et

al. 2009), that are linked to the Arctic Ocean Oscillation (Proshutinsky and

Johnson 1997). It was found that the rML was on average 1.9 salinity units

fresher inside the gyre than outside of the gyre. Results from a vertical

model of salt diffusion showed that over 1 year, salt would likely diffuse

from below the winter halocline to the rML and from the NSTM to the

surface, so salt diffusion would actually increase the salinity of the rML.

Thus, I suggest that the freshening of the rML and NSTM is caused by a

combination of sea ice melt and the repositioning of the Beaufort Gyre.

Three different processes were examined to explain the freshening of

the salinity range surrounding PSW. The first theory was that the source

waters of PSW were freshening. To examine this, the properties at three

moorings in the Bering Strait were examined and no obvious freshening

trend was observed. The second theory was that the pathway and velocity

of PSW between Barrow Canyon and the Canada Basin had changed. There

are many uncertainties in this transport, however, the properties between

Bering Strait and station CB5 (near the southern Northwind Ridge) and

CB5 and station CB21 (in the southeastern Canada Basin) were similar
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and this suggests that there was little variation of PSW transport during

my study period. The third theory was that the diffusion of heat and salt

changed the properties of the rML, thereby appearing to widen the salinity

range surrounding PSW. My model showed that once in the basin, PSW

should be freshening because salt diffuses across the winter halocline from

PSW to the rML. The salt gradient between PSW and rML has increased

because the rML has freshened from sea ice melt. Thus, the widened salinity

range for PSW can be explained by the loss of salt by diffusion from PSW

to the freshened rML.

The near-surface waters in 2009 were different than other years because

there was an extra temperature maximum between PSW and the NSTM.

This extra feature was most prevalent within the gyre and I suggest it is

linked to downwelling. Yang (2009) found that downwelling rates increased

from 1979 to 2006 due to increased ice velocities. It is possible then that

freshwater penetrated deeper within the Beaufort Gyre in 2007-2009 as the

reduced sea ice cover lead to faster ice velocities. In addition, it was found

that the Beaufort Gyre was very strong in 2008 and weakened in 2009 (Arndt

et al. 2010). I found that PSW was deepest in 2008 at all stations and

remained deep in 2009 for only stations within the gyre. Thus, I suggest

that the increased downwelling for stations within the gyre in 2008 rapidly

deepened the 2008 NSTM and rML. The 2009 NSTM and rML formed above

the 2008 features so a third temperature maximum and second temperature

minimum were observed. My model predicts that diffusion through the

winter of 2009-2010 will cause the three temperature maxima to merge into

one temperature maximum that occupies the near-surface waters from the
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base of the surface mixed layer to PWW. A new NSTMwill then form in 2010

so that the summer temperature profile will again have two temperature

maxima.

The deepening of the nutrient-rich Pacific waters in the centre of the

Beaufort Gyre will likely alter the ecosystem. In Chapter 4, I will show that

the chlorophyll maximum deepened by 16 m from 2003 through 2008. This

deepening can be explained by either increased solar radiation (from de-

creased sea ice cover) that would support phytoplankton at deeper depths

or the deepening of the nutricline. Nutrient data from the same cruises

show that the nutricline is deepening (McLaughlin and Carmack, in prepa-

ration) and this trend can explain why the foodweb structure transitioned

to smaller picoplankton (Li et al. 2009) that require fewer nutrients (Agawin

et al. 2000). Picoplankton mainly support the microbial loop (Barber 2007)

that exports less carbon for grazing and burial than a nanoplankton-based

foodweb (Li et al. 2009). Thus, changes to the water mass structure of

the Canada Basin that are largely caused by sea ice melt also impact the

foodweb structure and the sequestration of carbon.

During my study period, the near-surface water masses went through a

period of dramatic transition - from a basin where the upper ∼40 m was

seasonally heated and cooled in 1993 to a basin where the NSTM became

stored year-round that then warmed the rML below, to a basin where in

the winter the NSTM, rML and PSW were merged into one temperature

maximum below a strongly stratified summer halocline. Is the merged tem-

perature maximum the new reality for the winter near-surface water masses

in the Canada Basin? If so then any erosion of the summer halocline will
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entrain a significant store of heat that can further melt sea ice. Or, is the

temperature maximum composed of merged water masses merely another

step during the transition of near-surface water masses in the Canada Basin?
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Chapter 4

Suspended Particles in the

Canada Basin from Optical

and Bottle Data, 2003-20082

4.1 Chapter Summary

It is expected that coastal erosion, upwelling, and increased river runoff

from Arctic warming will increase the concentration of suspended particles

in the Arctic Ocean. Here I analyze in situ transmissometer and fluorometer

data from the summers of 2003 through 2008 and bottle-derived particu-

late organic carbon (POC) and total suspended solids (TSS) measurements

sampled in the summers of 2006 and 2007 from the Canada Basin and sur-

rounding shelves. I divided my study area into five regions to account for

the significant spatial variability and found that the highest attenuation,

POC and TSS values were observed along the Beaufort shelf and the lowest

values were located along the eastern shelf of the Canada Basin. I then ex-

2
This paper is published as ”Jackson, J.M., S.E. Allen, E.C. Carmack, and F.A.

McLaughlin (2010), Suspended Particles in the Canada Basin from Optical and Bottle

Data, 2003-2008, Ocean Science, 6, 799-813.”
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plored the correlation of POC and TSS with beam attenuation coefficients to

assess the viability of estimating POC concentrations from archived trans-

missometer data. POC (but not TSS) and attenuation were well-correlated

over the Northwind Ridge, in the Canada Basin interior, and along the east-

ern shelf of the Canada Basin. From an interannual comparison, I found no

evidence of increasing attenuation from the summers of 2003 through 2008

and, although not statistically significant, it even appeared that attenua-

tion decreased over time in the upper 25 m of the Northwind Ridge and in

the 25-100 m layer (that includes the chlorophyll maximum) of the eastern

Beaufort shelf and within the Canada Basin. In the Canada Basin interior,

the subsurface chlorophyll maximum deepened at a rate of 3.2 m per year

from an average of 45 m in 2003 to 61 m in 2008, and this is likely linked to

the freshening of the near-surface waters.

4.2 Introduction

Climate change is predicted to increase upwelling, coastal erosion and river

runoff and these effects will likely increase suspended particle concentrations

in the Arctic Ocean and its surrounding continental shelves (Carmack et al.

2006). Particles supplied by these processes in the western Arctic Ocean

(see map in Figure 4.1) are primarily inorganic (Macdonald et al. 1998,

O’Brien et al. 2006). Suspended particles influence the near-surface optical

environment by scattering and absorbing sunlight, which may affect rates of

primary productivity.

Historical measurements of total suspended solids (TSS i.e. both inor-
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Figure 4.1: Bathymetric map of the stations where POC and TSS were
sampled in 2006 (blue circles) and 2007 (red triangles). Contoured depths
are labeled in meters at 500 m intervals. Small black circles (2006) and
triangles (2007) represent stations where the CTD and sensors were deployed
but no POC or TSS were sampled. This study area was separated into 5
regions over which the POC and TSS was averaged at each sampling level.
These are A) the eastern Beaufort shelf that includes the Mackenzie Trough,
B) the western Beaufort shelf that includes the Barrow Canyon, C) the
eastern Northwind Ridge slope, D) the interior of the Canada Basin, and
E) the eastern Canada Basin shelf between Banks Island and Prince Patrick
Island. Purple lines indicate stations used to make section plots for Figures
4.7-4.11.
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ganic and organic particles) and particulate organic carbon (POC) in the

western Arctic Ocean are limited. The first reported TSS and POC data

from the Canada Basin, collected in the spring of 1968 and 1969 at Ice

Station T-3, were 9-56 µgkg−1 and 2-14 µgC kg−1, respectively, with the

highest values of both observed at 50 m (Kinney et al. 1971). Similar val-

ues for POC were found in April 1983 along the Alpha Ridge during the

CESAR program (Gordon and Cranford 1985). The above concentrations

were among the lowest ever observed for an open ocean system, and thus the

Canada Basin was described as a biological desert (Kinney et al. 1971, Gor-

don and Cranford 1985). In 1994, POC samples were collected in summer

during the joint Canada-US expedition from the Chukchi Sea to the North

Pole and values in the upper 100 m were about five times greater than pre-

vious estimates, suggesting that the Canada Basin is seasonally productive

(Wheeler et al. 1997) and actively cycles carbon (Wheeler et al. 1996).

Several studies have examined the transport of particles from Arctic

shelves to the Canada Basin. During ice-island T3 from 1965-69, several

nepheloid layers were identified along the Northwind Ridge that likely trans-

ported particles into the deep Canada Basin (Hunkins et al. 1969). At the

surface, it has been found that particles in modified Mackenzie River runoff

(O’Brien et al. 2006, Lalande et al. 2009) and in Lena River runoff (Burenkov

1993, Lalande et al. 2009) can end up in the Canada Basin (Yamamoto-

Kawai et al. 2009a, Guay et al. 2009). Dirty sea ice can also release par-

ticles in situ if it melts (Darby 2003). During the 2002 Western Arctic

Shelf-Basin Interactions (SBI) summer cruise, several plumes of particles

at various depths below 50 m were identified that likely transported matter
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from the Chukchi and western Beaufort shelf into the Canada Basin (Ashjian

et al. 2005, Bates et al. 2005, Codispoti et al. 2005). Mechanisms to trans-

port this material include advection through Barrow Canyon (Ashjian et

al. 2005) and advection of eddies that are formed within the particle-rich

along-shelf boundary current (Pickart 2004, Ashjian et al. 2005, Mathis et

al. 2007).

Particle concentrations can also be approximated from transmissometer

(measures light attenuation) and fluorometer (approximates chlorophyll a)

data, both of which have been measured more extensively in the Canada

Basin and surrounding shelves than POC and TSS. It has been found that

POC and TSS are well correlated with attenuation in Puget Sound (Baker

and Lavelle 1984), along the continental rise of the northwest Atlantic (Gard-

ner et al. 1985), in the Gulf Stream (Bishop 1986), in the Laptev Sea near

the Lena River delta (Burenkov 1993), in the equatorial Pacific (Bishop

1999) and in the subarctic Pacific (Bishop et al. 1999). However, these

relationships have not been tested in the Canada Basin.

During the summers of 2003 through 2008, CTD, transmissometer and

fluorometer data were collected at stations in the Canada Basin and its

surrounding shelves. In addition, POC and TSS samples were taken during

the 2006 and 2007 cruises (Figure 4.1). Here, I examine these data to i)

identify regions of high attenuation, fluorescence, POC and TSS (section

4.3), to ii) examine the interannual variability of these data (section 4.4), and

to iii) determine the correlation between TSS and attenuation and POC and

attenuation (section 4.5). Developing a transmissometer-POC relationship

would be highly valuable to look at changing particle distributions.
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4.3 Data and Methods

4.3.1 CTD, Transmissometer and Fluorescence Data

For this study, researchers from Fisheries and Oceans Canada in collabora-

tion with researchers from the Japan Agency for Marine-Earth Science and

Technology and Woods Hole Oceanographic Institution collected temper-

ature, salinity, chlorophyll a fluorescence, and transmissometer data from

2003 to 2008 (details in McLaughlin et al. 2008). The 24 10 L Niskin bot-

tles and the sensors were deployed on the same rosette. During all years,

a SeaBird SBE-911 Plus CTD, a Wetlabs C-star transmissometer, and a

Seapoint fluorometer were used. The cruise dates were: 13 August - 3

September, 2003; 5-30 August, 2004; 3 - 31 August, 2005; 7 August - 12

September, 2006; 27 July - 28 August, 2007; and 23 July - 20 August, 2008.

Transmissometer data were collected at 662 nm. The transmissometer was

factory calibrated by a clean water reading test and a blocked path test.

The Seapoint fluorometer measured chlorophyll a and its excitation and

emission wavelengths were 470 nm and 685 nm, respectively. The fluorom-

eter is calibrated each year by comparison with bottle-derived chlorophyll a

samples.

An initial assessment of the transmissometer data revealed significant

drift (up to 2%) between years and even during the same cruise, likely due

to variable frequency of cleaning the optical window. In order to compare

all transmissometer data, I calibrated all profiles to station CB11, sampled

on 1 September, 2006 at 79◦N, 150◦W with a freshly calibrated Wetlabs

C-star transmissometer. To perform the calibration, I set the transmission
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at 2000 m at each station to 90.7% (the transmissometer value at CB11

at 2000 m in 2006). I then calculated the difference between the chosen

station and 90.7% and added that difference to the entire profile. A depth

of 2000 m was chosen because it was found to be the clearest water in the

Arctic Ocean when the bottom depth was greater than 3000 m (Hunkins et

al. 1969). For shallower stations, I averaged the calibration from the nearest

basin stations. A similar calibration was done for fluorescence data. Here,

the data were calibrated to the fluorometer value observed at 2000 m at

CB11 in 2006 (0.0347 µgL−1) and the basin profiles were calibrated based

on the difference between the value at CB11 and the value at each station

at 2000 m.

It has been shown that transmissometer output are affected by differ-

ences between the internal temperature of the transmissometer and the tem-

perature of the seawater, especially in cold, clear water (Bishop 1986). In

particular, Bishop (1986) found that a temperature difference of about 11◦C

amounts to 9-12 µgkg−1of total suspended solids in open oceans. UBC’s

Wetlabs C-star transmissometer, subjected to temperature stability tests,

had a maximum transmissometer error of 0.02% per degree Celsius differ-

ence, which is less than half of the 0.05% transmission error per degree

Celsius found by Bishop (1986). To further minimize these effects, the trans-

missometer was soaked at 5 m for 3 minutes before each cast.

To determine the amount of light that is attenuated due to both scatter-

ing and absorption of particles, I calculated the beam attenuation coefficient

(C) as C = −ln(Tr)/r where Tr was the observed transmissometer value

and r, the path length of the transmissometer, was 0.25 m (Bishop 1986).
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4.3.2 POC and TSS Data

In 2006 and 2007, POC samples were taken at 5 m and 20 m, at the fluorom-

eter maximum, at salinities 32.3, 32.6, 32.9, 33.1, 34.4, at the bottom and at

any interesting transmissometer features. Nineteen stations were sampled

in 2006 and 12 in 2007. Water was subsampled directly from 10 L Niskin

bottles into two pre-calibrated, acid cleaned 2 L Nalgene bottles. The spigot

was a few centimetres above the bottom of the Niskin bottles so, as found by

Gardner (1977), it is possible that some of the particles could have settled to

the bottom of the Niskin bottles before they were sampled. Onboard ship,

the 4 L samples were filtered onto 47 mm Advantec GF75 filters in 2006

and 25 mm Advantec GF75 filters in 2007 that had been pre-combusted at

500◦C for 4 hours. A vacuum pump whose pressure did not exceed 7 psi

(4.82 Ncm−2) was used during filtration. The filtration castles were rinsed

down with double-filtered MilliQ water just before the filtration was com-

plete. The filters were then placed in a labeled 50 mm glass Petri dish and

frozen at -20◦C. The filtration time and the volume of water filtered were

recorded and filtration was performed within 4 hours of sampling.

Once on shore, the POC filters were dried for 24 hours at 50◦C, HCl

fumed for 48 hours, then dried again at 50◦C for 24 hours, wrapped in

aluminum foil and pressed into pellets. The pellets were analyzed using a

Carlo Erba CN analyzer, located in the Department of Earth and Ocean

Sciences at UBC, to determine POC. Sulfanilamide and blank cups were

used as standards. Duplicates were taken at least once per cast in 2007

and the average standard deviation of the 10 duplicates was 6.3 µgCkg−1,
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which was 29% of the average 2007 POC value of 21.4 µgCkg−1. It should be

noted that 9 POC samples were destroyed during analysis in 2007, including

3 duplicates.

TSS samples were taken at 5 m, 20 m, at the fluorometer maximum

and at any interesting transmissometer feature in 2006. In 2007, samples

were taken at the same depths as the POC samples. In 2006, 16 stations

were sampled and in 2007, 12 stations were sampled. Water was subsam-

pled directly from 10 L Niskin bottles into two or three pre-calibrated acid

cleaned 2 L Nalgene bottles. Onboard ship, 4-6 L were filtered onto 47 mm

Poretics 0.4 µm polycarbonate nucleopore filters that had been acid cleaned,

rinsed with double-filtered MilliQ water, dried at 50◦C and pre-weighed to

0.001 mg. A vacuum pump that did not exceed 7 psi (4.82 Ncm−2) was

used during filtration. The filtration castles were rinsed down with double-

filtered MilliQ water just before the filtration was complete. The filters were

rinsed with 3% ammonium carbonate solution after filtration was complete,

placed in a labeled 50 mm plastic Petri dish, and frozen at -20◦C. The time

of filtration and the volume of water filtered were recorded and filtration

was performed within 4 hours of sampling.

Once on shore, the TSS samples were dried at 50◦C for 24 hours and then

weighed. The TSS concentration was equal to the final weight minus the

initial weight divided by the volume of water filtered. In 2006, the Satorius

LE225D scale used to pre-weigh the filters was not available and a Mettler

Toledo XP205 scale was used instead. By comparison of pre-weighed Petri

dishes, it was found that the Petri dishes weighed on average (with standard

deviation) 0.00057 (± 0.00009) g less on the new scale so 0.00057 g was added
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to the final weight of the filters. The Mettler Toledo XP205 scale was used

in 2007. Duplicates were taken at least once per cast in 2007 and the average

standard deviation of these 13 duplicates was 25.5 µgkg−1, which was 25%

of the average 2007 TSS value of 103 µgkg−1.

4.4 Results

An initial evaluation of the sensor and bottle data showed substantial spa-

tial variability, so I chose to divide the data into five different geographic

regions of the Canada Basin for analysis (Figure 4.1). These are i) the east-

ern Beaufort shelf, a shelf-slope region in the southeastern Canada Basin

with a bottom depth less than 3500 m that is influenced by outflow from

the Mackenzie River; ii) the western Beaufort shelf, a shelf-slope area with a

bottom depth less than 3500 m that includes Barrow Canyon; iii) the eastern

Northwind Ridge slope, a feature with depths from about 950-3500 m be-

tween the Northwind Abyssal Plain and the Canada Basin, iv) the Canada

Basin interior, with a bottom depth greater than 3500 m; and v) the east-

ern Canada Basin shelf, a shelf-slope area with a bottom depth less than

3500 m that lies between Banks and Prince Patrick Islands. Average profiles

of beam attenuation, fluorescence, POC and TSS within each region were

prepared for comparison (Figures 4.2-4.6).

4.4.1 The Eastern Beaufort Shelf

Overall, the highest TSS concentrations (maximum 1789 µgkg−1 in the sur-

face water in 2006) were observed in the eastern Beaufort shelf. The average
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profiles of beam attenuation (Figure 4.2) showed that the water was rela-

tively clear below about 250 m, with the most particle-rich water in the

upper 25 m. In this region, the highest attenuation, POC and TSS were

seen above 10 m in 2006. In 2007, the surface water also had high attenu-

ation but relatively low TSS and POC concentrations. It is likely that the

source of particles in this area was the Mackenzie River. Based on oxygen

isotopes and alkalinity, Yamamoto-Kawai et al. (2009a) found about dou-

ble the amount of Mackenzie water here in 2007 than 2006, which suggests

that the quantity of Mackenzie water itself is not a good indicator of TSS

or POC concentration. O’Brien et al. (2006) attribute much of the spatial

and temporal variability of suspended particles here to both the strength of

the Mackenzie plume during freshet and to variable wind transport, which

may cause either the resuspension of particles during north-westerly winds

or the erosion of coastlines during south-easterly winds. Proshutinsky et

al. (2009) found that the winds were more upwelling favourable in 2007 so

more coastal erosion would be expected that year. Thus, since neither the

resuspension of particles nor coastal erosion were greater in 2006, it is likely

that the higher surface particle concentrations observed were due to a higher

Mackenzie River particle load. Below the surface, attenuation was low in

2006 although a fluorescence and POC signal at about 50 m indicate the

ubiquitous deep chlorophyll maximum (Lee and Whitledge 2005, Nishino et

al. 2008, Martin et al. 2010). Both the near-surface and subsurface fluores-

cence maxima were deeper in 2007 than 2006. In general, the water column

had higher attenuation and TSS concentrations in 2006 than 2007.
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Figure 4.2: Average profiles of a) beam attenuation coefficient, b) fluores-
cence, c) POC, and d) TSS in the eastern Beaufort shelf region for 2006
(blue lines) and 2007 (red lines). The vertical axis is nonlinear (square root)
to emphasize the near-surface features. Only the upper 900 m are shown be-
cause there were no attenuation features or bottle samples below this depth.
The red and blue dashed lines represent the 95% confidence intervals for
2006 and 2007, respectively. For beam attenuation coefficient only, the 5 m
centred running mean is plotted to smooth the data. The blue circles and
red squares represent the average sampling depth for POC and TSS in 2006
and 2007, respectively.
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4.4.2 The Western Beaufort Shelf

The western Beaufort shelf had the highest observed POC concentrations of

the study area (Figure 4.3), with a maximum value of 192 µgCkg−1 at 5 m

over the shelf in 2006. This is similar to surface water values sampled at the

same location during the 2002 SBI project (Bates et al. 2005). In 2007, the

surface water also had high attenuation, however, POC was low and TSS was

high, which indicates that most of the particles were inorganic. Below the

surface, the western Beaufort shelf also had the most variable attenuation

profile of the regions sampled, with three main attenuation features above

1000 m in 2006 and five in 2007.

In 2006, the three features were i) A high POC, high fluorescence signal

at about 25 m that represents the chlorophyll maximum; ii) High attenu-

ation from about 75-100 m that had low POC; and iii) A high POC layer

from about 100-200 m that was observed in an eddy of cold Pacific winter

water (PWW, defined by a salinity of 33.1 as per Coachman and Barnes

1961). During the 2002 SBI project, Ashjian et al. (2005) found high con-

centrations of marine snow (up to about 20 µgCkg−1) within PWW at the

same location. I found similar POC concentrations of up to 29 µgCkg−1

within PWW. No TSS samples were taken in this layer in 2006. In 2007,

the five subsurface attenuation features were i) The high fluorescence, high

POC chlorophyll maximum from 30-50 m; ii) Near 100 m, there was non-

fluorescent water with a very high TSS concentration of 806 µgkg−1. This

feature was within Pacific Summer Water (salinity of 32.7) and, as described

by Pickart (2004), the sloping isohalines (not shown) indicate the eastward
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Figure 4.3: As in Figure 4.2 but for the western Beaufort shelf region. The
upper 1600 m are shown to include all attenuation features and bottle sam-
ples.

124



4.4. Results

flowing Beaufort shelfbreak jet. High concentrations can thus be explained

by shear-induced re-suspension of particles caused by the current; iii) A

POC (up to 46 µgCkg−1) and TSS (up to 180 µgkg−1) signal within PWW

that was likely marine snow; iv) An attenuation feature at about 400 m

within Atlantic water (salinity of 34.83). This feature was most apparent in

the shallow station (bottom depth of 500 m), thus it could be from particle

resuspension associated with a boundary current of Atlantic water; v) An

attenuation feature at about 1000 m. This water had a salinity of 34.88 and

the station had a bottom depth of 2000 m.

4.4.3 The Eastern Northwind Ridge Slope

The attenuation features on the eastern Northwind Ridge slope were all

above 100 m (Figure 4.4). In 2006, a non-fluorescent, low-POC feature was

observed at about 20 m that was not apparent in 2007. From the same 2006

cruise, I found a summer halocline at this depth (Chapter 2) and Yamamoto-

Kawai et al. (2009a) observed a relatively high fraction of sea ice melt at the

surface. Thus I suggest that the particles at 20 m were primarily inorganic

and were released from melting sea ice, then trapped within the strong

summer halocline that formed as the ice melted. The attenuation maximum

in this region had high-fluorescence, high POC, and was at a depth of about

50 m. This deep chlorophyll maximum had much higher fluorescence values

in 2006 than 2007, however the average POC (with 95% confidence interval)

was 64±22 µgCkg−1 in 2006 and 47±8 µgCkg−1 in 2007, so there was no

apparent statistical difference in POC concentrations.
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Figure 4.4: As in Figure 4.2 but for the eastern Northwind Ridge slope
region. The upper 1600 m are shown to include all attenuation features
and bottle samples.The value on the horizontal axis for beam attenuation
coefficient is about half of the value in Figures 4.2a and 4.3a.
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4.4.4 The Interior of the Canada Basin

Similar to the Northwind Ridge, the main attenuation features in the Basin

region were observed in the near-surface waters (Figure 4.5). An non-

fluorescent attenuation feature that had relatively high POC was observed

at the surface in 2006 and at about 10 m in 2007. There was considerable

sea ice melt during my sampling in both years, thus the particles observed

in the upper 10 m could have been recently deposited from the melting ice

and trapped in the surface summer halocline. The relationship between

these particles and stratification is explored in Appendix A. The highest

attenuation was the deep chlorophyll maximum at about 50 m. Similar to

the Northwind Ridge, fluorescence (but not POC) was greater in 2006 than

2007. The average POC concentrations (with 95% confidence intervals) were

31±11 µgCkg−1 in 2006 and 27±4 µgCkg−1 in 2007, which is lower than

the values found near the Northwind Ridge but about double those found in

the central Basin in April and May by Kinney et al. (1971) and Gordon and

Cranford (1985). An anomalous attenuation feature was observed at a depth

of about 150 m within PWW (salinity = 33.1) in 2006 that was correlated

with slightly higher POC values. Although not apparent in the attenuation

profile, the highest average TSS concentrations were also observed within

PWW in 2007. These results suggest that some particles are transported

into the basin within PWW.
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Figure 4.5: As in Figure 4.2 but for the interior of the Canada Basin. The
upper 3800 m are shown to include all attenuation features and bottle sam-
ples. The scales on the horizontal axes are half of those in Figures 4.2 and
4.3.
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4.4.5 The Eastern Shelf of the Canada Basin

The eastern shelf region was sampled only in 2007 because this region is

usually inaccessible due to ice thickness. A general observation of this area

was that the attenuation, fluorescence, POC and TSS concentrations in the

upper 100 m were lower than in any other non-basin region (Figure 4.6).

Overall, four attenuation features were observed. These were i) The attenu-

ation maximum, which was located at the surface and had low fluorescence

and relatively high POC concentrations; ii) The fluorescence maximum that

was at a depth of about 60 m. Here, both the fluorescence and POC were

much lower than other shelf-slope regions, suggesting that this is one of the

least productive areas of the Canada Basin; iii) An attenuation feature at

about 200 m that was above the TSS maximum. This feature is difficult to

see in Figure 4.6a and is more obvious in the individual station profile (not

included). The TSS maximum was centred at 129.2◦W and was observed

from about 320-370 m, within the salinity range 34.74-34.78. This feature

had the highest observed TSS concentration of the region (263 µgkg−1), and

given the slightly tilted isopycnals (not shown), could be from re-suspension

due to the passage of a boundary current transporting Atlantic water. It

is interesting to note that there was a TSS peak at the salinity 32.9 and

a POC peak at the salinity 33.1 that were not observed in the attenuation

profiles. iv) The fourth feature was within the salinity range 34.82 - 34.86

from 446 m to the bottom (492 m) and suggest the presence of a bottom

nepheloid layer at the 500 m depth station.
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Figure 4.6: As in Figure 4.2 but for the eastern shelf of the Canada Basin.
The upper 1300 m are shown to include all attenuation features and bottle
samples. This region was sampled only in 2007. The scales on the horizontal
axes are half of those in Figures 4.2 and 4.3.
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4.4.6 Attenuation from the Shelf to the Basin

My results showed that there were several profiles along the continental

slope that had high attenuation either along the bottom as nepheloid layers

or in the water column within different water masses. To compare these

features among regions, I contoured attenuation from shelf to basin for the

eastern Beaufort shelf region, the western Beaufort shelf region, the eastern

Northwind Ridge slope region and the eastern shelf of the Canada Basin

region in 2007 (Figure 4.7). In the eastern Beaufort shelf region, most of

the particles were observed at the surface and there was a small nepheloid

layer along the slope. Overall, the western Beaufort shelf region had the

highest attenuation below 100 m. Here, I found that particles at about

400 m (salinity 34.83) and 1500 m (salinity 34.92) extended to at least 72◦N

in the basin. The lowest attenuation below 100 m was seen at the Northwind

Ridge and no nepheloid layer was found. Along the eastern shelf, I found

the highest attenuation along the slope after the western Beaufort shelf,

suggesting the presence of a significant nepheloid layer to about 800 m.

Results from the attenuation, fluorescence, POC and TSS data collected

during the summers of 2006 and 2007 indicate six relatively consistent at-

tenuation features and several irregular attenuation features in the Canada

Basin. The six main features are found within i) surface water, ii) the sum-

mer halocline, iii) water that has high fluorescence, iv) cold water within

the salinity range 32.9 - 33.1 of Pacific Winter Water, v) Atlantic water

within the salinity range 34.4-34.85, and vii) samples taken at the bottom.

Of these features, only the first three were found in the basin region and
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Figure 4.7: A comparison of the beam attenuation coefficient (m−1) along
four different shelf-basin sections. All data are from the summer of 2007.
These are a) the eastern Beaufort shelf region along the longitude 140 ◦W,
b) the western Beaufort shelf region along the longitude 150-152 ◦W. Here,
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eastern shelf of the Canada Basin region along the latitude 73-74 ◦N. The
vertical axis is nonlinear (square root). Black horizontal lines represent the
isohalines with 1.0 salinity resolution and black triangles denote the station
locations.
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were generally at depths less than 70 m. These near-surface features can

have both high POC and TSS concentrations. All six features are found at

various locations on the shelves and slopes surrounding the Canada Basin

and generally had high TSS concentrations. Thus, particle concentrations

within the Canada Basin have significant spatial variability.

4.5 Interannual Variation of Beam Attenuation

Coefficient and Fluorescence from 2003 to

2008

Here, I will examine the interannual variation of beam attenuation coefficient

and fluorescence within the six consistent attenuation features in the eastern

and western Beaufort shelf, along the eastern slope of the Northwind Ridge,

and in the interior of the Canada Basin from 2003 to 2008.

4.5.1 The Eastern Beaufort Shelf

Similar to the 2006 and 2007 analysis in Section 4.4.1, I found that the

greatest attenuation in the eastern Beaufort shelf was near the coast and

at the surface (Figure 4.8). At the surface, attenuation was highest (up

to 1.5 m−1) at 70.5◦N in 2006. Surface waters in this region during these

cruises were found to have a high fraction of runoff from the Mackenzie

River (Yamamoto-Kawai et al. 2009a, Guay et al. 2009) and the attenua-

tion variability again emphasizes the inconsistent location of the Mackenzie

River plume and its changing particle load. The summer halocline was
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indistinguishable from Mackenzie River water, thus I could not compare at-

tenuation within the summer halocline. Water that had high fluorescence

was observed both on the shelf and within the subsurface chlorophyll max-

imum. The highest shelf fluorometer values (with chlorophyll a estimates

up to 5 µgL−1 at 15-25 m) were seen at 70◦N in 2007 while the highest

subsurface chlorophyll values (0.65 µgL−1 at 55-60 m) were seen at 72◦N

in 2006. The fluorescence values were lowest in 2008 throughout the region

(not shown). High attenuation was observed within cold (temperature range

-1.4 to -1.7◦C) water in the salinity range 32.9 - 33.2 in 2005, 2006 and 2008,

with highest values (0.55 m−1 at 133 m) in 2008. Melling and Lewis (1982)

found that cold, dense water is formed along the Beaufort shelf in winter

that descends into the Canada Basin, thus, these high attenuation plumes

could be Beaufort shelf-derived winter water instead of PWW. There were

several high attenuation features within Atlantic water and these were espe-

cially evident from 2005 to 2007. These features could be nepheloid layers,

however, the isohalines in 2007 suggest upwelling near the shelf so the 2007

attenuation could have been due to particles entrained into Atlantic water

from resuspension.

4.5.2 The Western Beaufort Shelf

In the western Beaufort shelf region, much of the attenuation variability was

observed near the shelf and in subsurface plumes that appear to extend into

the Canada Basin (Figure 4.9). Similar to the eastern Beaufort shelf, the

highest attenuation at the surface (up to 1.4 m−1 at 71.4◦N) was in 2006.

This high surface attenuation in 2006 was correlated with high POC (see
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Figure 4.8: An interannual comparison of beam attenuation coefficient (in
m−1) from a section along the longitude 140 ◦W in the eastern Beaufort
shelf region for the years a) 2004, b) 2005, c) 2006, d) 2007, and e) 2008.
This section was not sampled in 2003. Here, the vertical axis is nonlinear
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locations for each year. Note that the attenuation range is about double
that in Figure 4.7.
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Section 4.4.2) and fluorescence (chlorophyll a estimates up to 3.9 µgL−1 at

22 m), which indicates that attenuation was mainly due to phytoplankton.

Surface attenuation was lowest in 2003. Due to the high fraction of sea

ice meltwater and meteoric water, with sources likely from Russian Rivers

(Yamamoto-Kawai et al. 2009a), it was difficult to discern surface waters

from the summer halocline. The subsurface chlorophyll maximum had the

highest values in 2007 with chlorophyll a estimates up to 4.8 µgL−1 at 52 m

at 72◦N. Several high attenuation plumes were evident in waters with salinity

greater than 32.5. The most obvious was the cold core eddy in 2006 (with

a maximum attenuation value of 0.67 m−1 at 157 m) that had high POC

concentrations (discussed in Section 4.4.2). Other high attenuation layers

were observed at 400 m in 2005 with maximum attenuation of 0.54 m−1

at the salinity 34.82 and at 162 m in 2008 with maximum attenuation of

0.62 m−1 at the salinity 33.3. There was evidence of a bottom nepheloid

layer, particularly in 2007 and 2008.

4.5.3 The Eastern Northwind Ridge Slope Region

The summer cruises over the Northwind region sampled both a southern

(latitudes 75-76◦N) and a northern (latitude 78-78.5◦N) section (see Fig-

ure 4.1) so I contoured these sections separately (Figure 4.10). During my

study, high attenuation was seen near the surface that could have been due

to particles deposited from melting ice. Unlike the basin region, the summer

halocline was weaker here and the high attenuation was spread throughout

the upper 25 m, suggesting that particles did not accumulate in the strong

stratification. In the surface waters, attenuation was highest (with a maxi-
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Figure 4.9: As in Figure 4.8 but for the western Beaufort shelf region for
the years a) 2003, b) 2005, c) 2006, d) 2007, and e) 2008. This section was
not sampled in 2004. Note that the attenuation range is about double what
it was in Figure 4.8.
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mum attenuation of 0.45 m−1 at 2 m) along the northern line in 2005. High

attenuation within the summer halocline was most prevalent in the southern

section in 2006. The predominant feature along the Northwind Ridge was

the subsurface chlorophyll maximum. I found that fluorescence was higher

along the southern Northwind Ridge, with the highest estimated chloro-

phyll a value of 3.4 µgL−1 at 52 m in the southern region in 2006. Below

100 m, there was little interannual variability, however, the attenuation here

was higher than either the basin interior or eastern shelf regions. This indi-

cates that particles could be transported from the Chukchi Sea to Northwind

Ridge in deeper waters, as was suggested by Nishino et al. (2008).

4.5.4 The Interior of the Canada Basin

Most of the variability along 150◦W within the Canada Basin was observed

in the upper 100 m and near the southern end (Figure 4.11). At the surface,

attenuation was highest from 2003-05, particularly north of 75◦N. From 2006

to 2008, although not obvious in Figure 4.11, attenuation was higher in the

summer halocline and lower at the surface. This suggests that the strength-

ened summer halocline from 2006 to 2008 (Chapter 2) trapped suspended

particles that may have otherwise descended into the basin. The chlorophyll

maximum was variable, with the highest chlorophyll a estimate of 3.3 µgL−1

at 60 m in 2006.

The chlorophyll maximum also appeared to deepen over my study pe-

riod. To elucidate this trend, the average depth of the chlorophyll maximum

was calculated at basin stations (i.e. bottom depth greater than 3500 m)

along the 140◦W and 150◦W section lines (Figure 4.12). I found that the
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Figure 4.10: As in Figure 4.8 but for the eastern Northwind Region slope
region. This region was sampled along a southern line (latitudes 75-76◦N)
and along a northern line (latitudes 78-79◦N). Here, the northern line is
shown on the right for a) 2005, c) 2006, e) 2007, and g) 2008 and the
southern line is shown on the right for b) 2006, d) 2007, and f) 2008. Only
one station was sampled along each line in 2003, 2004 and the southern
region in 2005. The attenuation range is about half what it is in Figure 4.8.
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subsurface chlorophyll maximum deepened at a rate of 3.2 m per year from

an average of 45 m in 2003 to an average of 61 m in 2008, with the greatest

difference observed between 2007 and 2008. The deepening of the chloro-

phyll maximum could be caused by two different processes. The first is that

the decreased summer sea ice cover has allowed photosynthetically active

radiation to penetrate deeper and phytoplankton have been able to utilize

nutrients at deeper depths. The second is that the nutricline itself descended

and this is likely since I found that the nutrient-rich PSW deepened during

the same period. Nutrient data from the same cruises also show a deepening

of the nutricline (McLaughlin and Carmack, in preparation). Understand-

ing why the chlorophyll maximum has deepened is an important area of

future research since the first process would cause depth-integrated primary

production to increase while the second would cause it to decrease.

Below 100 m, attenuation features were observed at the southern end

of the section. In particular, high attenuation was observed at 73◦N in

2005 (with values up to 0.50 m−1) from about 350-430 m within the salinity

range 34.76 to 34.81 and in 2006 (with values up to 0.48 m−1) from about

150-200 m within the salinity range 33 to 33.5. These regions of high atten-

uation have the same properties as the subsurface plumes observed in the

western Beaufort shelf region (Section 4.5.2) and suggest that particles can

be transported as far as 150 km from the shelf into the basin.

To examine whether attenuation has changed from 2003 to 2008, atten-

uation was averaged each year for all stations within each region (Figure

4.13). The water column was separated into three layers to see if there were

any changes near the surface (1-25 m), in waters that contain the subsurface
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Figure 4.11: As in Figure 4.8 but for the interior of the Canada Basin for
the years a) 2003, b) 2004, c) 2005, d) 2006, e) 2007, and f) 2008. These
stations were located along the 150◦W section, which is a continuation of
the western Beaufort shelf section. Note that the attenuation range is about
half what it was in Figure 4.8.
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Figure 4.12: The average depth (with standard error bars) of the subsurface
chlorophyll maximum in the interior of the Canada Basin from 2003 to 2008.
Here, only stations that had a bottom depth greater than 3500 m and were
along the 140◦W or 150◦W section within the latitudes 73◦-80◦N were used
to calculate the average. The number of stations that fit these criteria was
11 in 2003, 12 in 2004, 11 in 2005, 13 in 2006, 15 in 2007, and 14 in 2008.
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chlorophyll maximum (26-100 m) and in deeper waters (101-500 m for the

eastern and western Beaufort shelf and the east shelf of the Canada Basin,

101-900 m for the Northwind Ridge and 101-3500 m for the interior of the

Canada Basin). There are several conclusions that can be drawn from this

figure, i) With the exception of the surface layer in 2007 and 2008, attenua-

tion was always highest in the western Beaufort shelf, ii) In the intermediate

and deeper layers, attenuation was generally higher in the Northwind Ridge

than the interior of the Canada Basin, iii) Attenuation in the surface layer

may have decreased at the Northwind Ridge from 2005-08, however the er-

ror on the trend is large enough that even its sign is not significant, and iv)

Attenuation may have decreased over the study period in the intermediate

layer at the eastern Beaufort shelf and in the interior of the Canada Basin

but the high standard error again made the trends not statistically signif-

icant. Thus I conclude that attenuation did not increase during my study

period as was suggested by Carmack et al. (2006).

4.6 Correlation Between Attenuation and POC

and TSS

One of the main objectives of this project was to determine whether a re-

lationship between transmission and POC and transmission and TSS exists

in the Canada Basin. The overall attenuation and TSS relationship (Figure

4.14a and Table 4.1, R2=0.54) was less-correlated than observed in the Gulf

Stream and Sargasso Sea (R2 = 0.76 - 0.89; Bishop 1986), in Puget Sound

(R2 = 0.78 - 0.90; Baker and Lavelle 1984), along the continental rise of the
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Figure 4.13: The average attenuation within the five different regions - the
eastern Beaufort shelf (EBS), the western Beaufort shelf (WBS), the eastern
shelf of the Canada Basin (ESCB), the eastern slope of the Northwind Ridge
(NWR) and the interior of the Canada Basin (CB). The error bars represent
the standard error. The average attenuation was plotted for shelf stations
EBS, WBS and ESCB (a, c and e) and basin stations NWR and CB (b, d
and f). To understand how attenuation varied with depth, the average was
calculated for a and b) 1-25 m, c and d) 26-100 m, and e) 101-500 m for the
shelf stations and f) 101-900 m for NWR and 101-3500 m for CB.
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northwest Atlantic (R2 = 0.97 - 0.98; Gardner et al. 1985), in the Equato-

rial Pacific (R2 = 0.60 - 0.91; Bishop 1999), and in the Laptev Sea near the

Lena River delta (R2 = 0.96; Burenkov 1993). My attenuation and POC

relationship (Figure 4.14b and Table 4.2, R2=0.48) was less-correlated than

observed in the Equatorial Pacific (R2 = 0.75 - 0.95; Bishop 1999) and sub-

arctic Pacific (R2 = 0.95; Bishop et al. 1999) when POC was sampled with a

Multiple Unit Large Volume in situ Filtration System but better correlated

than when POC was sampled in the Equatorial Pacific using rosette bottles

(R2 = 0.41; Bishop 1999). In addition, the slope of the line of best fit for

my samples was less steep than observed by Bishop (1999) in the Equatorial

Pacific, suggesting that the particles in the Canada Basin are both heav-

ier and less efficient at scattering light. I also compared the correlation in

2006 and 2007 and found that in general both TSS (R2=0.64) and POC

(R2=0.58) were more correlated with attenuation in 2007 than in 2006. The

relatively poor correlation in the Canada Basin and its surrounding shelves

could be caused by i) scatter due to hydrographic variability (i.e. variability

associated with the physical environment such as upwelling) (Bishop et al.

1999); ii) the use of rosette bottles instead of large volume pumps to col-

lect POC and TSS samples (Bishop 1999), although Gardner et al. (2003)

suggest the bottle sampling method is better in polar oceans; iii) an inconsis-

tent particle size (Kitchen et al. 1982, Boss et al. 2001, Bowers et al. 2009),

particle composition (Kitchen et al. 1982) , or particle density (Bowers et

al. 2009); or iv) increased absorption of coloured dissolved organic material

in the Arctic Ocean (Pegau 2002) compared to other regions, which could

affect attenuation.

145



4.6. Correlation Between Attenuation and POC and TSS

0 500 1000 1500 2000
0.4

0.6

0.8

1

1.2

1.4

1.6

TSS (µg kg 1)

Be
am

 a
tte

nu
at

io
n 

co
ef

fic
ie

nt
 (m

1 )

0 50 100 150 200
0.4

0.6

0.8

1

1.2

1.4

1.6

POC (µgC kg 1)

 

 
2006
2007

a) b)

Figure 4.14: Linear least squares regression of a) the relationship between
beam attenuation coefficient and total suspended solids, and b) the relation-
ship between beam attenuation coefficient and particulate organic carbon.
The blue dots represent samples taken in 2006 and the red squares are sam-
ples taken in 2007. The blue and red lines represent the line of best fit for
2006 and 2007, respectively. The solid black line represents the line of best
fit from both years together and the dashed black line represents the linear
regression (bac = 0.00755(POC) + 0.36 and bac = 0.00185(TSS) + 0.36)
from Bishop (1999) based on JGOFS Equatorial Pacific data.
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Table 4.1: A comparison of the relationships between beam attenuation
coefficient and total suspended solids. The symbol n represents the number
of samples in each linear regression. The units for slope and intercept are
m−1(µgkg−1)−1 and m−1, respectively.

Region year n slope (x 10−3) intercept R2

all 2006 62 0.347 0.35 0.44
2007 130 0.434 0.39 0.64

2006, 2007 295 0.318 0.39 0.54
Eastern 2006 26 0.147 0.42 0.13
Beaufort 2007 22 0.517 0.39 0.47

2006, 2007 48 0.153 0.41 0.23
Western 2006 21 0.496 0.34 0.75
Beaufort 2007 20 0.425 0.40 0.56

2006, 2007 41 0.468 0.38 0.75
Northwind 2006 6 0.350 0.28 0.39

Ridge 2007 19 0.453 0.38 0.74
2006, 2007 25 0.143 0.40 0.36

Canada 2006 9 0.035 0.44 0.02
Basin 2007 35 0.050 0.41 0.02

2006, 2007 44 0.087 0.41 0.14
East shelf 2007 33 0.044 0.40 0.03
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Table 4.2: A comparison of the relationships between beam attenuation coef-
ficient and particulate organic carbon. The symbol n represents the number
of samples in each linear regression. The units for slope and intercept are
m−1(µgCkg−1)−1 and m−1, respectively.

Region year n slope (x 10−2) intercept R2

all 2006 174 0.341 0.38 0.45
2007 121 0.272 0.37 0.58

2006, 2007 295 0.335 0.37 0.48
Eastern 2006 63 0.235 0.41 0.11
Beaufort 2007 23 0.216 0.38 0.30

2006, 2007 86 0.238 0.40 0.12
Western 2006 37 0.320 0.43 0.44
Beaufort 2007 20 0.254 0.41 0.46

2006, 2007 57 0.314 0.46 0.41
Northwind 2006 27 0.152 0.37 0.37

Ridge 2007 20 0.19 0.38 0.59
2006, 2007 47 0.14 0.38 0.39

Canada 2006 47 0.142 0.39 0.32
Basin 2007 29 0.206 0.38 0.75

2006, 2007 76 0.152 0.39 0.37
East shelf 2007 32 0.166 0.38 0.52
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To determine the effect of hydrographic variability on the relationship

between attenuation and TSS and POC concentrations, I separated the data

into the five different regions. For TSS, I found that there was significant

variability between these regions (Figure 4.15, Table 4.1). Part of this vari-

ability was because TSS concentrations were much higher in 2006 than 2007.

Overall, the best fits were observed in the western Beaufort shelf in 2006

and in the Northwind Ridge in 2007. The worst fits were seen within the

Basin and on the eastern shelf.

Examining each region separately, I found that in the eastern Beaufort

shelf, most of the outlier points were observed at 5 m. These outliers were re-

moved but the correlation worsened (R2=0.13). An assessment of particles

measured in sediment traps offshore of the Mackenzie River showed sub-

stantial compositional diversity (O’Brien et al. 2006). The transmissometer

gives the most accurate readings when the particles are small and have a

low density (Bowers et al. 2009) so I suggest that some of the variability in

the TSS and attenuation correlation is from inconsistent particle size and

composition. Thus, the eastern Beaufort shelf is not a good candidate for

finding a linear relationship between TSS and attenuation. Along the west-

ern Beaufort shelf, the relationship was best in 2006, even in the shallow

shelf stations. This suggests that the particles in the western Beaufort shelf

are small and of low density and the relationship found in this area can be

used to estimate past TSS concentrations. There was significant interannual

variability at the Northwind Ridge, with much higher TSS concentrations

observed in 2006. However, TSS was well-correlated with attenuation in

2007 when more data points were available, thus I attribute some of the
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Figure 4.15: Linear regression of the relationship between beam attenuation
coefficient and total suspended solids (µgkg−1) in the five different regions.
Here, the blue circles are samples from 2006 and the red squares are from
2007. The lines denote the linear least square regression from 2006 (blue
lines), 2007 (red lines) and both 2006 and 2007 (black lines). Linear relations
and R2 values are listed in Table 4.1. Note that the scales are different in
each figure.
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interannual variability to insufficient sampling in 2006. In the interior of the

Canada Basin, the outlying points could be placed into 3 groups i) Those

with high TSS concentrations and low attenuation. These were found either

near the surface in the southern basin or near the bottom; ii) Those with

high TSS concentrations and high attenuation. These were found above

20 m in the south-central basin; iii) Those with low TSS concentrations and

high attenuation. These were all found at the deep chlorophyll maximum

throughout the basin. Similar to Bishop (1999), these results suggest that

the transmissometer does not linearly represent TSS and it is likely that

the attenuation values depend on the percentage of organic matter. Along

the eastern shelf of the basin, I found that there were two types of outlying

points i) those with high TSS concentrations and low attenuation, found in

water below 100 m.; ii) those with high TSS concentrations and high attenu-

ation, found primarily at 5 m. Unlike the interior of the basin, there were no

low TSS, high attenuation particles found within the deep chlorophyll maxi-

mum and this is likely because the chlorophyll a fluorescence concentrations

(and thus POC) were very low here. From these evaluations, I suggest that

a reasonable relationship between TSS and attenuation can only be found

in the western Beaufort shelf region.

Linear regressions to determine the relationship between attenuation and

POC within each region were also run (Figure 4.16, Table 4.2). I found the

best relationship within the basin and on Northwind Ridge in 2007, confirm-

ing results from Bishop (1999) who found that attenuation was much better

correlated with POC than TSS in open ocean areas. POC and attenuation

were least correlated along the eastern Beaufort shelf.
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Figure 4.16: As in Figure 4.15 but for correlations between attenuation and
POC. Linear relations and R2 values are listed in Table 4.2. Note that the
scales are different in each figure.
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An examination of the outliers in the eastern Beaufort shelf found that

they were generally from samples that had high TSS concentrations. Thus,

I conclude that the particle composition of the eastern Beaufort shelf is too

variable to be represented by a linear relationship between POC and at-

tenuation. In the western Beaufort shelf, attenuation and POC were well

correlated below an attenuation of 1.1 m−1. When I removed the outlier at

attenuation 1.6 m−1, the relationship for both 2006 and 2007 improved to

R2=0.53. Within the basin, I found that many of the outliers were within

the upper 20 m, which corresponded to the summer halocline. To examine

this relationship, I calculated first the Brunt-Väisälä-frequency as a mea-

surement of stratification (Figure 4.17a) and found that several of the high

attenuation, low POC points were located within the highly stratified water

of the summer halocline. I suggest these particles are deposited in the sur-

face ocean when sea ice melts and are trapped by the strong stratification.

Previous studies have found that, although there is considerable variability,

most of the particles in sea ice are inorganic (Pfirman et al. 1989, Deth-

leff et al. 2000). Thus, the ratio of POC:TSS was calculated to confirm

that the outliers within the summer halocline also had high TSS concen-

trations relative to POC (Figure 4.17b). Although some particles within

the summer halocline had a high POC:TSS ratio, much of the variability

can be explained by removing all particles that were found in water with a

Brunt-Väisälä-frequency greater than 0.001 s−1. The relationship improved

to R2=0.59. Along the Northwind Ridge, I noticed that there were sev-

eral samples that had low attenuation and high POC concentrations. Upon

closer examination, I found that these POC samples had very high blank
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4.6. Correlation Between Attenuation and POC and TSS

values so may have been contaminated in the lab. This contamination would

have only affected the three Northwind Ridge stations in 2006. Thus, I de-

cided to base the correlation between POC and attenuation solely on the

2007 relationship. Unlike the stations in the basin, the summer halocline

over the Northwind Ridge was not very stratified and there were fewer par-

ticles trapped in this layer. This is likely because there was less ice cover

here than in the basin region, so there was likely more mixing. Because

of this, the POC-attenuation relationship was likely suitable for the entire

water column. Along the eastern shelf of the Canada Basin, I found that

the high attenuation, low POC outlier occurred within the nepheloid layer

at a depth of 500 m. Since the data show that the nepheloid layer along the

eastern shelf has low POC concentrations, the nepheloid layer was excluded

from the correlation. I defined the eastern shelf nepheloid layer as water

within 50 m of the bottom along the slope (with bottom depths between

about 250 and 3000 m) that had attenuation higher than 0.43 m−1. Once

this outlier was removed, the relationship improved to R2=0.60.

I have defined one TSS-attenuation relationship and four POC-attenuation

relationships that can be applied to attenuation profiles to estimate past TSS

and POC concentrations (Table 4.3). Upon comparison of the observed to

the estimated TSS and POC values, I found that the root mean square er-

ror was very high for both TSS and POC in the western Beaufort shelf.

This is likely because despite a good linear correlation, the variable particle

composition here did not allow for an accurate estimate of TSS and POC

values from transmission. The method error estimates in the Northwind,

basin and eastern shelf regions were all within the same order of magnitude
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Figure 4.17: Relationship for the stations within the interior of the Canada
Basin between a) attenuation and POC with the Brunt-Väisälä-frequency
(s−1) in colour and b) attenuation and POC with the ratio of POC to TSS in
colour. There are fewer points in plot b) because TSS was sparsely sampled
in 2006.

155



4.7. Conclusions

Table 4.3: TSS-attenuation and POC-attenuation statistics for regions that
had good relationships (R2 value greater than 0.50 for all samples) between
the bottle and sensor data. The symbols WBS stand for western Beaufort
shelf, NWR for Northwind Ridge, CB for the interior of the Canada Basin,
ESCB for the eastern shelf of the Canada Basin and BV the Brunt-Väisälä
frequency. Units are (µgkg−1)m for TSS slope, (µgCkg−1)m for POC slope,
µgkg−1 for TSS intercept and µgCkg−1 for POC intercept. Note that the
relationships are written in opposite direction to those in Tables 4.1 and 4.2
so that TSS and POC are calculated from beam attenuation coefficient.
Particles Region Slope Intercept R2 RMSE Comments
TSS WBS 1595 -472 0.75 233
POC WBS 188 -55 0.53 33.1 For attenuation < 1.1 m−1

POC NWR 306 -108 0.59 8.3
POC CB 410 -153 0.59 6.1 For water with BV < 0.001 s−1

POC ESCB 378 -140 0.60 4.1 Not for nepheloid layers

of the average standard error for POC duplicates (4.4 µgCkg−1). These

POC estimates are also similar to previous studies. In the summer of 1994,

Wheeler et al. (1997) sampled POC along a transect from the Chukchi Sea

to the North Pole. They crossed the Canada, Makarov, Amundsen and

Nansen Basins and found that there was an average of 4.6 gCm−2 in the

upper 100 m. These values were almost 5 times greater than the 1 gCm−2

that Kinney et al. (1971) and Gordon and Cranford (1985) found in April

and May in the Canada Basin. To compare, I also integrated POC each

year in the upper 100 m and, estimated that there was 2.1 to 2.6 gCm−2 in

summer in the Canada Basin.

4.7 Conclusions

As the Arctic Ocean undergoes rapid change, one of the projected transi-

tions is an increase in suspended particle concentrations (Carmack et al.
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2006). For this paper, I examined suspended particle concentrations from

both sensor (transmissometer and fluorometer) and bottle (POC and TSS)

data from the summers of 2003 through 2008 to first locate regions of high

attenuation, then to examine interannual variability within those regions,

and finally to investigate whether simple linear relationships existed between

TSS and attenuation, and POC and attenuation.

To account for spatial variability, I divided my study area into five re-

gions. I observed the highest attenuation, TSS and POC concentrations

along the Beaufort shelf. The eastern Beaufort shelf was characterized by

high near-surface attenuation and POC and TSS concentrations and the

particles were likely from the Mackenzie River. The western Beaufort shelf

was more variable, with several attenuation features throughout the water

column, including plumes that appeared to transport particles from the shelf

up to 150 km north in the Canada Basin. Along the Northwind Ridge and

within the Canada Basin, I observed that most of the particles were found

above 100 m and were dominated by the subsurface chlorophyll maximum.

The eastern shelf was the least productive region and had minimal fluo-

rescence and POC values, however, a nepheloid layer at about 400-900 m

suggested the transport of particles from shelf into the Canada Basin.

Common attenuation features within the Canada Basin and its surround-

ing shelves were placed into six categories. These are i) Particles in surface

water; ii) Particles within the summer halocline. These particles are likely

transported to the region in ice and deposited as the ice melts; iii) Particles

within high fluorescent water; iv) Particles in the salinity range 32.9 to 33.1

that is either PWW or Beaufort shelf-derived winter water. These are likely
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transported from the shelf into the basin through canyons or as eddies that

are formed along the shelf; v) Particles within Atlantic water in the salinity

range 34.4-34.85 that are likely deposited by resuspension due to upwelling

or the passage of a boundary current.; and vi) Particles at the bottom that

are often found within nepheloid layers.

In the interior of the Canada Basin, I found that the subsurface chloro-

phyll maximum deepened at a rate of 3.2 m per year from an average depth

of 45 m in 2003 to 61 m in 2008. This deepening could be the result of

either increased photosynthetically available radiation (caused by the de-

creased summer sea ice cover) that would support phytoplankton at deeper

depths or the deepening of the nutricline. Deeper light absorption would be

expected to increase primary productivity while a deeper nutricline would

decrease primary productivity. This is an important area of future research

as these changes would be expected to have a significant impact on the

Arctic Ocean ecosystem.

The annual differences in the average attenuation were calculated. I

found that in all regions, most of the variability was above 100 m. In general,

the greatest attenuation was observed in the western Beaufort shelf. I found

no evidence of increased attenuation from the summers of 2003 through 2008.

Instead, there were examples where attenuation appeared to decrease over

time - in the surface layer over the Northwind Ridge and in the intermediate

layer (that includes the chlorophyll maximum) in both the eastern Beaufort

shelf and in the interior of the chlorophyll maximum. These trends were not

statistically significant because the standard error was high. I think that

this work provides a baseline estimate of attenuation in the Canada Basin
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to which future changes can be compared.

One of the main goals of this paper was to find a relationship between

attenuation and bottle (POC and TSS) data that could be applied to past

transmissometer data. I found that there was no consistent relationship

that could be applied to the entire study region so I again analyzed the

five regions separately. In the eastern Beaufort shelf, I found that atten-

uation was not well-correlated with either POC or TSS and suggest that

the transmissometer cannot account for the particle variability in terms of

both size and density. Along the western Beaufort shelf, both TSS and

POC appeared to be well-correlated with attenuation, however, the error

measurements were very high and thus not statistically significant. Along

the Northwind Ridge, within the basin and on the eastern shelf, POC and

attenuation were well-correlated with the following exceptions - i) Within

the summer halocline in the interior of the Canada Basin. Here, it appears

that both organic and inorganic particles are being trapped in the strong

stratification so POC cannot be accurately estimated; ii) Within the bot-

tom nepheloid layer along the eastern shelf. Again, the particles here are

primarily inorganic so POC cannot be estimated.
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Conclusions

There are two main properties that make the near-surface waters of polar

oceans different from temperate or tropical oceans. The first is that the

salinity range is relatively much greater than the temperature range, which,

combined with the fact that the thermal expansion coefficient is small at

low temperatures, results in salinity having a greater impact on the density

structure than temperature. These so-called beta oceans are found pole-

ward of the subpolar front, are permanently stratified by salinity, and have

a relatively shallow surface mixed layer above a strong halocline (Carmack

2007). The second main difference between polar and low latitude oceans is

that interactions between the atmosphere and ocean are modified by sea ice.

These interactions include destabilizing mechanical mixing (in the form of

wind stress, tidal energy and surface cooling) and stabilizing surface buoy-

ancy flux (in the form of surface warming and freshwater input). The depth

of the surface mixed layer is used as an indicator of the balance of these pro-

cesses - a deep surface mixed layer implies that mechanical mixing is stronger

and a shallow surface mixed layer suggests that the surface buoyancy flux

is stronger. Sea ice adds a quasi-permeable barrier between the atmosphere

and ocean. It has been found that an ice-covered oceans receive less kinetic
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energy from wind stress (Yang 2009) and less stabilizing solar radiation due

to the reflectivity of sea ice (Maykut 1986). In addition, the formation of

sea ice throughout fall and winter greatly decreases stability (through in-

creased outgoing heat fluxes and brine rejection) while the melting of sea

ice in spring and summer increases stabiliity (Maykut 1986).

Interactions between the atmosphere and ocean have largely been stud-

ied for either ice-free or ice-covered oceans. For my Ph.D. thesis, I examined

changes to the near-surface (upper 100 m) waters of the Canada Basin from

1993-2009. This was a period of rapid change that was largely due to at-

mospheric and oceanic warming and the resulting sea ice melt. This gave

me the unprecedented chance to study the near-surface waters during the

transition of a substantial fraction of the Canada Basin from a perennially

ice-covered to a seasonally ice-covered ocean.

Changes to the properties of the near-surface waters in the Canada Basin

began at the surface. In the 1970s, the depth of the surface mixed layer in

the Canada Basin was an average of about 40 m in summer and 50 m in

winter (Morison and Smith 1981). Data from 2004-2008 showed that the

surface mixed layer had shoaled dramatically since the 1970s to an average

depth of just 24 m in winter and at most 16 m in summer (Toole et al.

2010). I suggested that a large input of freshwater from sea ice melt caused

the summer halocline to strengthen, which prevented the deepening of the

surface mixed layer (Chapter 2). In other words, the near surface waters

were stabilized by sea ice melt and this was greater than mechanical mixing

from wind stress, outgoing heat fluxes, and brine rejection, so the surface

mixed layer shoaled year-round.
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Solar radiation warms about the upper 50 m (Figure 2.13), which in-

cludes water that is below the surface mixed layer. The transfer of heat

fluxes between the ocean, ice and atmosphere moderate the temperature

of the surface mixed layer. The water below the mixed layer is not in di-

rect contact with the atmosphere and partial ice cover so solar radiation

is essentially trapped below the summer halocline. This forms a tempera-

ture maximum that I call the near-surface temperature maximum or NSTM

(Chapter 2). The loss of sea ice has allowed more stabilizing solar radiation

to enter the ocean (Perovich et al. 2007) and the shoaling of the surface

mixed layer has trapped even more heat as the NSTM. From 1993-2009, the

NSTM warmed, freshened, expanded northwards and formed at successively

shallower depths (Chapters 2 and 3). The NSTM was first observed year-

round during the winter of 2007-2008 and I suggest that this is because the

strengthened summer halocline (from increased sea ice melt) could not be

eroded in winter so that solar radiation was stored throughout the year as

the NSTM (Chapter 2). It is likely that the NSTM would be more persistent

in stations located inside the anticyclonic Beaufort Gyre and this is because

downwelling (at a rate of about 29 m per year, Yang 2006) further isolates

the NSTM from surface processes (Chapter 2). In addition, the NSTM was

fresher at stations inside of the Beaufort Gyre and this is because freshwater

is accumulated within the gyre so the NSTM was formed in fresher waters

than outside the gyre (Chapter 3). The year-round presence of the NSTM is

a unique example of how a change in the sea ice cover can alter near-surface

waters below the surface mixed layer.

Below the NSTM is a temperature minimum that I call the remnant of
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the previous winter’s surface mixed layer or rML (Chapters 2 and 3). The

NSTM forms in the upper about 30 m (Figures 2.3 - 2.6) - first as a warmed

surface mixed layer and then as a temperature maximum as the summer

halocline isolates the NSTM beneath the surface mixed layer. When the

winter surface mixed layer is deeper than about 30 m, a remnant of the

previous winter’s mixed layer remains trapped as a temperature minimum

below the NSTM. This rML should have similar properties to the previous

winter’s mixed layer (i.e. be relatively cold and fresh). From 1993-2008,

I found that the rML warmed by about 0.5◦C and freshened by about 2

salinity units (Chapter 3). Using a 1-D model of heat diffusion, I found that

heat from both the NSTM and Pacific Summer Water (PSW) is diffused

to the rML at a diffusion rate of about 3x10−6 m2s−1(Chapter 3). Before

2006, more heat from PSW was diffused to the rML but since 2006, the

warming NSTM began to transfer more heat to the rML. The freshening of

the rML can be explained by sea ice melt. Stations that were located inside

the Beaufort Gyre were fresher than those outside of the gyre and this can

be attributed to downwelling and subsequent accumulation of freshwater

within the gyre.

Pacific Summer Water (PSW) forms a temperature maximum at a depth

of about 40-80 m in the Canada Basin (Coachman and Barnes 1961). The

source of PSW is Pacific-origin water that is modified in the Chukchi Sea

during summer, thus is warmer (temperature up to 1◦C) and fresher (salin-

ity 31-32) than water that is modified in the winter (Coachman and Barnes

1961). Several recent papers have suggested that heat transferred to the

surface from warming PSW could explain why sea ice is melting faster in
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the Canada Basin than in other parts of the Arctic Ocean (Shimada et al.

2006, Watanabe and Hasumi 2009, Woodgate et al. 2010). Using mooring

data located in Bering Strait, I examined the Pacific-origin source of PSW

to determine whether it changed over my study period. I found that there

were no obvious warming or freshening trends and concluded that changes

to PSW could not explain changes to the NSTM or rML (Chapter 3). In

addition, by comparing the Bering Strait data to CTD data near the south-

ern Northwind Ridge, I found that the primary source of PSW is from the

Alaskan Coastal Current water and that it takes about 2 years for PSW to

travel from Bering Strait to the southern Northwind Ridge. Once in the

basin, there was evidence of interannual variation in transport time of PSW

(faster transport from 2003-2004 and slower from 2005-2006), however there

was little evidence of a systematic change in the velocity or pathway of PSW

during my study period.

How will this warming and freshening effect primary productivity in the

Canada Basin? Phytoplankton are limited by light and nutrients so on the

one hand, the reduced sea ice cover allows light to penetrate deeper into

the water column and on the other hand, the increased stratification from

sea ice melt limits mixing and nutrient replenishment in the euphotic zone.

Carmack et al. (2006) suggested that climate change will likely increase sus-

pended particle concentrations in the Arctic Ocean due to increased coastal

erosion, upwelling and river runoff - all processes that would likely have

a greater impact on Arctic shelves. Based on transmissometer data from

2003-2008, I found no evidence of increased attenuation and my data even

suggested that attenuation decreased in some regions (Chapter 4). I did not
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look at data from before 2000 so could not examine attenuation before the

rapid warming of the past decade. In the interior of the Canada Basin, I

found that the average depth of the chlorophyll maximum deepened by 16 m

from 2003 to 2008 and this could be caused by either by a deepening of the

euphotic zone or by a deepening of the nutricline. During the same period,

the nutrient-rich PSW (Jones and Anderson 1986) also appeared to deepen,

particularly at stations that were located within the Beaufort Gyre (Chap-

ter 3), and this implies that the nutricline is descending. If the nutricline

continues to deepen then even less light will be available for phytoplankton

and primary production in the Canada Basin will decrease. The deepening

of the chlorophyll maximum likely explains the shift from a foodweb that is

based primarily on nanoplankton to one that is dominated by picoplankton

(Li et al. 2009). This is an example of how changes to the near-surface

water mass structure from climate warming has impacted the Arctic Ocean

ecosystem.

During my study period from 1993-2009, the sea ice cover of the south-

ern Canada Basin was drastically reduced from being perennially ice-covered

in 1993 to almost ice-free in the summers of 2007-2009 (Figure 3.4). Dur-

ing this time, I witnessed the rapid warming of the NSTM and rML and by

2009, three temperature maxima and two temperature minima were present.

My heat diffusion model suggests that by the summer of 2010, all of these

features will merge into one temperature maximum. This prediction was

confirmed by data from ITP33 (not shown). Is this one temperature max-

imum the end state of the transition of Canada Basin’s near-surface water

mass structure? Will this temperature maximum continue to warm as sum-
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mer sea ice melt traps and then stores solar radiation? Will heat from this

temperature maximum melt ice throughout winter? How will these changes

affect primary production and the ecosystem structure of the Canada Basin?

These questions and many more are sure to arise as the Canada Basin con-

tinues its transition to a seasonally ice-free ocean.
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Appendix A

Particles Within the

Summer Halocline

Several recent papers have described the increased freshwater content within

the Canada Basin (McPhee et al. 2009, Proshutinsky et al. 2009, Yamamoto-

Kawai et al. 2009a) and have discussed how this has affected the upper

ocean stratification (Chapter 2; Toole et al. 2010). In particular, the near-

surface summer halocline is believed to be a manifestation from increased

freshwater content whose intense stratification forms a barrier between the

near-surface waters and Pacific waters below. Observations from Chapter

4 suggested that the concentration of particles trapped within the summer

halocline in the Canada Basin increased from 2003-2008 as the stratification

strengthened. To explore this, I calculated the average profiles of both

the Brunt-Väisälä frequency and beam attenuation coefficient at stations

located in the basin for each year (Figure A.1). I calculated the Brunt-

Väisälä frequency (N) as N
2 = −g/ρ δρ/δz. For this equation, a value of

9.8 ms−2 was used for gravity (g), ρ represents the observed density and z

was the vertical distance measured upwards. To smooth the Brunt-Väisälä

frequency, I ran a centred 5 m running mean.
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Figure A.1: A comparison of the average profiles within the Canada Basin
of the Brunt-Väisälä frequency (black solid lines) and the beam attenuation
coefficient (grey solid lines) during each summer cruise in a) 2003, b) 2004,
c) 2005, d) 2006, e) 2007 and f) 2008. For the Brunt-Väisälä frequency, a
5 m centered running mean was calculated to smooth the data. To compute
the average within the basin, only stations that were within the latitude
range 73◦-80◦N and had a bottom depth greater than 3500 m were included.
The black dashed lines and grey dashed lines indicate the 95% confidence
interval for the Brunt-Väisälä frequency and beam attenuation coefficient,
respectively. To compute this, 17 profiles in 2003, 21 profiles in 2004, 16
profiles in 2005, 17 profiles in 2006, 21 profiles in 2007 and 21 profiles in
2008 were used.
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This analysis showed two trends. The first was the widening of a high

stratification layer. As was discussed in Chapter 2, this layer grew from

depths of 15-58 m in 2003 to 3-93 m in 2008. The second was changes to the

depth of the attenuation maximum. In 2003-4, the attenuation maximum

was correlated with the deeper chlorophyll maximum near 50 m. From 2005-

7, an attenuation feature was observed in the summer halocline at 19 m,

16 m, and 9 m, respectively, but the attenuation maximum was associated

with the chlorophyll maximum. In 2008, I observed for the first time that

the attenuation maximum at 12 m was located within the summer halocline

at 11 m.

The appearance of particles within the summer halocline starting in 2005

raises several important questions. The first is whether the same number

of particles are simply becoming concentrated in the summer halocline or

if there are actually more particles being deposited into the Canada Basin.

In Chapter 4, I observed that most of the particles within the summer

halocline were inorganic (Figure 4.5). Inorganic particles are transported

to the near-surface waters of the Canada Basin in river runoff (O’Brien et

al. 2006) and in sea ice (Darby 2003). If river runoff were the main source

of the particles, I would expect to see the highest attenuation features in

2007 since this was when there were the greatest fractions of Mackenzie and

Russian river water in the Canada Basin (Yamamoto-Kawai et al. 2009a).

Since this was not the case, it is more likely that the rapid sea ice melt

observed in the Canada Basin (Comiso et al. 2008) resulted in a greater

source of particles that, coupled with the increased stratification, led to

the attenuation feature in the summer halocline. In addition, I suggest

191



Appendix A. Particles Within the Summer Halocline

that climate change will increase the number of particles deposited into the

Canada Basin from melting sea ice because it is expected that increased

coastal erosion will result in increased suspended particle concentrations in

coastal regions (Carmack et al. 2006) that would be entrained into sea ice

as it forms in fall.

The second main question is how the increased suspended particles could

affect the underwater light environment. Until recently it was thought that

phytoplankton in the Canada Basin are primarily nutrient-limited (Carmack

et al. 2006), however, with the deepening of PSW (Figure 3.11), it is possible

that phytoplankton could become more light-limited. This light limitation

could be compounded if the increased particles within the summer halo-

cline were shading the deeper phytoplankton. To approximate this effect, I

consider two different scenarios. In both cases, there is a 50 m chlorophyll

maximum (the average depth of the chlorophyll maximum from 2003-7) lo-

cated at 2% of the surface light intensity. Based on this information, I can

calculate the extinction coefficient (k) as:

k = (ln(Io)− ln(ID))/D (A.1)

where Io is the irradiance at 1 m (which I estimate as 42 Wm−2 following

Chapter 2), ID is the irradiance at the 2% surface light intensity (0.8 Wm−2)

at the 50 m (D) chlorophyll maximum.

In the first scenario there are no particles within the summer halocline

so k over the upper 50 m is 0.078 m−1. In the second case there is a 10 m

summer halocline with an extinction coefficient, based on the 2008 average
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beam attenuation coefficient profiles (Figure A.1) that is 0.02 m−1 greater

than the clear water so the average extinction coefficient over the upper

50 m is 0.082 m−1. I can then calculate the depth of the 2% surface light

intensity as:

D = (ln(Io)− ln(ID))/k (A.2)

I find that the addition of particles in the summer halocline that increase

the extinction coefficient by 0.02 m−1 for 10 m would cause the depth of the

2% surface light intensity to shoal from 50 m to 48.3 m. While 2 m does

not seem like a great difference, it could be important if the PSW continues

to descend, thereby causing the phytoplankton to choose between light and

nutrient limitation. It is important to note that I did not consider the effects

of decreased sea ice on the underwater light environment and suggest that

this would have a larger impact than the increased particles in the summer

halocline.
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