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Abstract 

The distribution of the partial pressure of surface water CO2 (pCO2sw) was 

measured throughout the Canadian Arctic Archipelago and Baffin Bay during the 

summer and fall.  Throughout these two seasons, values ranged from 110 µatm and 436 

µatm, demonstrating the high level of variability in pCO2sw across the archipelago.  

Surface waters remained undersaturated compared to atmospheric pCO2 (~386 µatm) for 

the majority of the sampling period.  Generally, areas in which remnant sea ice was 

melting were observed to be the most undersaturated, whereas warm, ice-free waters in 

proximity to rivers were supersaturated with respect to atmospheric pCO2. These 

observations demonstrate how the influence of freshwater from sea ice melt and rivers 

affect pCO2sw differently. The region was found to act as an overall sink, absorbing on 

average 17.6 mmol CO2 m-2
 day-1 throughout the two seasons. Seasonally specific factors 

controlling pCO2sw and their effects through a warming climate are discussed.  
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Chapter 1  

1.0 Introduction 

1.1 Motivation 

1.1.1 Carbon dioxide within the global oceans 

In 1958, Charles Keeling began monitoring global CO2 levels at Mauna Loa, 

Hawaii.  At this time, the average global concentration of atmospheric CO2 was 316 ppm, 

slightly higher than the relatively stable 280 ppm levels that existed prior to the industrial 

revolution.  This site, being the location of the oldest continuous atmospheric 

measurement station on the globe, is viewed as a benchmark site in the Global 

Atmospheric Watch.  In April 2012, a worrisome milestone was reached when monthly 

average atmospheric levels exceeded 400 ppm in Barrow, Alaska and Alert, Canada, 

levels which haven’t been seen since the Pliocene Epoch, 3-5 million years ago.  Then, 

on May 9, 2013, the daily mean concentration of atmospheric CO2 reached 400.03 ppm at 

the Mauna Loa observatory.   

The stable nature of atmospheric CO2 prior to the industrial revolution suggests 

that the global carbon cycle was in a near-equilibrium state.  At this time the global 

oceans were though to act as a source of CO2 to the atmosphere, releasing around 0.6 

gigatons of carbon per year (Bollmann et al., 2010).  Since 2006, the burning of fossil 

fuels and changes in land use have added more than 8 Gt C per year and 1.6 Gt C per 

year to the atmosphere, respectively (Bollmann et al., 2010).  The addition of all this CO2 

to the atmosphere has rendered an imbalanced state of the carbon cycle.  Consequently, 
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this imbalance has lead to an offset between the carbon reservoirs in relation to pre-

industrial times. 

Over the last decade (2002-2011), it has been estimated that the ocean and land 

reservoirs have absorbed 26% and 28% of anthropogenic emissions, respectively (Le 

Quéré et al., 2012).  As the amount of CO2 emissions to the atmosphere continues to 

increase, altering our climate, the response of the global carbon cycle becomes evermore 

uncertain.  It is believed by some (Jutterström & Anderson, 2010) that as the atmospheric 

concentration continues to increase the oceans will be able to keep up, absorbing the 

excess CO2.  However, new research is suggesting that this might not be the case and that 

the ocean sink has already began to slow down (Cai et al., 2010; Else et al., 2013).  In 

order to comprehend how the ocean reservoir will be affected, it is important to 

understand the processes controlling the way by which CO2 moves across the air-sea 

interface. 

1.1.1.1 The partial pressure of CO2 

The air-sea difference in the partial pressure of CO2 across the air-sea interface 

(∆pCO2) is calculated from the differences in the partial pressures of CO2 in the surface 

water (pCO2sw) and in the atmosphere (pCO2atm).  If pCO2sw is higher (lower) than 

pCO2atm, the ocean will act as a source (sink), releasing (absorbing) CO2 to (from) the 

atmosphere. The rate at which this exchange occurs is increased with increasing wind 

speed, and is represented by a gas transfer coefficient. Knowing ∆pCO2, along with a gas 

transfer coefficient, k, and the solubility of aqueous CO2, s, it is possible to calculate the 

flux between the ocean and atmosphere using equation 1. 

 ! = !!∆!"!!            (1) 
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Since pCO2atm is relatively constant around the globe, it is ultimately the variation in 

pCO2sw that controls the direction in which exchange will occur. 

There are many processes within the oceans that affect the variability in pCO2sw.  

These processes are influenced by mixing, temperature, and pressure, and can be 

separated into three categories: chemical, biological, and physical. 

1.1.1.2 Chemical Processes 

 When atmospheric CO2 enters the ocean it undergoes a series of chemical 

reactions described by the carbonate system (equations 2-5).  This system is an important 

way in which the ocean maintains chemical equilibrium, and the majority of carbon in the 

marine environment is found within this system.  The series of equilibrium equations 

demonstrate how gaseous CO2 is converted into aqueous CO2 upon contact with the 

water. The aqueous CO2 then reacts with the water to form a hydrogen and bicarbonate 

ion (!"!!!).  The bicarbonate ion further reacts to form another hydrogen and carbonate 

ion (!!!!!).  This carbonate ion can react with calcium in the water to form calcium 

carbonate. 

 !!! ! ⇌ !!! !"         (2) 

 !!! !" + !!! ⇌ !! + !"!!!      (3) 

 !"!!! ⇌ !! + !!!!!        (4) 

 !!!! + !!!!! ⇌ !"!!! !        (5) 

 The carbonate system is a very important component in the marine environment 

as it controls the pH of the water and the circulation of CO2 between the ocean, 

atmosphere, lithosphere, and biosphere (Millero, 2000). Through this equilibrium, we can 

see that the carbon originating from dissolved CO2 is partitioned into three forms in the 
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ocean: as free CO2, bicarbonate, and carbonate ions.  The ratio at which these three forms 

of carbon are found in the ocean is 0.5%: 86.5%: 13%, respectively (Zeebe & Wolf-

Gladrow, 2001).  Most of the carbon in the ocean is in the form of bicarbonate, and 

resides below the thermocline (Millero, 2000).   

Important components to which pCO2sw is a function are total alkalinity (TA), 

dissolved inorganic carbon (DIC), and temperature (Ducklow & McCallister, 2004).  TA 

is defined as the excess of proton acceptors over proton donors (Zeebe & Wolf-Gladrow, 

2001) and can be expressed by equation 6.  DIC is the sum of the total inorganic species 

within a solution and can be described by equation 7. 

!" = !"!!! + 2 !!!!! + [! !")!! + !!! − [!!]     (6) 

           !"# = !!! + !"!!! + [!!!!!]       (7) 

 Both TA and DIC are conservative quantities, meaning that their concentrations 

are unaffected by changes due to mixing, temperature or pressure.  By knowing two 

variables out of TA, DIC, [CO2,], [HCO!!], [CO!!!], pCO2 and pH alongside temperature, 

salinity, and pressure, it is possible to fully describe the carbonate system and the other 

four unknown quantities can be calculated (Wolf-Gladrow et al., 2007).  For this reason, 

many of the processes affecting the carbonate system in the ocean are best described by 

considering the associated changes in TA and DIC (Zeebe & Wolf-Gladrow, 2001).  

Upon examination of Figure 1, it is clear that the invasion and release of CO2 to the ocean 

has no impact on the concentration of TA, while upon release, decreases the 

concentration of DIC and CO2, and shifts the system to a higher pH.  Upon invasion, the 

concentration of DIC and CO2 is increased, and the pH decreases.  During 

photosynthesis, TA is slightly increased, the concentrations of DIC and CO2 are 
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decreased, and the pH is increased, with the opposite changes occurring during 

respiration.  The formation of CaCO!!results in a decrease in both the concentration of 

DIC by one unit and TA by two units.  This brings the system to higher concentration of 

CO2 and a lower pH.  The dissolution of CaCO!  will shift the system to lower 

concentration of CO2 and higher pH associated with the increase in both TA and DIC.  

Figure 1 highlights the control and balance between respiration and photosynthesis over 

the concentration of DIC and precipitation and dissolution of CaCO3 over TA (Ducklow 

& McCallister, 2004).  

 

Figure 1 A graph of DIC vs. TA showing how various processes affect the concentration 
of TA, DIC, CO2, and pH (Zeebe & Wolf-Gladrow, 2001). 
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1.1.1.3 Biological Processes 

Within the euphotic zone, primary producers use sunlight to convert CO2 within 

the surface waters to organic carbon through photosynthesis, forming the base of the 

marine food web.  As this organic carbon is passed through other consumers in the 

surface waters, most is reconverted back to CO2 and is released back to the atmosphere.  

However, some of the organic carbon is transported to the deep ocean, where it is 

remineralized back to CO2 by bacteria (Chisholm, 2000).  This transport of organic 

carbon from the surface waters to the deep ocean is known as the biological pump, and its 

net result is to sequester CO2 in the deep ocean where it may remain for 1000 years on 

average (Chisholm, 2000).  It is for this reason that we find high concentrations of DIC in 

the deep waters (Chisholm, 2000). 

 

Figure 2 The biological pump (left) and solubility pump (right) showing how atmospheric 
CO2 is circulated in the ocean (Chisholm, 2000). 
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1.1.1.4 Physical Processes 

Another process that acts to sequester atmospheric CO2 stems from the defining 

feature of CO2. As with other gases (ex. oxygen), the solubility of CO2 is increased as 

temperatures decrease.  Consequently, it is found that uptake is pronounced within the 

high latitude seas (Ito & Fellows, 2003).  This feature creates the basis for the solubility 

pump.  Cool, dense, undersaturated waters sink rapidly to the deep ocean where they are 

carried around the world through the global thermohaline circulation. 

Expected changes in a warming climate to sea surface temperature, salinity, and 

pH are likely to affect both the biological and solubility pumps. 

1.1.2 Carbon dioxide within the Arctic Ocean 

Current estimates indicate that the Arctic Ocean takes in between -66 to -1999 Tg 

C yr-1, amounting to 5-14% of the global balance of carbon sinks and sources (Bates & 

Mathis, 2009).  Of particular interest are the pronounced effects that a warming Arctic 

climate will have on the CO2 source/sink status of the Arctic (Parmentier et al., 2013).  

Associated with the rising temperature is an increased rate of sea ice loss in both extent 

and area, increasing the proportion of seasonal sea ice coverage, a lengthening of the ice-

free season (Serreze et al., 2007; Comiso, 2012; Stroeve et al., 2012), and an increase in 

discharge of northern flowing rivers (Déry et al., 2009).  It is believed by some that these 

changes will act to increase the sink status of the Artic Ocean due to increased light 

availability to primary producers (e.g., Borges et al., 2011).  However, recent work 

conducted in the Canada Basin suggests that this in fact may not be the case, at least for 

the deep basins, and that the sink status will be weakened due to rapid invasion of 

atmospheric CO2, regionally low drawdown of CO2 by primary producers, warming 
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surface seawater, and increased ventilation due to sea ice loss (Cai et al., 2010; Else et al., 

2013).  Highlighted in these studies is that the collective effects of a changing icescape on 

pCO2sw, its seasonal cycle, and how it will affect the overall uptake capacity of the Arctic 

Ocean are not fully understood.  It is imperative that we gain an understanding on how 

sea ice currently affects pCO2sw in order to understand how it will be affected in the 

future. 

1.1.2.1 Sea ice and the exchange of CO2 

The role of sea ice on the net CO2 exchange budget remains something of a 

mystery. During sea ice formation, carbon-rich brine is rejected from the ice matrix, 

transporting CO2 system components DIC and TA with it, affecting both the carbonate 

chemistry of the sea ice (Delille et al., 2007; Rysgaard et al., 2007; Miller et al., 2011; 

Papadimitriou et al., 2012) and the underlying seawater (Anderson et al. 2004; Rysgaard 

et al., 2007; Chierici et al., 2011; Shadwick et al., 2011).  In addition, brine inclusions 

within sea ice present a favorable environment for the formation of calcium carbonate 

minerals.  Ikaite (CaCO3!6H2O) has been found in both Arctic (Dieckmann et al., 2010; 

Rysgaard et al., 2013) and Antarctic sea ice (Dieckmann et al., 2008) and its occurrence 

is thought to underpin a sea ice-driven carbon pump (Delille et al., 2007; Rysgaard et al., 

2007, 2011).  Limited evidence (Rysgaard et al., 2007, 2011) indicates that brine can be 

enriched in CO2 through the precipitation of ikaite, which subsequently drains into the 

water column, depleting the ice in DIC relative to TA.   

An increase in brine volume within the ice accompanies warming during the 

spring and summer. In theory, at brine volume proportions of 5% or greater, brine is 

mobile throughout the ice sheet  (Golden et al., 1998; Zhou et al., 2013) allowing for CO2 



! 9!

system parameters within the brine to be exchanged with both the ocean and atmosphere. 

A decrease in sea ice salinity results with a concomitant drop in total dissolved inorganic 

carbon (Papadimitriou et al., 2012; Chierici et al., 2011). Ice melt is diluted in DIC and 

TA, which on mixing with surface waters lowers pCO2sw, encouraging uptake when 

∆pCO2 < 0.  The dissolution of any ikaite crystals trapped in sea ice on warming and melt 

adds to the overall alkalinity of the melt water, further encouraging CO2 uptake 

(Rysgaard et al. 2013). 

Recent work highlights that numerous seasonally specific factors, in addition to 

sea ice, strongly influence pCO2sw in the Arctic (Else et al., 2012a,b; Fransson et al., 

2009; Miller et al., 2002; Mucci et al., 2010; Shadwick et al., 2011).  It is widely 

acknowledged that, because of limited spatial and temporal observations (Takahashi et 

al., 2009), our understanding of both the distribution of seawater pCO2, and factors 

controlling it, are lacking, and hence estimates of the Arctic Ocean’s role in the global 

carbon cycle are uncertain.  

Much work in the past 10 years has occurred within, and in proximity to the 

Beaufort Sea (Bates et al., 2006; Mucci et al., 2010; Else et al., 2011; Shadwick et al., 

2011; Else et al., 2012a,b; Else et al., 2013a). Bates et al., (2006) report on observations 

from winter/spring and summertime cruises in the Chuckhi Sea, the western Beaufort 

Sea, and the adjacent Canada Basin. They observed that the seas were undersaturated 

compared to atmospheric CO2.  Additionally, they estimated that the reduction of sea ice 

had led to a tripling of the Arctic Ocean’s sink over the past decade and predicted that the 

sink will increase by 28% over the next decade, largely because of increase primary 

production. During the fall and summer of 2003 and 2004, respectively, Mucci et al., 
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(2010) found that the southeastern Beaufort Sea was mostly undersaturated with respect 

to atmospheric values. Shadwick et al., (2011) completed an annual budget of Amundsen 

Gulf using a two-box model and found the surface waters to be undersaturated 

throughout the year and that the region constituted a annual sink for atmospheric CO2. 

Else et al., (2012a) measured ∆pCO2 during the late fall, spring, and early summer along 

the landfast ice region surrounding Amundsen Gulf.  They found that during the fall and 

spring, the region acted as a slight source of CO2, whereas during the summer the region 

was a strong sink.  They attributed the source areas to wind-driven upwelling events and 

noted that in some instances the presence of ice edges appeared to be an important factor 

in promoting upwelling. Furthermore, by considering wintertime exchange of CO2 within 

the Cape Bathurst polynya region (Else et al., 2012b), Else et al., (2013b) calculated a 

mean annual flux uptake rate ~3x that estimated by Shadwick et al., (2011).  They 

concluded that wintertime fluxes occurring through flaws and polynyas account for an 

estimated 50% of the total uptake. The studies cited above highlight the potential for 

extreme spatial variability and attribute the exchange of CO2 and saturation state of the 

surface waters to many variables, including: biology, mixing, temperature, input of 

freshwater from rivers and ice melt, the formation of sea ice, and dissolution of ice-bound 

calcium carbonate crystals.    

1.1.2.2 pCO2 within the Canadian Arctic Archipelago 

Geographically, few studies have documented the variability of pCO2sw within the 

Canadian Arctic Archipelago (CAA). Existing published pCO2sw data collected in the 

CAA represent summer conditions on one year (July and August) and showed pCO2sw to 

be highly variable, prone to rapid changes attributed to upwelling, biological processes, 
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variable ice conditions, and addition of freshwater (Fransson et al., 2009). The CAA 

occupies a significant proportion (~ 50%) of the total Arctic continental shelf (Michel et 

al. 2006) and therefore the region’s role in the Arctic’s CO2 budget warrants further 

study.  Continental shelves are of significant importance because the effects on the 

biological and solubility pumps are amplified.  Due to the shelves being shallower than 

the deep ocean, the waters are more easily cooled, enhanced the effects of the solubility 

pump.  Similarly, the biological pump is enhanced due to an increased supply of nutrients 

from terrigenous sources and upwelling on the shelves. 

1.1.2.3 Oceanography and ice regime of the Canadian Arctic Archipelago 

Several works provide a review of our understanding of the region’s 

oceanographic (McLaughlin et al., 2006; Carmack & McLaughlin, 2011; Melling, 2000), 

ecological (Michel et al., 2006), and sea ice regime (Galley et al., 2012).  The CAA is a 

relatively shallow shelf system (largely less than 500 m in depth), made up of a large 

number of channels between islands and bays that connect the Arctic Ocean to the 

Atlantic Ocean. The CAA largely receives water from the Canada Basin from the west, 

but also from the Makarov Basin and Lincoln Sea via Nares Strait to the north and 

northeast (McLaughlin et al., 2006). Sills distributed throughout the CAA promote 

upwelling and restrict inflow, the shallowest located in Barrow Strait (~125 m), which 

oceanographically separates the region into the eastern and western regimes. 

Dynamically, local flow is poorly understood (Carmack & McLaughlin, 2011; Melling, 

2000), although general flow patterns are known (McLaughlin et al., 2006). 

As the waters exit the CAA into Baffin Bay, forming the Baffin Current, they 

enter a basin where water depth reaches up to ~2000 m.  Northern Baffin Bay receives 
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water from two sources: from waters from the Arctic basin via Smith Sound and from the 

southeast by the warm West Greenland Current (Melling et al., 2001).  As the West 

Greenland Current reaches ~75˚N, it turns west, crosses Baffin Bay and connects with the 

Baffin Current, resulting in the general flow within the basin to be cyclonic.  

Sea ice can be present year-round in the CAA and undergoes large seasonal 

changes in distribution (Melling, 2000).  Timing of freeze-up is variable across the CAA, 

ranging anywhere from early November in some of the southern channels and bays  (e.g, 

Coronation Gulf, Queen Maud Gulf M’Clintock Channel) to January, as is the case in 

eastern Barrow Strait and Lancaster Sound (Galley et al., 2012).  The break-up date of the 

landfast sea ice is also variable.  Breakup begins in the eastern reaches of the CAA early 

in June and moves toward the center of the CAA from its periphery by July and August 

(Galley et al., 2012).  Between freeze-up and break-up the ice is generally landfast. 

Distinguishing features of the winter ice regime are the widespread distribution of 

polynyas (Barber & Masson, 2007). The largest polynyas are located in Smith Sound 

(North Water), Lancaster Sound, and Amundsen Gulf (Cape Bathurst). Many of the 

smaller polynyas appear to be the result of tidal induced mixing (Hannah et al., 2009). 

Sources of freshwater to the CAA include advection from the relatively fresh 

upper layers of the Arctic Ocean, ice melt, local river discharge, and precipitation 

(McLaughlin et al., 2006). The major mainland rivers that directly affect the CAA 

include the Coppermine, Bathurst, and Back Rivers.  Immediately west of the CAA, is 

the Mackenzie River outlet, which delivers a large, but unquantified amount of 

freshwater into the CAA (McLaughlin et al. 2006). 
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!

Figure 3 Location of sills and their depths throughout the Canadian Arctic Archipelago 
(Prinsenberg &Bennett, 1987).  Missing from the map is a sill located in M’Clure Strait 
(depth ~375 m) (McLaughlin et al., 2006). 

!

Figure 4 Mean direction of near-surface circulation throughout the Canadian Arctic 
(McLaughlin et al., 2006) 
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1.1.2.4 Primary production within the Canadian Arctic Archipelago 

The CAA supports high primary production, estimated to be equivalent to that of 

the Barents Sea, making up ~ 32% of the total primary production of Arctic shelves 

(Michel et al., 2006).  A phytoplankton bloom typically develops after ice melt in July-

August causes stratification of the surface layer (Michel et al., 2006).  Primary 

production, (inferred through the distribution of chlorophyll a) is spatially heterogeneous.  

Sites of enhanced production are associated with physical mixing processes, providing 

abundant nutrients for phytoplankton growth (McLaughlan et al., 2004). 

 

1.1.3 Thesis Objectives 

Annual cruises of Canada’s research icebreaker, the CCGS Amundsen, under the 

umbrella of ArcticNet, provide an opportunity to monitor spatial and temporal trends in 

pCO2sw and water column carbon chemistry across the Canadian Arctic coast.  The time 

series obtained for this work provides a unique opportunity to examine the response of 

pCO2sw to conditions associated with summer ice melt and initial ice formation season 

during the fall season. 

The overarching objectives of this thesis are as follows: 

1. Document the spatial trends in pCO2sw across the Canadian Arctic Archipelago 

and Baffin Bay and  

2. Associate variability in pCO2sw to properties of the seawater and atmosphere.   

 

1.1.4 Thesis Outline 

This thesis is comprised of 5 additional chapters.  Chapter 2 presents the study 

area examined in this work and an overview of field, analytical, and analysis methods.  In 
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Chapter 3 results are presented and are then discussed in Chapter 4.  Chapter 5 examines 

what future implications may lie ahead for this system and how it may be affected by a 

changing climate.  Chapter 6 summarizes our findings. 
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Chapter 2  

2.0 Methodology 

Data used in this study were collected during the 2011 ArcticNet cruise on the 

CCGS Amundsen between July 18 – August 11 and October 4 – October 20 2011.  

During the summer, the ship travelled from east to west from Baffin Bay, NU, to 

Kugluktuk, NU (Figure 5a).  In the fall, the ship travelled from Kugluktuk, NU, through 

the Northwest Passage, to Baffin Bay (Figure 5b).  Ancillary data (DIC, TA, and DOC) 

were sampled at discrete sampling locations throughout the ship’s route (Figure 5). 

2.1 Surface water pCO2 

Surface water pCO2 was calculated from the CO2 mole fraction that was measured 

continuously throughout the cruise using a shower-type underway pCO2 system (General 

Oceanics TM model 8050) following methods outlined by Dickson et al. (2007).  The 

system was connected to a short intake line, which drew water in from a depth of 

approximately 5 m.  Instances where the system was being cleaned, calibrated, or where 

ice blocked the intake line resulted in missing data.  

The zero and span of the system’s infrared gas analyzer (LICOR LI-7000) was 

checked daily with ultra-pure nitrogen, and certified CO2 gas (383 ppm and 453 ppm) 

traceable to WMO standards.  A thermistor was placed at the intake line and within the 

equilibrator to monitor water temperature close to the ship’s intake. pCO2sw was corrected 

for the temperature difference between the intake and equilibrator temperatures following  

Takahashi & Sutherland (2002).   
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Figure 5 Ship track during the 2011 ArcticNet cruise during the summer (A) and fall (B) 
cruises.  Discrete sampling locations are shown by the dots.  Study regions are (1) Baffin 
Bay, (2) Lancaster Sound, (3) Victoria Strait, (4) Coronation Gulf. 
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2.2 CO2 flux calculations 

 The exchange of CO2 across the air sea interface was computed using equation 1. 

The gas transfer coefficient, k, was calculated based upon a simple wind speed 

relationship shown in equation 8, following Wanninkhof (1992), where U is the wind 

speed at 14 m and Sc is the Schmidt Number, the kinematic viscosity of water divided by 

the diffusion coefficient of the gas of interest, calculated from equation 9. Here, A, B, C, 

and D represent CO2 coefficients of 2073.1, 125.62, 3.6276, and 0.043219, respectively, 

and SST represents sea surface temperature in ˚C. 

k = 0.31U14m
2 (Sc / 660)−1/2               (8) 

Sc = A−B(SST )+C(SST )2 −D(SST )3              (9) 

The solubility coefficient, s, is calculated via the equations of Weiss, (1974), 

shown in equation 10.  Here, the empirically derived coefficients for molar solubility, A1, 

A2, A3, B1, B2, and B3, are -58.0931, 90.5069, 22.2940, 0.027766, -0.025888, and 

0.0050578, respectively.  SST represents sea surface temperature in K, and S represents 

salinity. 

ln s = A1 + A2 (100 / SST )+ A3 ln(SST /100)+ S[B1 +B2 (SST /100)+B3(SST /100)
2 ]     

(10) 

Atmospheric pCO2 was measured on air drawn through an intake tube housed on 

a meteorological tower located at the bow of the ship at a height approximately 14 m 

above the sea surface.  The CO2 mole fraction was measured using an infrared gas 

analyzer (LICOR LI-7000), and converted to pCO2.  The span and zero of the sensor 

were checked twice daily and calibrated daily.  Instances where the instruments on the 
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tower were being cleaned, calibrated, or when the wind was blowing from the stern of the 

ship resulted in missing data.   

Open water fluxes were corrected for sea ice concentration by linearly scaling the 

flux proportionally to the fraction of open water.  We acknowledge that this approach is a 

crude simplification of what may be a very complicated process.  However there is 

currently no widely accepted alternative to this approach. The approach we adopt here 

has been used in several recent studies (Bates et al., 2006; Mucci et al., 2010; Else et al., 

2012).  

2.3 Ancillary data 

2.3.1 DIC and TA 

Discrete bottle samples were collected at predetermined stations along the cruise 

track for DIC and TA (Figure 5).  Water was collected from 24 x 12 L Niskin bottles 

using the ship’s rosette, which was equipped with a SeaBird CTD, into 500 ml glass 

bottles.  Following collection, DIC and TA samples were poisoned with 100 µL of 

saturated HgCl2 to halt biological activity.  The glass bottles were then sealed with 

Apiezon M grease, elastic bands, and plastic clips, and stored in the dark in the ship’s 

refrigerated (4˚C) container until returned to their respective labs (Institute of Ocean 

Sciences (IOS) and Dalhousie University).  Analysis of DIC and TA at Dalhousie 

University was conducted by coulometric and potentiometric titration, respectively, using 

a VINDTA 3C (Versatile Instrument for the Determination of Titration Alkalinity by 

Marianda) and following standard procedures (Johnson et al., 1993; Dickson et al., 2007).  

Analysis of DIC at IOS was conducted using a VINDTA 3D, following standard 

procedures by Dickson et al., 2007. TA analysis was performed on a home-built system 
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with an open cell and a non-linear least squares fitting.    By conducting routine analysis 

with Certified Reference Material (from the Scripps Institution of Oceanography), it was 

possible to ensure the uncertainty of the measurements remained between 1.4 and 

1.7 µmol kg-1 for DIC and TA, respectively. 

In order to calculate values of TA and DIC along the whole ship cruise, a 

regression line was created for each leg using station TA and salinity values.  Similar 

approaches have been followed by Fransson et al., (2009) and Shadwick et al., (2011).  

The regression line used to calculate TA along the cruise track during the summer was 

TA=824.6+43.0(salinity) (r2=0.94, p<0.0001).  During the fall, the equation for the line 

of regression was TA=753.6+44.5(salinity) (r2=0.92, p<0.0001).  DIC was then 

calculated with the freeware program called CO2calc (Robbins et al., 2010).  This 

program is a user-friendly stand-alone application used to calculate the carbonate system 

parameters.  By providing our measured salinity, temperature, pressure, pCO2, and TA 

into the program’s batch processing mode, the program was able to calculate DIC. 

Details about the program can be found in Robbins et al., (2010). 

2.3.2 Dissolved organic carbon 

Additionally, water was collected from the ship’s rosette for dissolved organic 

carbon (DOC).  Pseudo duplicate subsamples of DOC were filtered through 

precombusted (450˚C for 5 hours) Whatman GF/F filters and collected into 9 mL glass 

vials with Teflon-lined caps that had been previously cleaned following the protocol of 

Burdige & Homstead (1994).  The filtrate was then acidified to ~pH 2 using 100 µl of 2N 

HCL and stored in the ship’s refrigerated container until analysis could be conducted at 

the Université de Québec à Rimouski (<3 months).  Analysis of DOC was then 
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completed using a high-temperature combustion Shimadzu TOC-VCPN Total Organic 

Carbon Analyzer following Whitehead et al. (2000).  DOC measurements were 

standardized using Potassium hydrogen phthalate.  Additionally, seawater DOC reference 

standards (low carbon water (1 µmol L-1) and deep seawater reference water (Florida 

Strait at 700 m; 41–44 µmol L-1) produced by the Hansell’s Consensus Reference 

Materials (CRM) project (http://yyy.rsmas.miami.edu/groups/biogeochem/CRM.html) 

were used to systematically check against every seventh sample.  The typical coefficient 

of variation shown from the mean DOC of three replicate injections of each water sample 

was found to me <3%. 

2.4 Sea ice data  

 Sea ice data were obtained from the Canadian Ice Service.  Ice charts were 

converted to coverage and then to shape files to make polygons.  The ship track was then 

overlaid onto the polygons and the attributes of interest (total sea ice concentration, stage 

of formation, and floe size) were extracted to each point along the track. 

 Additionally, manual visual observations were taken from the ship’s bridge at 

hourly intervals.  These observations were used in tandem with those from the Canadian 

Ice Service and served as validation. 

 Classification of ice types and floe sizes follows nomenclature presented in 

MANICE (2005). 
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Chapter 3  

3.0 Results 

We partitioned the CAA and Baffin Bay into four regions in order to deal with the 

large geographic area covered in the study. These include (Figure 5): (1) Baffin Bay (2) 

Lancaster Sound, (3) Victoria Strait, and (4) Coronation Gulf.  The variations in each 

region are presented in the following sections.  To set the stage, the large spatial and 

temporal variations in ∆pCO2, the factor controlling the direction of air-sea exchange, are 

shown in Figure 6.  This figure highlights that for the majority of the cruise, values of 

∆pCO2 were negative in all regions.  Mean values of pCO2sw, salinity, temperature, and 

flux collected within each region are shown in Figure 7, alongside maximum and 

minimum values. 

3.1 Baffin Bay 

Variation in pCO2sw, salinity, temperature, and total sea ice concentration are 

shown for the cruise track in Baffin Bay for both summer and fall sampling periods 

(Figures 8-10, respectively).  pCO2sw was strongly undersaturated relative to atmospheric 

levels (Figures 7 & 8), and ranged between 191.7 µatm and 370.0 µatm during the 

summer cruise, and between 217.1 µatm and 328.9 µatm in the fall (Figure 7).  Minimum 

pCO2sw was observed within Pond Inlet, which corresponded to an area of lower over-all 

water salinity (28).  Highest values were observed at the eastern end of Lancaster Sound.  

Although higher mean pCO2sw was observed during the fall season (Figure 7), a larger 

range in values occurred during the summer (Figure 7).  In general,  



! 23!

!

Figure 6 Fluctuation of ∆pCO2 within Baffin Bay (red), Lancaster Sound (blue), Victoria 
Strait (yellow), and Coronation Gulf (green) during the summer (left) and fall (right) 
portions of the cruise. 

there was little range in summertime water salinity, with the exception of waters within 

Pond Inlet and Navy Board Inlet.  The warmest surface seawater (greater than 4˚C) 

occurred at the eastern edge of Lancaster Sound at the time of the summer cruise, while 

cooler seawater (less than 2˚C) resided in Pond Inlet (site of low salinity surface 

seawater), and along the north coast of Baffin Island.  At this time the region took in CO2 

at a rate that ranged between -102.5 mmol CO2 m-1 day-1 (negative flux denotes uptake) 

to -0.2 mmol CO2 m-1 day-1 (Figure 7) with an over-all mean value of -27.2 mmol CO2 m-

1 !
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!
Figure 7 Graphs showing the mean (large centre dots), maximum (small pink dots), and minimum (small light blue dots), of pCO2sw 
(A), salinity (B), temperature (C), and flux (D) throughout the 2011 ArcticNet cruise.
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day-1 (Figure 7).  The strongest and weakest uptake occurred east of Baffin Island and at 

the northern point of Navy Board Inlet, respectively (Figure 11). 

In the fall, maximum pCO2sw was observed in vicinity of the east-west transect in 

Baffin Bay, and decreased south toward Baffin Island (Figure 8).  Salinity along the fall 

cruise track was on average higher than in the summer (31.9, Figure 9), with the zone of 

highest salinity (34) occurring in the vicinity of the east-west transect in Baffin Bay.  

Although the surface seawater temperature was on average 4.5 °C colder during the fall 

cruise, substantial variation in temperature was observed within this relatively small 

geographic domain.  Temperature increased by between 7 and 10 °C as the ship 

progressed south from a pool of cold surface seawater (~ -0.1˚C) along the east-west 

transect (Figure 10). Occurring alongside this increase in temperature was a dip in the 

ratio of DIC:TA (Figure 13), from values ranging between 0.91-0.94 to values as low as 

0.87. While no sea ice was present during the summer, high concentrations (up to 10/10, 

non consolidated) of newly formed grey-white (young ice 15-30 cm thick) and grey sea 

ice (young ice 10-15 cm thick) resided in the region during the fall (Figure 12).  Medium 

floes (100-500 m width) of both second stage first year ice (50-70 cm thick) and large 

floes (500-2000 m across) of new ice were also present.  A weaker mean rate of exchange 

(-7.3 mmol CO2 m-1 day-1, Figure 7) occurred during the fall, with rates ranging from -

36.8 mmol CO2 m-1 day-1 to -0.1 mmol CO2 m-1 day-1 (Figure 7) across the mouth of 

Lancaster Sound and midway along the east-west transect across northern Baffin Bay, 

respectively (Figure 11). 



! 26!

3.2 Lancaster Sound 

The summer in Lancaster Sound showed the highest over-all pCO2sw under-

saturation relative to atmospheric levels.  pCO2sw averaged 204 µatm and ranged between 

110 µatm and 337 µatm (Figure 7).  Minimum pCO2sw was located in Barrow Strait, at 

the western fringe of the cruise track (Figure 8), which corresponded to regionally low 

salinity (27, Figure 9) and temperature (1.1˚C, Figure 10), along with an isolated pocket 

of melting sea ice (Figure 10) and a dip in the DIC:TA ratio (Figure 13).  Low pCO2sw 

(142 µatm) was also observed in Wellington Channel.  West to east in Lancaster Sound 

and south of Devon Island, pCO2sw fluctuated between ~213 µatm and 285 µatm.  

Salinity generally increased from being largely less than 28 in Barrow Strait and 

Wellington Channel, to between 30 and 32 south of Devon Island. Water temperature 

was highly variable, ranging from near 0˚C southwest of Cornwallis Island and southeast 

of Devon Island to 7˚C in Wellington Channel, and between 0˚C and 5˚C in central and 

eastern Lancaster Sound.  Flux data was limited within this cruise segment as wind 

direction was often from astern. Within the data set however, exceptionally low pCO2sw 

allowed for the largest uptake rates observed over the experiment. Rates 

exceeded -157.4 mmol CO2 m-2
 day-1 in the southern portion of Wellington Channel 

(Figure 11).  

Although pCO2sw increased to an average of 256 µatm during the fall, values 

remained low relative to other regions sampled (Figure 7), with a narrow range in values 

(228.5 µatm to 288.5 µatm).   Similarly, there was little variation in both temperature and 

salinity.  Temperature was ~5˚C lower relative to summertime values, while salinity 

remained reasonably unchanged.   Areas within Barrow Strait and south of Devon Island 
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Figure 8 Varaition of pCO2 throughout summer (A) and fall (B) of the 2011 ArcticNet 
cruise.  The variation is highlightes in the scatter graph below (C). 
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Figure 9 Variation in salinity throughout the summer (A) and fall (B).  The scattergraph 
(C) hightlights the variation in values. 
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Figure 10 Temperature during the summer (A) and fall (B) are shown.  Variation in the 
values are displyed in the scatter graph (C). 
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Figure 11 The flux of CO2 is shown during the summer (A) and fall (B), with the 
scattergraph (C) highling the variations in the rate of exchange.   
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Figure 12 Total sea ice concentration (in tenths) is shown along the cruise track during 
the summer (A) and fall (B) of the 2011 ArcticNet cruise. 

!
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Figure 13 The ratio of DIC:TA throughout Baffin Bay (red), Lancaster Sound (blue), 
Victoria Strait (yellow), and Coronation Gulf (green) during the summer (left) and fall 
(right). 

exhibited medium-sized floes of grey ice.  Newly forming ice was present south of 

Cornwallis Island.  The rate of uptake decreased to a mean value 

of -11.0 mmol CO2 m-2
 day-1 (Figure 7) during the fall period, with the greatest rate of 

uptake (-44.9 mmol CO2 m-2
 day-1, T Figure 7) occurring within Lancaster Sound, north 

of Borden Peninsula on Baffin Island. Little exchange was observed 
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(0.002 mmol CO2 m-2
 day-1 in Figure 7) midway through the transect across the mouth of 

Lancaster Sound. 

3.3 Victoria Strait 

pCO2sw within Victoria Strait was undersaturated throughout both the summer and 

fall cruises (Figure 8), and varied little between seasons (mean values of 239.6 µatm to 

270.9 µatm for summer and fall, respectively – Figure 7).  However, the range of pCO2sw 

was greater during the summer cruise, where it ranged between 139.3 µatm to 324.9 µatm 

(Figure 7).  Minimum pCO2sw was located in proximity to the confluence of M’Clintock 

Channel with Victoria Strait (Figure 8).  This location coincided with a combination of 

high concentrations (9/10) of thin first-year ice (30-50 cm thick) and grey ice (10-15 cm 

thick, Figure 12) and low salinity (Figure 9) and temperature (Figure 10).  The rate of 

CO2 uptake within these waters during the summer was lower than Lancaster Sound and 

Baffin Bay regions.  Maximum and minimum uptake rates of -20.8 mmol CO2 m-2
 day-1 

and -0.2 mmol CO2 m-2
 day-1 (Figure 7), respectively were located within the southern 

and northern reaches of Peel Sound (Figure 11).  As the ship continued south through 

Victoria Strait, the DIC:TA ratio increased compared to values in Lancaster Sound 

(Figure 13). 

pCO2sw demonstrated a smaller range in the fall, with values ranging from 

235.9 µatm to 312.5 µatm (Figure 7).  Values decreased as the ship progressed 

northward, with the lowest value observed at the northern reaches of M’Clintock 

Channel.  Values of salinity and total sea ice concentration increased along this section 

while temperature decreased (Figures 9, 12, & 10, respectively).  The lowest 

concentration of pCO2sw coincided alongside the highest values of salinity, lowest 
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temperatures, and 10/10 non-consolidated second stage first-year ice (50-70 cm thick).  

Waters exhibited both the largest (-61.8 mmol CO2 m-2
 day-1; Figure 7) and smallest rate 

of uptake (-1.0 mmol CO2 m-2
 day-1, Figure 7) during the fall season. These extremes 

were located within the northern mouth of M’Clintock Channel and along the 

westernmost reaches of the transect across the mouth of M’Clintock Channel, 

respectively (Figure 11).  Similarly, the Victoria Strait region during fall demonstrated 

the highest overall rate of uptake for our dataset, with a mean value of  -34.9 mmol CO2 

m-2
 day-1 (Figure 7). 

3.4 Coronation Gulf 

pCO2sw within Coronation Gulf was the highest (mean value) during both the 

summer and fall cruises, with means of 344.4 µatm and 313.5 µatm, respectively (Figure 

7).  During the summer, a larger variation in pCO2sw was observed, having ranged from 

186.6 µatm to 436 µatm (Figure 7), alongside large ranges in both temperature and 

salinity (Figures 10 and 9, respectively). Supersaturation with respect to atmospheric 

pCO2 occurred throughout the western portion of Coronation Gulf, with the highest 

pCO2sw existing in proximity to Kugluktuk, NU.  This location also coincided with the 

highest temperature and lowest salinity (Figures 10 and 9, respectively).  Conversely, the 

lowest pCO2sw was located along the eastern side of Queen Maud Gulf, and was 

associated with high salinity, low temperatures, and medium first-year ice floes.  The 

DIC:TA ratio exhibited similar fluctuations to those that occurred in Victoria Strait, with 

a slight peak along the western edge of the region (Figure 13).  The weakest mean value 

of uptake of the cruise (-2.0 mmol CO2 m-2
 day-1 - Figure 7) was observed, with the 

minimum rate of uptake of -13.7 mmol CO2 m-2
 day-1 located along the northeast corner 
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of Kent Peninsula (Figure 7, Figure 11).  Waters located to the east of the southernmost 

tip of Victoria Island (Figure 11) were the only potion of the entire 2011 cruise that acted 

as a weak source (0.9 mmol CO2 m-2
 day-1 - Figure 7). 

 Throughout the fall cruise, Coronation Gulf exhibited a uniform decrease in both 

pCO2sw and temperature, and increase in salinity from west to east (Figure 8, 10, 9 

respectively).  However, the dynamic range in all of these variables as well as in the ratio 

of DIC:TA (Figure 13) was not large, with pCO2sw remaining undersaturated with respect 

to atmospheric pCO2, varying from 285.7 µatm to 351.9 µatm (Figure 7).  Similarly to the 

summer cruise, pCO2sw was highest at Kugluktuk (Figure 8), coinciding with the highest 

value of temperature and lowest value of salinity, and was lowest along the eastern edge 

of Queen Maud Gulf, coinciding with high salinity and low temperatures (Figures 9 & 

10, respectively).  However, at the time of passage throughout Coronation Gulf, no new 

sea ice had begun to form.  Similar to the summer cruise, this region again demonstrated 

the weakest rate of uptake of all the regions during the fall, with a mean rate 

of -11.3 mmol CO2 m-2
 day-1  (Figure 7).  A maximum rate of uptake of -21.3 mmol CO2 

m-2
 day-1 and minimum rate of -1.9 mmol CO2 m-2

 day-1  (Figure 7) were observed at the 

same location as in the summer, and just to the west of the maximum summer uptake 

location along Kent Peninsula, respectively (Figure 11). 

In summary, during the summer, the lowest overall pCO2sw of the cruise was 

located along the western reaches of the ship track in Lancaster Sound.  This location 

corresponded to a region of melting sea ice, low temperature, and low salinity.  In the 

fall, the lowest overall pCO2sw was located just off the coast of Thule, Greenland in 

Baffin Bay.  This area corresponded to lower salinity, slightly warmer waters, and was in 
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proximity of many melting icebergs.  The highest pCO2sw values during both the summer 

and fall cruises were observed in close proximity to Kugluktuk, NU.  These waters were 

warmer, less saline, and ice-free compared to the water throughout the rest of the cruise. 
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Chapter 4  

4.0 Discussion 

 There are two major features worth noting from this study.  First, the vast 

majority of waters sampled across the CAA remained undersaturated with respect to 

atmospheric values during both the summer (mean 245.2 µatm) and fall (mean 273.7 

µatm) cruises.  In addition, the waters within the study area acted as a sink for 

atmospheric CO2, absorbing on average -17.6 mmol CO2 m-2
 day-1. Prior to the 

application of the flux correction the average flux was calculated to be -22.1 mmol CO2 

m-2
 day-1 showing that the presence of sea ice acted to suppress exchange across the air-

sea interface.   

The observation that the waters within the CAA exist as a carbon sink is 

consistent with results from other recent studies in the region over comparable seasonal 

periods (Miller et al., 2002; Bates et al., 2006; Fransson et al. 2009; Mucci et al., 2010; 

Else et al., 2012a,b).  Collectively the studies support the premise that the coastal seas 

and waterways of the North American Arctic exist as CO2 sinks, for at least much of the 

low sea ice seasons.  However, the role of this portion of the Arctic over the annual cycle 

is subject to speculation as very few observations are available over the winter and early 

spring.   

Second, the large range in pCO2sw across the CAA throughout both seasons 

suggests that a broad suite of regionally and seasonally specific processes affects it.  

Throughout the whole cruise, observed pCO2sw ranged between 110.3 and 436 µatm, 

which was comparable to the range of 102-678 µatm reported by Fransson et al. (2009) 
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along a cruise track through the CAA from Cape Farewell (South Greenland) to the 

Chukchi Sea. In that study, and other case studies from the CAA and neighbouring 

coastal seas (Hudson Bay, Amundsen Gulf, Baffin Bay), associated variability in pCO2sw 

had been attributed to the occurrence and source of freshwater (ice melt and river inflow), 

seawater temperature, mixing, and biological activity (Miller et al., 2002; Fransson et al., 

2009; Mucci et al. 2010; Else et al., 2012).  In the following we discuss observed 

variability in the context of these forcing variables. 

 The general pattern observed in pCO2sw was that of increasing values from east to 

west during the summer and fall periods (Figure 8). Surface temperature showed the 

same general pattern of an increase from east to west (Figure 10), whereas salinity 

showed the opposite, decreasing from east to west (Figure 9).  In general the east-west 

trend in pCO2sw appears to be related to the effects of temperature and dilution. 

 As mentioned, throughout the two seasons, pCO2sw remained undersaturated 

compared to atmospheric pCO2 with the exception of the western portion of Coronation 

Gulf during summer (Figure 8).  The high pCO2sw appears associated with the influx of 

freshwater from the Coppermine River, given the proximity of the observations and 

observed local increase in seawater temperature and drop in salinity.  Of all the regions, 

Coronation Gulf is the only one to receive appreciable riverine input annually.  In 2011, 

the mean monthly discharge was 90.1 m3 s-1 with elevated monthly mean discharges of 

113 m3 s-1 during July and August and the highest rate peaking at 139 m3 s-1 during 

October and November (Environment Canada, 2011). The effects of freshwater input 

from medium sized rivers like the Coppermine River on the marine CO2 system in the 

Arctic has not received much attention.   
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Studies have shown that high latitude streams and rivers are generally 

supersaturated with pCO2 and that DIC is a major component of the river dissolved 

carbon flux (Kling et al., 1991; Striegl et al., 2007; Tank et al., 2012; Giesler et al., 2013).  

Else et al., (2008) observed significantly higher pCO2sw in the river dominated near-shore 

zone of Hudson Bay relative to the marine offshore regions.  Although a much larger 

river, higher pCO2sw has consistently been observed in proximity to the Mackenzie River 

plume (Fransson et al., 2009; Mucci et al. 2010; Else et al., 2013) as well as other Arctic 

rivers along the Siberian coast (Semiletov et al., 2007).  The high DIC:TA ratio within 

this region could possibly be attributed to inflow of Mackenzie River-influenced waters 

to the west of the CAA (Figure 4).  On examination of pCO2sw in temperature-salinity 

space (Figure 14), there is a clear distinction between the warm, river-influenced waters 

and the colder ice melt-influenced waters during both the summer and fall seasons within 

this region.  Measurements of dissolved organic carbon (DOC) at the discrete sampling 

locations along the cruise tracks demonstrated the highest concentrations of DOC within 

this region. Collectively, the temperature, salinity and DOC patterns support the premise 

that high pCO2sw observed here is attributable to riverine influence.  

 During the summer portion of the cruise, the lowest overall surface water pCO2sw 

was located along the westernmost reach of the cruise track within the Lancaster Sound 

region (Figure 8).  This location coincided with low values in both salinity and 

temperature.  Additionally, this location contained 5/10th total sea ice concentration.  A 

defined region of cooler, less saline water in the pCO2sw-tempeature-salinity space graph 

(Figure 14) strongly suggests that the melting of this sea ice was contributing to the low 

pCO2sw.  This location also had a low DIC:TA ratio (0.86, Figure 13), suggesting active  
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Figure 14 pCO2 is presented in temperature-salinity space in Baffin Bay during summer 
(A) and fall (B), Lancaster Sound during summer (C) and fall (D), Victoria Strait during 
the summer (E) and fall (F), and in Coronation Gulf during the summer (G) and fall (H) 
cruises.  Circled areas represent regions of lowered pCO2sw from melted ice (A, C, E, 
lower circled area in G), melting icebergs (B), river influence (upper circles in G and H), 
and waters cooling prior to ice forming (H). Axis are scaled to show trends. 
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photosynthetic uptake (Figure 1) and, or dilution of DIC from surface waters through sea 

ice melt (Shadwick et al., 2011), which has been shown to be low in DIC due to 

photosynthetic activity within the sea ice and due to excess TA from the effects of 

dissolving CaCO3 within the ice (Rysgaard et al., 2011). 

During the fall, the highest pCO2sw was located near the fresher and warm waters 

at the westernmost reach of Coronation Gulf, which again is likely attributed to the influx 

of water from the Coppermine River (Figures 4 & 14).  In contrast, the lowest pCO2sw 

was located just west of Thule, Greenland (Figure 8).  The waters at this locale were 

slightly warmer and less saline than the waters to its west, but of particular note was that 

many icebergs littered the waters towards Greenland.  Thus, we attribute our observation 

of low pCO2sw and salinity to the presence of icebergs (Figure 14).  Melt water associated 

with drifting icebergs in the Weddell Sea (Antarctica) have been observed to depress 

pCO2sw over length scales up 20 km from the iceberg, and vertically throughout the 

surface mixed layer (Helly et al., 2011).  

A second location of interest within this region was located along the same 

latitude as Pond Inlet and exhibited low pCO2sw alongside low salinity and warm (>7˚C) 

water temperatures. The DIC:TA ratio shows a large drop (Figure 13) coinciding with the 

drop in pCO2sw which suggests the possibility of a late season phytoplankton bloom.  No 

station data was available at this point as we were in transit back south. However, late 

season blooms are not uncommon in the North Water region of Baffin Bay (Tremblay & 

Gagnon, 2009) and in southeast Beaufort (Tremblay et al., 2008), supporting this 

possibility. 
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 Seasonally, the Coronation Gulf region exhibited the largest range in pCO2sw and 

temperature (Figure 7).  Following on from previous discussion, this range is likely 

attributed to the influx of warm Coppermine River water on the western side of the 

region, and the presence of melting sea ice on the eastern edge of the region (Figure 14).  

Interestingly, the largest variability in salinity existed within the Lancaster Sound region 

during the summer (Figure 9).  The low values in salinity corresponded to the presence of 

the melting ice on the western edge of the region (Figure 12). Conversely, during the fall, 

all measured parameters in Lancaster Sound exhibited little variability.  

 Throughout the two cruises, as mentioned, the waters within the study area acted 

as a sink for atmospheric CO2.  The largest driving factor in the exchange of CO2 

between the two reservoirs is ∆pCO2 (Figure 6). Both instances of maximum rates of 

uptake and release were observed in the summer months where the waters were more ice-

free and readily available for exchange with the atmosphere.  The greatest rate of uptake 

(-157.4 mmol CO2 m-2 day-1) was observed in Wellington Channel (Figure 11).  The cold, 

very undersaturated, ice-free waters, alongside strong winds (~15 m s-1) provided the 

necessary setting for large rates of uptake to occur.  Conversely, the warmer, 

supersaturated, ice-free waters within Coronation Gulf set the stage for the surface waters 

to act as a source to the atmosphere.  Winds at the time of the calculated release were 

only ~6 m s-1, which could explain why the region only acted as a weak source.   

Previous studies have exploited relationships between pCO2sw and temperature for 

the determination of pCO2sw using satellite remote sensing (Lee et al., 1998; Lefèvre & 

Taylor, 2002; Olsen et al., 2004; Else et al., 2008;). Using remote sensing, regional 

pCO2sw may be monitored systematically over large regions, at least during the ice-free 
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season. Here we examine relationships between pCO2sw and temperature, and 

subsequently to temperature and salinity using regression analysis.  The analysis was 

performed using data from the entire cruise, the summer cruise, and the fall cruise, and 

then within each region during the summer and fall cruises (Tables 1 & 2). The analysis 

between pCO2sw and temperature showed the strongest relationship in the summer (Table 

1).  However, the overall strongest relationship between the two variables occurred in 

Coronation Gulf in the fall (Table 1).  Despite the low r2 values, the majority of 

relationships are significant.  The r2 values presented here are smaller than those observed 

in previous studies (Lefèvre & Taylor, 2002; Else et al., 2008).  The observed difference 

could be due to the effects of various parameters in play. In the case where salinity was 

introduced (Table 2), r2 was increased and all relationships became significant.  This 

shows the contributing effects of salinity on pCO2sw.  Here, again, the overall relationship 

between the variables is stronger in the fall than in the summer, with the strongest 

relationship again occurring in Coronation Gulf in the fall (Table 2).  Of note in Tables 1 

and 2 is an increase in the r2 values from the summer to the fall in all regions except for 

in Lancaster Sound.  This increase could be attributable to a decrease in the variation in 

both temperature and salinity due to the onset of sea ice formation begins, or due to the 

fact that biological activity is becoming a less important factor at this point of the year. 

Additionally, we explored the relationships among pCO2sw, temperature, salinity 

and chlorophyll-a (results not shown). While Else et al., (2008) demonstrated that the use 

of chlorophyll-a in multiple linear regressions slightly increased r2 values with both 

temperature and chlorophyll-a acting as significant predictors; this was not the case for 
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this data set as chlorophyll-a was not a significant predictor.  This could be due to the 

small sample size throughout both cruises. 

These findings show that there are many complex interactions in play within each 

region, rendering the development of a ‘universal’ relationship for the CAA quite 

difficult.  That being said, the development of robust relationships are necessary before 

remote sensing techniques can be used to systematically monitor pCO2sw within the CAA.  

 

Table 1 Linear regression between pCO2 and temperature in Baffin Bay (BB), Lancaster Sound (Lan), Victoria 

Strait (Vic), and Coronation Gulf (Cor) regions. 

  Equation r2 p-value 

Summer pCO2 = 167.2 + 14.1(T) 0.55 <0.0001 

Fall pCO2 = 272.4 + 4.9(T) 0.09 <0.0001 
both  pCO2 = 252.7 + 2.6(T) 0.04 <0.0001 
  

  
  

Summer        

BB pCO2 = 196.7 + 9.1 (T) 0.26 <0.0001 
Lan pCO2 = 148.4 + 12.2(T) 0.21 <0.0001 
Vic pCO2 = 236.2 + 0.9(T) 0.001 0.0432 

Cor pCO2 = 276.0+ 6.4(T) 0.38 <0.0001 
  

  
  

Fall       

BB pCO2 = 275.0 - 7.9 (T) 0.27 <0.0001 
Lan pCO2 = 256.1 + 0.4(T) 0.0001 0.3251 
Vic pCO2 = 277.7 + 12.9(T) 0.5 <0.0001 

Cor pCO2 = 285.9 + 11.1 (T) 0.83 <0.0001 
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Table 2 Multiple linear regression between pCO2, salinity, and temperature during the fall and summer cruises 

in Baffin Bay (BB), Lancaster Sound (Lan), Victoria Strait (Vic), and Coronation Gulf (Cor) regions. 

  Equation r2 p-value 

Summer pCO2 = 175.6 – 0.3(S) + 13.8(T) 0.55 0.000 

Fall pCO2 = 358.7 -2.7(S) + 5.8(T) 0.33 0.000 

  
  

  

Summer        

BB pCO2 = 67.6 + 4.4(S) + 9.0(T) 0.44 0.000 

Lan pCO2 = -109.2 +8.8(S) + 10.8(T) 0.38 0.000 

Vic pCO2 = 158.7 + 3.7(S) + 1.5(T) 0.46 0.000 

Cor pCO2 = 2169.9 + 4.0(S) + 9.5(T) 0.65 0.000 

  
  

  

Fall       

BB pCO2 = -482.1 +23.7(S) - 3.5(T) 0.78 0.000 

Lan pCO2 = 359.1 -3.3(S) + 0.9(T) 0.08 0.000 

Vic pCO2 = 264.3 + 0.5(S) +13.4(T) 0.51 0.000 

Cor pCO2 = 265.4 +0.7(S) + 11.7(T) 0.83 0.000 
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Chapter 5  

5.0 Future Implications 

Here, it is reported that the surface waters of the CAA were undersaturated in 

pCO2 during the summer and fall of 2011.  This observation, in line with other recent 

publications, indicates that waters in the Arctic are seasonal CO2 sinks (Miller et al., 

2002; Bates et al., 2006; Fransson et al., 2009; Mucci et al., 2010, Shadwick et al., 2011; 

Else et al., 2012a).   However, observations from this study also indicate that pCO2sw in 

the CAA was subject to significant spatial and temporal variability within the 32-day 

cruise. Much of the variability was associated with changing temperature and availability 

of fresh water from sources including river discharge and ice melt from both sea ice and 

icebergs.  

Observations show that most regions of the Arctic Ocean have warmed (Steele et 

al., 2008). Its sea ice cover is thinner, younger, and absent altogether for a longer portion 

of the annual cycle (Nghiem et al., 2007). Although evidence does not support an 

increased cyclone frequency in the Arctic, the intensity of cyclones has increased, 

particularly in the fall (Simmonds & Keay, 2009).  The ocean is receiving more 

freshwater of both riverine (Déry et al., 2009) and glacier origin (Lenaerts et al., 2013).  

Current forecasts for the Arctic Ocean suggest warming will continue at an elevated rate 

(IPCC, 2007).  Associated with the changing climate is a continued freshening of the 

surface waters (Manabe et al., 2004; Lenaerts et al., 2013), and a continued loss in sea ice 

(Stroeve et al., 2007) that will render the Arctic Ocean ice-free as early as 2020 

(Overland & Wang, 2013). 



! 47!

A consequence of the ongoing and anticipated changes in the Arctic Ocean and its 

peripheral seas could be feedbacks to the climate system through changes in the ocean’s 

ability to absorb CO2. Else et al. (2013) and Cai et al. (2010) each presented arguments 

suggesting that a lengthening of the open water season will likely not have far reaching 

implications on the CO2 uptake potential of the Canada Basin. They cite nutrient 

limitation to biological production and regional seawater warming as primary reasons 

why greatly enhanced uptake should not be expected.  Fransson et al. (2009) speculated 

that the resulting stratification associated with increased addition of freshwater through 

enhanced sea ice melt and river discharge would limit nutrient availability to biological 

production in the CAA, thereby limiting any potential increase in biological production 

associated with thinning of the sea ice, and lengthening of the ice-free season.  

The response of carbon cycling in the CAA to the wide range of anticipated 

impacts associated with climate change will depend on the response of carbon pumps to 

change.  Warming seawater will contribute to ~4.1% increase in pCO2sw per degree 

Celsius through a decrease in the waters’ CO2 solubility (Takahashi et al. 1993). Arctic 

storms can drive upwelling events  (Pickart et al., 2009), and the vertical mixing 

associated with fall storms and sea surface cooling has been linked to fall phytoplankton 

blooms in the southeast Beaufort Sea (Arrigo & van Dijken, 2004). A lengthening ice-

free period and regional prevalence for leads and polynyas may also allow wind stress to 

have a larger impact, promoting upwelling of nutrient-rich waters along the shelf-break 

and ice edge (Garneau et al. 2007; Mundy et al. 2009, Tremblay & Gagnon 2009).  

Upwelling can also introduce DIC-rich halocline waters into the mixed layer and several 

have attributed episodes of highly positive surface ΔpCO2 to spring/fall upwelling in 
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areas on the western periphery of the CAA (Mucci et al. 2010; Else et al. 2012b).  Else et 

al. (2012) point out that the frequency of upwelling events is variable, and therefore their 

effect on a region’s uptake potential is also variable. 

It is equally difficult to anticipate the impact of changes to the region’s fresh 

water balance on CO2 cycling given the uncertainty in the prediction of the region’s water 

cycle (IPCC, 2007). While the freshwater contribution from melting sea ice may not 

increase given the widespread expectation of a thinner less continuous ice cover, rivers 

draining into the Arctic Ocean are generally DIC-rich (Tank et al. 2012; Giesler et al. 

2013), and an increase in local river discharge will likely raise pCO2sw, contributing to 

water column stratification in proximity to the respective outlet plumes.  The high 

particulate load (much of it allochthonous organic material) carried within the river 

runoff may reduce the amount of light penetrating into the surface waters, impeding 

primary production and encouraging bacterial production (Garneau et al., 2008). 

Melting of the Greenland ice sheet will likely contribute to freshening and over-

all stratification of Baffin Bay and the eastern regime of the CAA (IPCC 2007).  

Furthermore, approximately 10% of the islands that comprise the CAA are covered by 

glaciers, and have been found to be succumbing to a mass loss at a rate of 64 ± 10 Gt yr-1 

(Lenaerts et al., 2013).  Additionally, it has been observed that the enhanced snowpack 

melt is not refreezing and is directly adding to the runoff (Lenaerts et al., 2013). 

The impact of changing water masses external to the CAA could have a greater 

over-all impact on carbon cycling in the CAA relative to a changing freshwater balance 

within the CAA.  An observed shift in high Arctic surface water circulation could lead to 

the increased inflow of fresher, nutrient-rich Pacific water to the CAA (McLaughlin et 
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al., 2006).  Morison et al., (2012) indicates that a vast reservoir of freshwater has been 

and is accumulating in the Beaufort Sea, largely because of the convergence of fresh 

surface water through the strengthening of the Beaufort High, and associated anticyclonic 

circulation of the Beaufort Gyre.  Their observations indicate that the Canada Basin has 

accumulated freshwater at the expense of the Eurasian Basin. 

Whether we observe increased primary production in response to earlier melt, an 

over-all lengthening of the ice-free season, and a freshening of the surface water depends 

on the availability of nutrients to the euphotic zone.  As mentioned, vertical mixing 

across the CAA may benefit through increased storm activity and upwelling events. Fast 

tidal currents around the islands and narrow channels of the CAA also contribute to 

strong tidal induced mixing, differentiating the region from other Arctic shelf systems. 

The tidal currents significantly contribute to the dynamics of many recurring polynyas in 

the region (Hannah et al., 2009), and as a result of the tidal mixing these locations may 

have enhanced plankton production over the extended summer ice-free period.  Recurring 

polynyas in the Arctic are also sites of considerable ice production and several authors 

have suggested that an enhancement of CO2 uptake associated with ice production may 

exist (Anderson et al., 2004; Rysgaard et al., 2007; Else et al., 2011; Loose et al., 2011).  

Michel et al., (2006) speculated that changes in the timing and duration of the 

release of ice algae into the water column in the spring could affect the cycling of carbon 

within the pelagic and benthic food webs.  For example, an early release of ice algae into 

the water column associated with early ice warming and melt would likely limit the 

availability of ice algae for pelagic grazing. Such a situation would favour an enhanced 

biological CO2 pump.  
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Given the myriad of processes affecting pCO2sw and the many uncertainties in the 

response of the biological system to the anticipated changes in the physical system, it is 

difficult to say whether the CO2 uptake potential in the CAA will increase in a changed 

climate. It is likely that in the future sites of recurring polynyas will become more 

important in determining the region’s source/sink status and uptake potential because of 

the possibility of enhanced wintertime uptake in conjunction with summertime mixing.   

A more definitive forecast on the fate of CO2 cycling in the CAA requires a better 

understanding of the regional impacts of climate change and their effect on carbon 

cycling.   

Although ship-based studies provide information on the variability of pCO2sw and 

its forcing variables, they are limited in both spatial and temporal coverage.  On the other 

hand, the use of remotely sensed proxies of the major drivers (temperature and biological 

processes) of pCO2sw provides a method of deriving basin-wide estimations of pCO2sw 

(Olsen et al., 2004; Berryman et al., 2007; Jamet et al., 2007; Borges et al., 2012).  The 

most common proxies used in algorithms to calculate pCO2sw are sea surface temperature 

and ocean colour, the latter allowing for the calculation of surface water concentrations of 

chlorophyll-a.  However, some studies also incorporate mixed layer depth and sea surface 

salinity (e.g., Chierici et al., 2009; Borges et al., 2010).  By including remotely sensed 

wind speed data, it is possible to calculate the air-ocean flux (Olsen et al., 2004; Lohrenz 

& Cai, 2006; Else et al. 2008).   
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Chapter 6  

6.0 Conclusions 

 The large spatial and temporal variability within the Canadian Arctic Archipelago 

and Baffin Bay is strongly related to the spatial and temporal variability in salinity and 

temperature.  The variability in salinity largely stems from freshwater input through 

riverine input, sea ice melt and formation, whereas temperature responds to changes in 

seasonal heating.   

During the summer cruise, pCO2sw was found to vary between 110.3 µatm and 

436.0 µatm, with the largest variability and highest pCO2sw measured within the 

Coronation Gulf region and lowest pCO2sw in the Lancaster Sound region.  During the 

fall cruise, pCO2sw did not show as much variability, ranging from 217.1 µatm to 

351.9 µatm, with the largest range and lowest pCO2sw occurring in Baffin Bay and the 

highest pCO2sw again occurring within the Coronation Gulf region.  Throughout both 

seasons, the study area was found to act as a sink, absorbing -17.6 mmol CO2 m-2 day-1, 

with rates of exchange varying from -157.4 mmol CO2 m-2 day-1 to 0.9 mmol CO2 m-2 

day-1. 

This study highlights the many physical and chemical parameters controlling the 

variability of pCO2sw.  While our study showed that waters in proximity to melting sea 

ice and icebergs were highly undersaturated with respect to atmospheric CO2, previous 

studies (Cai et al., 2010; Else et al., 2013) lead us to believe that this may not be the case 

in the future.  As we found supersaturated waters in regions that were affected by warm, 

riverine water, we expect that as the surface waters continue to lose ice and warm, their 

ability to continue absorbing atmospheric CO2 will lessen as ∆pCO2 and the efficiency of 
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the solubility pump will be decreased.  It is also possible that as more frequent and 

intense storms pass through the Arctic (ACIA 2005), there will be increased occurrences 

of upwelling bringing CO2 rich waters to the surface, again, decreasing ∆pCO2.  Unless 

primary production is able to increase substantially, sequestering surface waters to depth, 

and to adapt to nutrients being located within stratified, we speculate that the biological 

pump will be weakened, resulting in higher pCO2sw. 

With these parameters also being altered in a changing climate the difficulty in 

assessing how the role the Arctic Ocean plays in the global carbon cycle will be altered in 

a rapidly changing climate is rendered more complicated.  By continuing the collection of 

underway measurements during future cruises throughout these regions, it will be 

possible to gain a greater understanding of the seasonal and inter-annual variability in 

pCO2sw.  Moreover, each additional dataset will contribute to the eventual compilation 

that can be used towards climatological studies.  The use of remotely sensed data has the 

capability of greatly increasing our understanding of the distribution and changes of 

pCO2sw and should be undertaken in future studies. 
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