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Abstract

The marine carbon cycle in Canadian Arctic waters, particularly in Nares Strait and Baffin Bay, is
undergoing rapid change due to a shifting climate. Despite this, there's been a paucity of research into
the carbonate chemistry and biogeochemical processes in these regions. This thesis addresses this
gap by investigating the complex carbon dynamics in these waters, critical for understanding their role

in the global carbon cycle.

The first research chapter evaluates the strength of the biological carbon pump during the spring
ice-edge bloom in Baffin Bay. We found stark differences in springtime net community production
(NCP) between Arctic and Atlantic water domains, in western and eastern Baffin Bay, respectively.
Arctic outflow waters exhibited low spring NCP (< 1 mol C m2) due to persistent sea-ice cover and
strong stratification of the upper water column, whereas the Atlantic water domain displayed high NCP

rates (up to 5.7 mol C m-2).

The first comprehensive examination of the marine carbon dynamics in Nares Strait is also
presented. Using a multi-tracer linear mixing model, we distinguished the role of physical and biological
processes on the distribution of dissolved inorganic carbon in Nares Strait. We identified water mass
mixing as the dominant control on marine carbon dynamics, with primary production also playing an
important role in decreasing surface pCO.. Importantly, this investigation also provided the first

documented evidence of Siberian river waters arriving in Nares Strait.

The final research chapter of this thesis investigates the biogeochemical processes affecting
aragonite saturation states (Qar), and the state of ocean acidification in Baffin Bay, with a focus on the
west Greenland continental shelf region, which has remained under-studied in terms of its marine
biogeochemistry. We identify two main depth-dependent processes shaping the Qa, distribution
throughout Baffin Bay; within the upper 200 metres, lower Qa, coincides with increasing fractions of
Arctic-outflow waters, while below 200 metres organic matter respiration is responsible for decreasing
Qar. Surprisingly, substantial Arctic-outflow waters were identified on the west Greenland shelf,
challenging what is currently known of circulation patterns in the bay, and underscoring the need for

further research.
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11) for the influence of sea-ice melt or formation, (b) observed salinity-TA relationships, (c)
observed salinity-6'80 relationships, (d) map showing station locations for the BIC region (red)
and WGC region (blue) used to determine the regression relationships in panels (a) through

(o PSP P PRSPPI 147

Figure 5.6: Section plots along the west Greenland shelf from Davis Strait (DS) to Melville Bay
(MB). The locations of Disko Bay (DB) and Uummannaq Fjord (UF) are shown along the top
of panel (a), and the transect location is outlined in red in the top-right map. Section plots
show spatial distributions of various physico-chemical properties: (a) Temperature, (b)
Salinity, (c) the fraction of Arctic water (Farc), (d) the fraction of meteoric water (FMW), (e)
total alkalinity (TA), (f) dissolved inorganic carbon (DIC), (g) aragonite saturation state (Qar),

and (h) Apparent Oxygen Utilization (AOU). .......coocuiiiiiiiiie et 150

Figure 5.7: Snapshot of the Pacific water thickness throughout the upper 150 m of Baffin Bay, in
meters, based upon a passive tracer in a 1/12 degree NEMO model simulation of the Arctic
and North Atlantic. Pacific water thickness values are calculated as the fraction of the Pacific
water tracer, times the thickness of the grid cell, integrated in the vertical (in this case over
the upper 150 m of the water column). The figure shows a snapshot of the 5 day average
ending on 31 December 2017, to show an example of an instance where a pulse of Pacific
waters is propagated eastwards from the Baffin Island Current into central Baffin Bay, and
ultimately onto the west Greenland Shelf.............ccooiiiiii e

Figure 5.8: Scatterplots of: (a) aragonite saturation state (Qar) versus dissolved inorganic carbon
(DIC) and total alkalinity (TA) for all measurements collected during Leg 2 of the 2019
Amundsen expedition; (b) fraction of Arctic water (Farc) versus DIC and TA for all
measurements in the upper 200 m of the water column; and (c) apparent oxygen utilization
(AOU) versus Qa for all measurements below 200 m depth. The red circle in (a) indicates
Subpolar Mode Water (SPMW), and the blue circle represents Baffin Bay Deep Water
(BBDW) and Baffin Bay Bottom Water (BBBW). Dashed arrows in (b) show how
measurements in the upper water column are distributed spatially between the WGC and BIC
ACIOSS Baffin BaY.......ooeieeiiiiie e s

Figure 5.9: Section plots of Qar, seawater temperature (°C), and salinity across Davis Strait in 1997

(7 —10 August), 2004 (23 —28 September), and 2019 (8 =10 JUIY). ..ccovvveiiiiiiiiiieeeiieee e 156
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Chapter 1 Introduction
1.1 Motivation

Since the onset of the Industrial Revolution circa 1750, human activities have released approximately
2.5 trillion tons of carbon dioxide (COy) into the atmosphere (Friedlingstein et al., 2023; Gruber et al.,
2023; Sabine et al., 2004). This substantial increase has led to a marked rise in atmospheric CO»
concentrations. As of the 2023 annual average, atmospheric CO: concentrations stand at around 421
parts per million (ppm)(Tans & Keeling, 2024), compared to the pre-industrial average of approximately
277 in 1750 (Meinshausen et al., 2020). This large concentration change represents a significant shift
from historical norms, and is unprecedented in both rate and scale. Historical records from Antarctic ice
cores dating back hundreds of thousands of years show natural fluctuations in atmospheric CO-
concentrations typically ranged between 180 and 300 ppm during glacial and interglacial periods,
respectively (Lathi et al., 2008; Petit et al., 1999). The modern spike in CO, concentrations far surpasses

this historical range, and highlights the impact of human activities on the Earth system.

Amidst growing concerns about climate change and its ramifications, understanding the complex
dynamics of the global carbon cycle has become imperative. The global ocean, covering more than 70%
of the Earth's surface, plays a pivotal role in this cycle, acting as a major carbon sink through physical,
chemical, and biological processes. As a carbon reservoir, the ocean contains the majority (roughly 95%)
of the active pool of inorganic carbon on Earth, totaling approximately 38,000 gigatons, which is 50 times
more than the atmosphere (DeVries, 2022; Falkowski et al., 2000). Currently, it is estimated that the
global ocean removes 2.9 + 0.4 Gt C yr' from the atmosphere, equivalent to roughly 26% of annual

anthropogenic CO: emissions (Friedlingstein et al., 2023).

Despite its relatively small size compared to other oceanic regions (3% of the world ocean by surface
area, and 1% by volume), the Arctic Ocean has been estimated to take up 90 to 180 Tg C yr', accounting
for approximately 5-10% of the global ocean CO: sink (Bates & Mathis, 2009; MacGilchrist et al., 2014;
Yasunaka et al., 2018). A number of processes that occur within the Arctic Ocean drive this net CO»
uptake. The cooling of Atlantic and Pacific-source waters as they transit into the Arctic region increases
CO: solubility. Strong primary production over extensive continental shelf seas promotes CO- uptake,
and the exported organic matter from this production sequesters carbon at depth (Arrigo & van Dijken,
2015; Lalande et al., 2009; Pipko et al., 2017). Sea-ice dynamics also play a large role in Arctic marine
carbon dynamics, with sea-ice formation and associated brine rejection exporting CO; absorbed at the

surface to greater depths (Anderson et al., 2010; Grimm et al., 2016; Rysgaard et al., 2011), and sea-ice
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melt in spring providing a surface freshwater lens of low CO, water (Ahmed et al., 2019; Yamamoto-

Kawai et al., 2009; Yang et al., 2024), further enhancing CO. uptake.

Although this oceanic uptake of CO. reduces the magnitude of the greenhouse effect in the
atmosphere, it also leads to significant alterations in seawater chemistry. Specifically, increases in
dissolved CO. concentrations lead to decreases in seawater pH, and hence the process name “ocean
acidification”. Ocean acidification refers to both the reduction of seawater pH, and the related increase in
the solubility of calcium carbonate minerals, predominantly due to the uptake of CO. from the atmosphere
(AMAP, 2018; Doney et al., 2009). Declining pH in the world's oceans is of concern as it has the potential
to exert large changes on marine biological and geochemical processes, and potentially disrupt marine
ecosystems. This is especially true within the Arctic Ocean, which has been shown to be more sensitive
to ocean acidification compared to other regions of the world's oceans. Low seawater temperatures,
increased freshwater supply, and decreasing sea ice coverage are some of the many processes
contributing to enhanced ocean acidification in Arctic waters (AMAP, 2013, 2018). Modeling studies have
predicted that the Arctic Ocean will experience ocean acidification more rapidly than any other ocean,
and will undergo the greatest reductions in seawater pH (AMAP, 2013; Denman et al., 2011; Steinacher
et al., 2009; Steiner et al., 2014). Observational studies have already documented accelerated rates of
ocean acidification in the Arctic (AMAP, 2018; Luo et al., 2016; Yamamoto-Kawai et al., 2009; Zhang et
al., 2020).

These alarming trends are intricately linked to the fast pace of environmental change in the Arctic
region due to climate change. Surface air temperatures in the Arctic are increasing at four times the
global average (Rantanen et al.,, 2022). Sea-ice coverage, its thickness, and duration continue to
decrease (Notz & Stroeve, 2018; Stroeve et al., 2012), affecting the seasonality of phytoplankton blooms
(Ardyna & Arrigo, 2020; Leu et al., 2015). Regional warming has also led to an increased hydrological
cycle (Carmack et al., 2016; White et al., 2007), increasing freshwater inputs to the Arctic Ocean from
river runoff (Feng et al., 2021; McClelland et al., 2006) and glacial ice melt (Bamber et al., 2018; Mouginot
et al.,, 2019) in addition to sea-ice melt. Each of these processes (and others) affects the seawater
inorganic carbon system and ocean acidification in different ways, and will be reviewed briefly in
Chapter 2.

The research presented here is motivated by the need to understand the drivers currently controlling
the marine carbon cycle in Canadian Arctic waters, specifically in the waterbodies of Nares Strait and
Baffin Bay. Relatively little research has been conducted to date concerning the carbonate chemistry and

biogeochemical processes occurring within Baffin Bay and Nares Strait, and the region is known to be
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rapidly changing due to climate change. In this thesis, | will investigate the various biogeochemical
processes that impact the marine carbon cycle in these waters. This research contributes to the important
need to understand the complex dynamics of the marine carbon cycle in Canadian Arctic waters, how
these dynamics may be changing with ongoing climate change, and the role of these waters in the global

carbon cycle.

1.2 Thesis Objectives

The overarching goal of this research is to improve our understanding of the physical and
biogeochemical processes that control the flow and distribution of inorganic carbon within the
waterbodies of Baffin Bay and Nares Strait. Each of the objectives of this thesis aims to quantify the role
of specific processes (either physical or biological) in affecting the distribution of inorganic carbon, and
also the state of ocean acidification in these water bodies. Specific processes to be investigated include:
primary production and respiration, the advection and mixing of Pacific and Atlantic-source water masses,
the addition of various freshwater inputs, sea-ice dynamics, and air-sea CO. exchange. This broad

research goal will be achieved through the investigation of four proposed objectives:

1. Quantify springtime rates of net community production associated with the spring ice-edge
bloom in Baffin Bay, and identify the key environmental drivers controlling its variability.

2. Investigate the origins and interactions of the water masses in Nares Strait, and describe their
current carbonate chemistry and nutrient concentrations.

3. Distinguish and quantify the roles of physical and biological processes in governing the
distribution of dissolved inorganic carbon in Nares Strait.

4. Provide an update on the state of ocean acidification in Baffin Bay, and investigate the influence
of biogeochemical processes on the west Greenland continental shelf in affecting aragonite

saturation states in these waters.

1.3 Thesis Outline

This thesis is composed of six chapters. In Chapter 2 | provide a thorough literature review of the
inorganic carbon system in seawater, and the various processes known to influence the seawater
inorganic carbon system in Arctic waters. Chapters 3, 4, and 5 each contain an original peer-reviewed
research paper that has been published. The first research paper (Chapter 3) quantifies springtime rates
of net community production in Baffin Bay associated with an ice-edge bloom, and identifies the main
environmental factors controlling the magnitude and timing of the bloom. This work addresses

objective 1, and it has been peer-reviewed and published in Elementa: Science of the Anthropocene:

17



Ch.1 Introduction

Burgers, T. M., Tremblay, J.-E., Else,B.G.T., & Papakyriakou, T. N. (2020). Estimates of net community
production from multiple approaches surrounding the spring ice-edge bloom in Baffin Bay. Elementa:
Science of the Anthropocene, 8(1):013. https://doi.org/10.1525/elementa.013

The second research paper (Chapter 4) is a comprehensive investigation of the physical and
biogeochemical processes influencing the marine carbon dynamics in Nares Strait. This work addresses
objectives 2 and 3, and has been peer-reviewed and published in Journal of Geophysical Research:

Oceans:

Burgers, T. M., Miller, L. A., Rysgaard, S., Mortensen, J., Else, B., Tremblay, J.-E., & Papakyriakou, T.
(2023). Distinguishing Physical and Biological Controls on the Carbon Dynamics in a High-Arctic
Outlet  Strait. Journal of Geophysical Research: Oceans, 128, €2022JC019393.
https://doi.org/10.1029/2022JC019393

The final research paper (Chapter 5) investigates the current biogeochemical drivers of aragonite
saturation states in Baffin Bay, including important insights from the previously undersampled west
Greenland continental shelf. This research paper also reports on how the state of ocean acidification in
Baffin Bay has changed since the first baseline measurements of aragonite and calcite saturation states
were made between 2003 and 2005 (Azetsu-Scott et al., 2010). This work addresses objective 4, and

has been peer-reviewed and published in Journal of Geophysical Research: Oceans:

Burgers, T. M., Azetsu-Scott, K., Myers, P. G., Else, B. G. T., Miller, L. A., Rysgaard, S., Chan, W.,
Tremblay, J.-E., Papakyriakou, T. (2024). Unraveling the biogeochemical drivers of aragonite
saturation state in Baffin Bay: Insights from the west Greenland continental shelf. Journal of
Geophysical Research: Oceans, 129, €2024JC021122. https://doi.org/10.1029/2024JC021122

Chapter 6 provides a summary of the main results and important scientific contributions of the research
presented in Chapters 3 through 5, as well as a discussion of the limitations of this work and
recommendations for future research. Contributions of all co-authors to each research paper are stated

in Appendix A of this thesis.
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Chapter 2 Background
2.1 The Marine CO2 system

A good understanding of the seawater carbonate system is an essential foundation for the research
presented in this thesis. Carbon dioxide does not simply dissolve in water like other gases such as
nitrogen and oxygen, instead CO- subsequently reacts with water and is partitioned among four different
chemical species; aqueous carbon dioxide [CO: (q)], carbonic acid [H.CQOg], bicarbonate [HCOs], and
carbonate [CO3z2]. It is difficult to distinguish analytically between the two species [CO: (aq)] and [H2CO3],
and therefore the sum of these two species is commonly denoted as CO. or H.COs" in the literature

(Zeebe & Wolf-Gladrow, 2001), herein the former of these two notations will be used.

The air-sea exchange of CO: represents the first equilibrium equation governing the seawater

carbonate system:
Ko
€0z () < €0z aq 21)

where the concentration of dissolved CO: is given by Henry’s Law, with the equilibrium constant Ko
being the solubility coefficient of CO. in seawater (Weiss, 1974; Zeebe & Wolf-Gladrow, 2001). The

remainder of the seawater carbonate system is represented by the following equilibria:
K - + K2 - + (2.2)
CO,+ H,0 o HCO; +H" & C05~ + 2H '

where the equilibrium constants K and K> are referred to as the first and second dissociation constant
of carbonic acid, respectively. All aforementioned equilibrium constants (Ko, K1, and Kz) are dependent
on the temperature and salinity of seawater. Therefore, any changes to these physical properties of
seawater will alter the equilibrium state of the carbonate system, and the relative proportions of the

carbonate species.

Chemical oceanographers generally utilize four measurable parameters to characterize the seawater
carbonate system: dissolved inorganic carbon (DIC), total alkalinity (TA), pH, and the partial pressure of
CO: in seawater (pCO.). In practice, only two of these parameters need to be measured in order to
quantitatively determine the carbonate system (for a given temperature, salinity, and pressure)(Sarmiento
& Gruber, 2006; Zeebe & Wolf-Gladrow, 2001). Each of these four parameters provides a measure of
the chemical species that are a part of the carbonate equilibria shown in equation (2.2), either individually

or in combination. We can see this in the definitions of these four parameters, which are respectively:
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DIC = 2C0, = [CO,] + [HCO3] + [CO%] (2.3)
TA =[HCO3] + 2[C037] + [B(OH);] + [OH™] — [H*] + minor components (2.4)
pH = —log [H*] (2.5)
_[CO,] (2.6)
pCO, = —Ko

DIC is a measure of the total inorganic carbon present in seawater, and is defined as the sum of
all inorganic carbon species. TA represents the excess of proton acceptors (bases) over proton donors
(acids) relative to the pH of carbonic acid, and therefore accurately represents the buffering capacity of
seawater in terms of dissolved CO, (Wolf-Gladrow et al., 2007; Zeebe & Wolf-Gladrow, 2001). Both the
parameters DIC and TA are expressed in units of umol kg-!, and are conservative with respect to changes
in state (e.g., temperature, salinity, pressure), whereas measurements of pH and pCO; are not. Figure

1.1 in the following section will further illustrate this.

2.1.1 Ocean Acidification

Ocean acidification refers to both the reduction of seawater pH, and the related increase in the
solubility of calcium carbonate minerals, due to the uptake of CO, from the atmosphere (AMAP, 2013,
2018; Doney et al., 2009). From the carbonate equilibria shown in equations (2.1 and 2.2) we can see
that as more CO: is dissolved in seawater the equilibrium reactions will shift to the right, releasing more
protons, and therefore decreasing the pH of the seawater. However, when CO- dissolves in seawater it
does not fully dissociate into carbonate ions and protons, and therefore the pH drop is not as drastic as
one might expect. This is due to the buffering capacity of the carbonate system, which can be represented

by the reaction:
CO, + CO5~ + H,0 » 2HCO3 (2.7)

where CO. is essentially neutralized by carbonate ions, producing bicarbonate ions. These
bicarbonate ions then partially dissociate according to the carbonate equilibrium reactions, decreasing
the pH and contributing to ocean acidification. The resulting pH drop is much smaller than it would be in

the case of an un-buffered system.

The pH of seawater is dependent upon the relative concentrations of [CO-], [HCOs], and [CO32]

in solution. This is better illustrated by Figure 2.1, which shows the relative abundances of these species
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at different pH values, while maintaining a constant DIC. The vertical black line in Figure 2.1 represents

the average global surface ocean conditions of today, with a pH of roughly 8.1 (Jiang et al., 2019).
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Figure 2.1: Bjerrum plot illustrating changes in carbonate species concentration with changing seawater pH. The
vertical black line represents present average surface seawater conditions (AMAP, 2013). Dashed lines represent the
effects of temperature, salinity, and pressure on the carbonate system. The reference case, represented by a solid
line is T=25°C, S = 35, and P =1 atm. DIC = 2100 pmol kg in all cases.

From Figure 2.1 it is evident that as more CO: is dissolved in seawater the pH will decrease. It
can also be seen that with increasing [CO;] the buffering capacity of seawater is diminished due to
coincident decreases in [HCOs] and [COs%]. Figure 2.1 also demonstrates that seawater temperature,
salinity, and pressure conditions all play a role in the proportion of DIC that is present as [CO;], with
decreasing temperature and salinity leading to increased [COz]. This is a major reason why the cold and

fresh surface waters of the Arctic Ocean are especailly susceptible to ocean acidification.

Another equilibrium reaction related to the seawater inorganic carbon system, which has not yet been

discussed is the solubility of calcium carbonate (CaCQOg) minerals:

K;
CaCos (5 <> Ca** + CO3~ (2.8)
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Where K¢, is the solubility product (or equilibrium constant; also dependent on temperature, salinity,
and pressure conditions), which describes the saturation condition of seawater with respect to CaCOs.
The saturation state (Q) of CaCOs minerals is a measure of the mineral’s tendency to dissolve under
certain chemical conditions, and is defined as:

_ [Ca?*][C037] (2.9)
Q= i

If Q >1 then the seawater is considered “supersaturated” with respect to CaCQOs, and the mineral
is stable, however if Q <1 the seawater is “undersaturated” and CaCOs minerals will tend to dissolve.
From the definition of Q it is clear that as [COs?] decreases (with decreasing pH) seawater will tend
towards undersaturation. There are two common polymorphs of CaCOs; that are produced by marine
calcifying organisms; calcite and aragonite, with their saturation states denoted as Qca and Qa,
respectively. Both of these minerals chemically consist of CaCOs, however their crystal structures are
different leading to different chemical properties. Aragonite has a higher solubility product than calcite
(Mucci, 1983), meaning that aragonite will dissolve at higher pH conditions relative to calcite. However,
some forms of calcite in which Ca?+ has been switched for Mg?* (called Mg-calcite) have an even higher
solubility product than aragonite (AMAP, 2013).

2.2 Key processes affecting the marine CO2 system of Arctic waters

There are a number of physical and biogeochemical processes that affect the marine carbon cycle.
Ultimately any process that affects either the equilibrium constants (Ko, Ki, Kz), or the concentrations of
DIC or TA will alter the seawater carbonate system. A number of the processes are termed “pumps”
because they act to pull seawater pCO- away from achieving equilibrium with the atmosphere (Sarmiento
& Gruber, 2006). Figure 2.2 shows a schematic illustrating a number of such processes acting within the
Arctic marine system, divided between those processes that are dominant during the spring/summer and

fall/winter seasons.
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Figure 2.2: Schematic diagrams representing the main processes controlling the flow of carbon in the Arctic Ocean
water column. Note that although these diagrams show these processes occurring over a continental shelf, most of
the processes depicted also occur over the deep basins (with the exception of direct river inflows/coastal erosion
and upwelling at the shelf break). The different water mass layers of the water column are generally denoted here as
the polar mixed layer (PML), a cold halocline layer (CHL), and deep waters.

2.2.1 The effect of temperature and the Solubility Pump

It has been previously mentioned that the equilibrium constants governing the seawater carbonate
system are sensitive to changes in temperature. Figure 2.1 demonstrates the effects of changing
temperature on Ky and Kz. The solubility of CO; in seawater (or Ko) is also impacted by changes in the
temperature, affecting the pCO. of seawater, and the air-sea exchange of CO.. The solubility of CO»
increases with decreasing seawater temperature (Weiss, 1974), shifting the partitioning of the carbonate

species to have relatively less [CO;], and relatively more [HCO3], and [COs2]. This allows colder seawater
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to take in more CO: from the atmosphere relative to warmer seawater. On a local scale, temperature
changes of surface waters can alter the source/sink behavior of a region within the Arctic Ocean (Ahmed
et al.,, 2019; Burgers et al., 2017; Nickoloff et al., 2024). On a global scale, this temperature effect
combined with the global thermohaline circulation, is referred to as the “solubility pump”. Warm waters
transiting northwards along the Gulf Stream and into the North Atlantic Drift will undergo a cooling of
approximately 20 °C. This more than doubles the solubility of CO- in these waters, driving the transfer of
atmospheric CO: into the surface ocean. In addition, as these waters cool they become more dense and
begin to sink in the water column, a process called deep water formation. The combination of these two
processes represents the solubility pump, and transports atmospheric CO- into the deep ocean, where it

can be sequestered for centuries.

Although the solubility pump is strongest in the North Atlantic, it also operates to a smaller extent
within the Arctic Ocean itself. Cooling of surface waters during winter, and brine release from sea ice
formation create dense waters, which then sink into the halocline layer or deeper (Anderson et al., 2010).
Polynyas and flaw leads also represent important sites of deep water formation in the Arctic Ocean, as
these areas are devoid of sea ice cover and therefore surface waters continuously lose heat to the

atmosphere and generate dense waters (Béacle et al., 2002; Lobb, 2004; Melling et al., 2001).

Because the solubility pump relies on surface temperature gradients and deep-water formation,
it is sensitive to changes in regional heat budgets and freshwater inputs, both of which impact near-
surface density gradients. Therefore, the continued trends of warming surface air temperatures and
increased freshwater inputs to the surface Arctic Ocean may contribute to a less effective solubility pump

in the future.

2.2.2 The Biological Pump

The biological pump describes the net effect of biologically driven processes to decrease DIC in
surface waters, and increase DIC at depth. Photosynthesis is the main mechanism through which CO: is
consumed in surface waters. Photosynthesis is carried out by autotrophic organisms (such as
phytoplankton and algae), which utilize dissolved nutrients (such as nitrate and phosphate) and CO: in

seawater to produce organic matter following the reaction:
106 CO, + 16 HNO3 + H3P0, + 122 H,0 © Cy96H2630110N16P + 138 O,y (2.10)

The coefficients in this chemical equation represent average values first proposed by Alfred Redfield
based on measurements from marine organic matter in the North Atlantic (Redfield et al., 1963). These

coefficients are commonly referred to as “Redfield Ratios”, and represent the average ratios of P:N:C:0-
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(1:16:106:-138) utilization during marine metabolism. Overall, throughout the world ocean the Redfield
ratio remains remarkably consistent, although slight variations do exist between different ocean basins
based on their unique marine ecosystems and dominant phytoplankton species (Frigstad et al., 2014;
Sterner et al., 2008; Tremblay et al., 2002, 2015). “Primary production” refers to the creation of organic
matter from inorganic components, which occurs though photosynthesis. The reaction of photosynthesis
is limited by the availability of light and nutrients. The requirement for light limits photosynthesis to a
region of the upper water column called the euphotic zone, where large phytoplankton blooms often
deplete nutrients if there is no local source to replenish the supply. The major sources of nutrients to
surface waters are either horizontal advection or upwelling of deep, nutrient-rich waters. River runoff also
represents a source of nutrients to the Arctic Ocean, however it is a minor source, only contributing a

small fraction of the total nutrients supplied to the Arctic Ocean (Macdonald et al., 2010).

Respiration (also called remineralization) is essentially the reverse reaction of photosynthesis,
whereby heterotrophic organisms (including zooplankton, fish, or bacteria) break down organic matter,
releasing CO2 and nutrients back into the water column. This process can occur both within the surface
layer and the deep ocean, as heterotrophic organisms do not require light. The balance between primary
production and respiration is referred to as net community production (NCP), and is used to approximate
the export of carbon out of the surface layer. Any respiration occurring within the surface layer can directly
contribute CO. and nutrients to be used again through photosynthesis. This process is termed
‘regenerated production”, whereas photosynthesis utilizing nutrients that have been externally added to
surface waters is termed “new production”. The fraction of the total primary production (new +
regenerated) that eventually exits the surface ocean (the export production) is what ultimately contributes
to the biological pump. This export may be the result of sinking particulate organic matter (defined as
particles larger than 0.5 um), or by the vertical mixing of dissolved organic matter (classified as particles
< 0.5 uym; (Emerson & Hedges, 2011)). Much of this exported organic matter will be remineralized in the
water column, with less than 1% making it all the way to the bottom sediments (Sarmiento & Gruber,
2006). The overall effect of this vertical transport and remineralization of organic matter is to increase the
DIC and lower the pH of deep waters, whereas primary production in the surface ocean will have the

opposite effect, decreasing DIC and increasing pH.

Primary production is a highly seasonal process in the Arctic Ocean. This is due to the high-latitude
location of this ocean, which results in a polar winter with 24-hr darkness, and a summer with 24-hr
sunlight. During winter the production of sea ice brine mixes the surface water column, replenishing it

with nutrients from deeper waters. Excess respiration in the water column during winter also contributes
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to the stock of nutrients that will be available in spring. However, once spring begins sea ice cover still
limits light transmission into the surface waters, holding back the beginning of primary production until
sufficient light can penetrate through the ice cover. Microscopic algae living in the sea ice are often the
first organisms to start primary production in spring, however a recent study indicates that they may not
contribute significantly to the uptake of CO; from surface seawaters (Else et al., 2019). Often it is the
formation of melt-ponds that allows sufficient light transmission into the surface ocean for primary
production by phytoplankton (Matthes et al., 2020). Inputs of sea ice meltwater also support
phytoplankton bloom growth by enhancing surface stratification and providing a stable habitat. Under-ice
phytoplankton blooms have been found to be a common occurrence in the Arctic Ocean (Arrigo et al.,
2012; Horvat et al., 2017; Mundy et al., 2009, 2014). However, the highest rates of primary production
have been found associated with receding sea ice edges. These ice-edge blooms have been found to
account for up to 50-65% of annual primary production over the Barents and Bering Sea shelves (Perrette
et al.,, 2011; Sakshaug, 2004). These intense blooms are often short-lived as they quickly deplete the
stock of nutrients available in the surface waters, and stratification prevents replenishment from deeper
waters (Tremblay & Gagnon, 2009; Tremblay et al., 2008). At this point some primary production may
continue in deeper waters, if light is able to penetrate deep enough. These so-called sub-surface
chlorophyll maxima (SCMs) often occur in association with the nitracline, and have been found to
contribute substantially to primary production during the summer season (Brown et al., 2015; Martin et
al., 2010). However, the question of how much SCMs contribute to the total annual primary production in

the Arctic Ocean still remains an open question.

2.2.3 The Sea Ilce Pump

The chemical processes occurring during sea ice formation and melt also help export CO: to
depth, representing a “sea ice pump”. There are two related processes that control the sea ice pump; (1)
the rejection of DIC-rich brine during sea ice formation, and (2) the formation and dissolution of ikaite.
When sea ice forms from seawater, impurities such as salts, gases, and particles are expelled as much
as possible from the sea ice matrix. DIC is similarly treated as an impurity and is rejected from the sea
ice matrix through brine channels. As dense brines drain from sea ice and sink in the water column they
carry with them significant amounts of DIC (Brown et al., 2015; Miller et al., 2011). Within the sea ice,
CaCOs can precipitate from the cold salty brine in the form of ikaite crystals (Rysgaard et al., 2011). Ikaite
formation leads to decreases in both the DIC and TA of the brine solution, with TA decreasing by twice
as much as DIC (because of the loss of two negative charges associated with the CO3? ion). If the ikaite

crystals remain within the ice as brine drainage occurs, this would enrich the sea ice in TA relative to
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DIC. Then, in spring, when the sea ice begins to melt and the ikaite crystals dissolve, there would be an
excess of TA over DIC within the sea-ice meltwater that would lower the pCO. of surface waters and
encourage atmospheric CO- uptake. The uptake of CO; into surface waters would then feed more carbon
export to depth the following winter when sea ice forms again. However, research on the carbonate
chemistry of sea ice and the formation of ikaite has found both to be spatially and temporally variable,
and therefore it remains uncertain how big of a role ikaite formation plays in influencing brine carbonate
chemistry and CO:- fluxes (Geilfus et al., 2016; Grimm et al., 2016).

2.2.4 Freshwater Inputs

The Arctic Ocean is disproportionally impacted by freshwater inputs compared to other oceans,
as it receives 11% of global river runoff despite only accounting for 1% of global seawater volume, or
2.8% of the area (Carmack et al., 2016; Shiklomanov, 2000). Freshwater is also transported indirectly
into the Arctic Ocean via the inflow of Pacific water, which is fresher than its Atlantic counterpart. This
contributes to the Pacific-influenced sectors of the Arctic Ocean having an overall lower buffering capacity
(lower TA), and being more sensitive to ocean acidification. These large inputs of freshwater result in
widespread stratification of the top hundred meters of the water column, and affects biogeochemical

processes by inhibiting exchange between the surface mixed layer and deeper waters.

In recent decades climate change has led to further increases in freshwater inputs to the Arctic
Ocean, from riverine sources (McClelland et al., 2006), sea-ice melt (Yamamoto-Kawai et al., 2009), and
also glacial ice melt (Bamber et al., 2018; Rignot et al., 2011). All aforementioned freshwater sources are
characterized by lower salinity and TA in comparison to seawater, and therefore act to reduce the
buffering capacity when mixed with seawater, leading to greater decreases in pH and Q with added CO;
(Carmack et al., 2016). Additionally, these freshwater sources have lower dissolved [Ca?*] in comparison
to seawater, and this combined with low TA further contributes to lowering Q. Figure 2.3 depicts how Qar
is affected by dilution by various freshwater sources. In making Figure 2.3 it was assumed that TAgicia
and DICyiacial = 50 pmol kg ' based on the field measurements of icebergs presented in Meire et al. [2015].
The TA and DIC of sea-ice melt has been well characterized and is also quite low (TAsm and DICgim =
300 pmol kg') (Yamamoto-Kawai et al., 2009), whereas river runoff exhibits the highest TA and DIC of
these freshwater sources (TAriver and DICiiver = 800 umol kg') (Azetsu-Scott et al., 2010), however is still
relatively low when compared to seawater (TAsea and DICsea = ~2000 pumol kg'). Observational studies
in the Arctic Ocean have already detected areas impacted by sea ice melt water and/or riverine inputs
which are sufficiently corrosive to dissolve aragonite (Qar < 1) (Bates et al., 2009; Yamamoto-Kawai et
al., 2009).
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Figure 2.3: Effect of freshwater inputs on the saturation state of aragonite (Qar) in the Arctic Ocean.
2.2.5 Gas Exchange

Air-sea gas exchange is the process constantly trying to achieve equilibrium between the pCO:»
in both the surface seawater and the overlying atmosphere. Therefore, many of the other processes
discussed previously contribute to promoting the transfer of atmospheric CO: into the surface ocean (if
their net effect is to decrease the pCO. of surface waters). Since the average pCO- of surface waters in
the Arctic Ocean is lower than that of the atmosphere, the Arctic Ocean represents a net sink of CO;
(Yasunaka et al., 2018). The timescale that is needed for surface water pCO: to equilibrate with the
atmosphere turns out to be much longer than the equilibration timescale of other gases. This is because
added atmospheric CO; needs to equilibrate with the entire DIC pool in the surface waters. This results
in the equilibration timescale for CO: in the surface ocean being on the order of 6 months, compared to

that of O, which is approximately 14 days (Sarmiento & Gruber, 2006).

Air-sea gas exchange is the primary driver of ocean acidification in the surface waters of the Arctic
Ocean (AMAP, 2013, 2018). This process when combined with a decreasing summer sea-ice extent, and

the low buffering capacity of increased freshwater inputs is likely to drive considerable acidification of
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surface waters in the future. This may be detrimental for certain species with calcium carbonate shells
that inhabit surface waters, such as coccolithophores, foraminifera and pteropods (AMAP, 2013; Comeau
et al., 2012; Niemi et al., 2021). As climate change progresses, increased stratification from freshwater
inputs may limit the CO. uptake capacity of certain region, by limiting the volume of water available in the

surface mixed layer for interaction with the atmosphere.
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Abstract

Measurements of net community production (NCP) provide an upper constraint on the strength of the
oceanic biological pump, the dominant mechanism removing CO, from the surface ocean and
sequestering it at depth. In this investigation our objectives are to describe the spatial and temporal
variability of NCP associated with the spring ice-edge bloom in Baffin Bay, and identify the key
environmental drivers controlling its variability. Using data collected between 9 June and 10 July 2016,
we estimated NCP based on: (1) underway measurements of surface water oxygen to argon ratios
(O2/Ar), (2) underway measurements of the partial pressure of CO. (pCO.), and (3) seasonal nitrate
drawdown from discrete samples. These multiple approaches all displayed high NCP (up to 5.7 mol C
m?) in eastern Baffin Bay, associated with modified Atlantic waters, and low NCP (< 1 mol C m?) in the
presence of Arctic outflow waters in western Baffin Bay. Arctic outflow waters were characterized by low
surface salinities and nitrate concentrations, suggesting that high freshwater content may have limited
the nutrient availability of these waters. Different integration depths and timescales associated with each
NCP approach were exploited to understand the temporal progression and succession of the bloom,
revealing that the bloom was initiated under-ice up to 15 days prior to ice retreat, and that a large portion
of NCP in eastern Baffin Bay (potentially up to 70%) was driven by primary production occurring below

the surface mixed layer.
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3.1 Introduction

Like other Arctic Seas, the waters of Baffin Bay are currently transforming under the influence of
anthropogenic climate change. Sea-ice cover in Baffin Bay continues to decline in thickness and
longevity, with the ice-free season growing longer (Bliss et al., 2019; Landy et al., 2017; Tang et al.,
2004). This change is resulting in warmer sea surface temperatures, especially in eastern Baffin Bay
(Timmermans & Ladd, 2018), and earlier commencement of spring phytoplankton blooms (Bélanger et
al., 2013; Kahru et al., 2011). Additionally, freshwater inputs to Baffin Bay continue to increase from
various sources, including increasingly fresh surface waters exported from the central Arctic Ocean
(Carmack et al., 2016; Haine et al., 2015), and increasing glacial meltwater inputs from the Greenland
ice sheet (Bamber et al., 2018; Dahl-Jensen et al., 2011). Combined, these changes will no doubt affect
the primary production regime in Baffin Bay, and have consequent effects for marine ecosystems and

the marine carbon cycle in this region.

Observations indicate that the Arctic Ocean represents a net sink of atmospheric CO (both
natural and anthropogenic), absorbing approximately 166 —180 Tg C yr' (MacGilchrist et al., 2014;
Yasunaka et al., 2018). Primary production and the biological pump are key processes driving this net
CO: uptake through the production and subsequent export of organic carbon from the surface into the
deep ocean, where it can be sequestered from interaction with the atmosphere. Autotrophic organisms
such as algae and phytoplankton utilize dissolved inorganic carbon and light to produce organic carbon,
a portion of which may then be consumed and respired by heterotrophic organisms, converting organic
carbon back into inorganic carbon. Net community production (NCP) is defined as the difference between
gross primary production and ecosystem respiration. As such, NCP represents an upper constraint on
the amount of organic carbon exported to depth (the biological pump), assuming that the storage of
organic carbon in the surface mixed layer is modest over large spatial and temporal scales (Falkowski et
al., 2003).

Primary production is a highly seasonal process in the Arctic Ocean and its adjacent seas, due to
the requirements for sufficient light and nutrients. The retreat and melting of sea ice in the spring drives
strong primary production due to the enhanced light availability and stratification from sea-ice meltwater
in the marginal ice zone (Barber et al., 2015; Leu et al., 2015). Enhanced stratification surrounding the
ice-edge limits the depth of vertical mixing, allowing phytoplankton to remain near the surface with
sufficient light for photosynthesis. Ice-edge blooms are a common occurrence throughout the Arctic
Ocean (Perrette et al., 2011), and are generally intense and short-lived features that quickly deplete the

nutrient stock within the shallow surface mixed layer (Niebauer, 1991; Sakshaug, 2004; Tremblay et al.,

38



Ch.3: Spring bloom NCP in Baffin Bay

2008). Much still remains unknown, however, about the conditions required to trigger the phytoplankton
spring bloom in the presence of sea ice cover. In the case of ice-edge blooms, increased light availability
and stratification are occurring simultaneously, creating an ideal setting for bloom initiation. However,
many instances of under-ice blooms have now been observed throughout the Arctic Ocean (Arrigo et al.,
2012; Assmy et al., 2017; Fortier et al., 2002; Mundy et al., 2009), demonstrating that cracks, leads, melt
ponds, or thin ice without snow cover can allow for sufficient light transmission to initiate under-ice pelagic
blooms. It is now estimated that nearly 30% of the ice-covered Arctic Ocean permits under-ice blooms in
July (Horvat et al., 2017). This raises the question of whether enhanced stratification is a necessity to

initiate a bloom, or whether sufficient light availability is enough.

In the post-bloom phase, after the surface bloom has depleted the nutrient stock of the surface
mixed layer, primary production may continue in deeper waters as subsurface chlorophyll maxima
(SCM’s). These features are quite common in the post-bloom Arctic Ocean (Ardyna et al., 2013; Brown
et al., 2015; Martin et al., 2010; Tremblay et al., 2008) and will cause the nitracline to deepen as they
continue to consume nutrients at greater depths. Ultimately, the SCM will settle at a depth between the
nitracline and the bottom of the euphotic zone, balancing the requirements for light and nutrients. Despite
the known ubiquity of SCM’s, much remains to be understood about their ecological significance, and
their contribution to NCP.

Recent investigations focused in northern Baffin Bay (in the historical location of the North Water
Polynya) have documented decreases in annual NCP and phytoplankton biomass, attributing this
decrease to freshening and increased water column stratification (Bergeron & Tremblay, 2014; Blais et
al., 2017). However, these results may not be widely applicable to all of Baffin Bay, as water mass
characteristics and sea ice conditions vary widely from east to west. In fact, using a satellite-based model
to assess primary production trends from 1998 to 2010, Bélanger et al. (2013) showed positive trends in
primary production rates in southeastern Baffin Bay, despite negative trends in northern Baffin Bay. The
synthesis study of Codispoti et al. (2013) was the last investigation to specifically present estimates of
NCP in southern Baffin Bay. However, the results of that synthesis study were calculated using data from
relatively few sampling stations averaged over large spatial scales, and winter nutrient concentrations
used as a baseline to estimate NCP over the West Greenland shelf were collected between the years of
1962 and 1987. Therefore, we predict the NCP estimates of Codispoti et al. (2013) will differ greatly from
those calculated with more recent measurements. Further, the unique set of methods we employ in this
investigation allows us to provide additional information on the temporal progression of the bloom across

Baffin Bay, and to distinguish NCP contributions from the surface mixed layer and SCM.
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In this study we present springtime estimates of NCP across southern Baffin Bay, associated with
a receding ice cover and a transient ice-edge bloom. The main objectives of this study are to describe
spatial and temporal variability of NCP in Baffin Bay, and to provide insight into the environmental factors
driving this variability. In order to infer information about the spatial and temporal progression of the
bloom, we make use of three different approaches of estimating NCP that integrate over different time
and depth scales. Our three approaches to estimating NCP rely on; (1) sea surface measurements of the
oxygen to argon ratio (O2/Ar), (2) sea surface measurements of the partial pressure of CO. (pCO3), and

(8) discrete water column measurements of nitrate concentrations.
3.2 Oceanographic Setting

The oceanographic setting of Baffin Bay plays a critical role in determining the amount of primary
production that is able to occur, as sea ice conditions and water mass circulation patterns dictate the
availability of light and nutrients in the surface ocean. Within Baffin Bay there is an overall cyclonic
circulation comprised of two main currents: the southward flowing Baffin Island Current (BIC), which
exports cold Arctic outflow waters southwards to the Labrador Sea, and the northward flowing West
Greenland Current (WGC), which mainly advects warm modified-Atlantic waters northwards along the
West Greenland shelf (see Figure 3.1). These two current systems lead to an east-west divide in the
water mass assemblies of Baffin Bay (Bacle et al., 2002b; Mlinchow et al., 2015; Randelhoff et al., 2019;
Tang et al., 2004). Sea ice retreat in Baffin Bay typically progresses from east to west, due to the
temperature gradient between the WGC and BIC current systems, and features an ice-edge bloom that
tracks the westward moving ice-edge (Perrette et al., 2011). Randelhoff et al. (2019) recently provided a
detailed summary of the spring sea ice retreat and water masses present in Baffin Bay. Here we briefly
review the major water masses of Baffin Bay (although Baffin Bay Deep waters at depths below 800 m
are not discussed here), and we refer the reader to Randelhoff et al. (2019) and references therein for

more detail.

In eastern Baffin Bay the water column is divided into three main water masses: (1) Warm surface
waters, characterized by T > 0°C and S < 33.5, which are only present during the ice-free season when
solar insolation heats the upper mixed layer; (2) Winter Atlantic water (WAW), with T < -1 °C and 33.5 <
S < 34 located at depths of approximately 40 — 100 m, and (3) Atlantic waters (AW), characterized by T

>1 °C and S > 34 and concentrated at depths between 150 —500 m over the continental slope.

In western Baffin Bay, AW and WAW are still present but are located at greater depths in the

water column. AW is generally located at depths greater than 250 m, and WAW between depths of 150
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to 250 m. Above this sits Arctic water with T < -1°C and S < 33.5 which arrives in Baffin Bay from the
channels of the Canadian Arctic Archipelago (CAA) and is transported southwards by the BIC. Due to
the presence of multiple shallow sills in the CAA, Arctic water entering Baffin Bay is primarily of Pacific
origin, as deeper Atlantic-origin waters from the central Arctic Ocean basins are held back. Similarly, the
deep Atlantic waters in Baffin Bay (WAW and AW) cannot pass over these sills, and so they are

recirculated southwards within Baffin Bay, being subducted underneath the Arctic water.

Nitrate delivery has been shown to vary between the two major surface currents in Baffin Bay.
Arctic water entering via the BIC was reported to deliver between 5 — 12 umol kg of nitrate, whereas
WGC waters entering from the southeast contained approximately 14.5 umol kg-' nitrate in winter (J.-E.
Tremblay et al., 2002).

3.3 Methods
3.3.1 Sampling

Data presented here were collected between 9 June and 10 July 2016 onboard the CCGS
Amundsen as part of the Green Edge expedition (Randelhoff et al., 2019). A series of seven longitudinal
transects were sampled across the retreating ice-edge. Each transect was numbered 100 to 700 in the
order of sampling (see Figure 3.1), and traversed between modified Atlantic waters in eastern Baffin Bay
and Arctic outflow waters in the west. Mid-way through the research cruise (between transects 300 and
400) the ship travelled south to the hamlet of Qikigtarjuag, NU for a personnel swap with the associated
Green Edge ice camp (Oziel et al., 2019). Throughout the cruise the ship’s CTD/Rosette system,
consisting of 24 x 12L Niskin-type bottles (OceanTest Equipment) with a Sea-Bird 911plus CTD, was
deployed at a total of 135 unique station locations. The CTD was also equipped with a fluorometer for
the detection of chlorophyll a (SeaPoint). Nutrient samples (for analysis of nitrite, nitrate, ammonium,
phosphate, and silicate) were collected at 92 of these stations, while discrete samples for salinity, stable
oxygen isotope (5'80), and the inorganic carbon system (for analysis of total alkalinity (TA) and dissolved
inorganic carbon (DIC)) were only collected at 11 stations in the 100 and 300 transects. Underway surface
water measurements of O-/Ar and pCO. were collected through two separate seawater intake lines,
sampling at depths of approximately 5 m and 7 m below the waterline, respectively. Underway
measurements of surface pCO. and O concentrations showed good correlation with surface
measurements from the CTD/Rosette (see Figure S3.1) and therefore we do not anticipate that biofouling

within the seawater intake lines had any significant effect on our measurements.
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10 July

9 June

Figure 3.1: Map of the study area. Leftmost map shows the general surface circulation patterns of Baffin Bay, with the
West Greenland Current shown in red, and the Baffin Island Current shown in blue. The inset map to the right shows
the cruise track colored according to sampling date, with east-west transects named sequentially in the order of
sampling from 100 to 700.

3.3.2 Analytical Procedures

Continuous underway AO»/Ar measurements were made using Equilibrator Inlet Mass
Spectrometry (EIMS) (Cassar et al., 2009). Briefly, seawater from the ship’s seawater intake line
(sampling from a nominal depth of 5 m) is pumped through a gas-permeable membrane cartridge,
allowing the gas in the headspace of the cartridge to equilibrate with the gases in seawater. The O/Ar
ratio is then measured from the headspace gas using a quadrupole mass spectrometer (Pfeiffer Prisma
model QMG 220 M1). The system is calibrated against the atmospheric O2/Ar ratio every four hours, and
the instrument precision is + 0.3% or better (Cassar et al., 2009). Here we present 2-minute averages of

AO./Ar measurements collected every 8 seconds, following (Eveleth et al., 2017).

Continuous measurements of sea surface pCO. were also made underway using an infrared
based showerhead equilibrator system (General Oceanics model 8050; (Pierrot et al., 2009)) using a
different clean seawater intake line into the ship’s engine room, at 7 m depth. The infrared gas analyzer
(LI-COR model LI-7000) was calibrated twice daily against four certified gas standards (CO:
concentrations of 0.0, 254.5, 431.3, and 554.2 ppm) traceable to World Meteorological Organization
(WMO) standards. The underway system also houses a flow-through CTD (Idronaut model Ocean Seven
315) which provided coincident salinity measurements. Due to the dependency of the pCO. measurement
on temperature, a separate temperature measurement was made by a thermocouple located directly in

the seawater intake line (accurate to 0.5 °C). These “in-situ” temperature measurements were used to
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correct for any warming that may have occurred during transport of water to the pCO. system’s
equilibrator using the method of Takahashi et al. (1993). The overall relative uncertainty of the

temperature-corrected pCO: values is estimated to be 2 %.

Carbon system seawater samples were collected following standard protocols (Dickson et al.,
2007), with replicates collected from at least one Niskin bottle per rosette cast. Samples were collected
in 250-mL glass bottles, preserved with 100 pL of saturated mercuric chloride solution, capped with
ground glass stoppers greased with Apiezon-M, and sealed with electrical tape. Samples were then
stored in the dark at 4 °C until arrival at the Institute of Ocean Sciences in Sidney, British Columbia where
analysis for total alkalinity (TA) and dissolved inorganic carbon (DIC) was conducted. The coulometric
DIC analysis utilized either a SOMMA (Johnson et al., 1993) or VINDTA 3D (MARIANDA) extraction
system. Measurements of TA were determined using an open-cell potentiometric titration with non-linear
least squares end-point determination (Dickson et al., 2007). Both of these measurements were
calibrated against certified reference materials (CRM Batch #106) provided by Andrew Dickson (Scripps
Institute of Oceanography). Determination of duplicate DIC samples indicates a precision of =1 umol/kg,

and duplicate TA samples show a precision of + 3 pmol/kg.

Samples for the determination of 3'80 were analyzed at the GEOTOP stable isotope laboratory
at the Université du Québec a Montréal. Measurements were made using the CO- equilibration method,
where 200 uL of sample water was equilibrated with CO; for 7 hours at 40 °C. The CO» was then analyzed
on a Micromass Isoprime™ universal triple collector mass spectrometer in dual inlet mode with an
AquaPrep™ system (Isoprime Ltd., Cheadle, UK). Results are expressed in the & notation in %. versus
Vienna Standard Mean Ocean Water (VSMOW). For each analytical sequence, two internal reference
water samples were used to normalize the sample data (380 = —-6.71 %0 and —20.31 %.). Uncertainties

in replicate measurements were + 0.05 %o (10).

Vertically-resolved subsamples for nutrient determination were collected directly from the Niskin
bottles with syringes and filtered through a GF/F filter inserted in a Swinnex. The concentrations of
phosphate and nitrate (obtained by difference between nitrite and nitrate+nitrite) were measured fresh
on an Autoanalyser 3 (Bran and Luebbe) and used to estimate the fraction of Pacific water (FPW) at each
sampling depth. Here we used the N-P regression lines from Jones et al. (1998), as Tremblay et al.
(2015) showed the N-P relationships in northern Baffin Bay closely follow those derived by Jones et al.
(1998). In order to estimate surface FPW along the ship track, average mixed layer FPW values were

calculated at each sampling (as the average of all FPW values within the defined mixed layer depth).
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These mixed layer average values were then linearly interpolated between sampling station locations.

Surface mixed layer depths were defined following Shaw et al. (2009).
3.3.3 NCP from O2/Ar

Rates of NCP calculated from O./Ar measurements exploit the similar physical properties but
different biological behavior of oxygen and argon (Craig & Hayward, 1987). Since physical processes
affecting oxygen concentrations (e.g. bubble entrainment, temperature changes) similarly affect argon

(Ar), the biological oxygen saturation anomaly (AO2/Ar) can be calculated as:

[ a0/t (3.1)
A0/ AT = | G0/ TarD e

where ([0,]/[Ar]) is the measured O /Ar ratio from the EIMS, and ([0;]/[Ar])sq: is the ratio of
equilibrium concentrations of O, (Garcia & Gordon, 1992) and Ar (Hamme & Emerson, 2004). AO/Ar
represents the percent deviation in seawater O,/Ar from atmospheric equilibrium, with Ar normalization
used to remove physical effects on O; saturation (Craig & Hayward, 1987). Assuming that the surface
mixed layer is isolated from the deeper water column, NCP can be calculated as the sea-to-air flux of

biologically-produced oxygen:

(3.2)

NCPoz/ar (mmol C m=2 day™) = ko, - [02]5q¢ - A0, /A1) - 0. C
2-

where ko, is the gas transfer velocity for O> (m day-'), [0,]s4. is the equilibrium concentration (mmol O
m-3), and 0,: C is the stoichiometric ratio of 1.4 from Laws (1991). Within equation 3.2 the term [0,]sq: *
A(0,/Ar) represents the sea-to-air gradient of biologically derived oxygen. The transfer velocity (ko) is
calculated from the wind speed parameterization of Wanninkhof (2014) using 4-times daily wind
components from NCEP/NCAR reanalysis data (Kalnay et al., 1996) and is weighted to account for wind
speed history over the 60 days prior to sampling following the weighting scheme of Reuer et al. (2007)
as modified by Teeter et al. (2018). k,, was also linearly corrected for sea ice cover using sea ice
concentrations from AMSR2 (Spreen et al., 2008) matched to the ship’s sampling time and location. We
chose to apply a linear scaling of ko, by sea ice cover, as this approach is supported by the recent
findings of Butterworth and Miller (2016) and Prytherch et al. (2017) during the summer season in partially
ice covered waters, although we do acknowledge that large uncertainty remains around transfer velocity

estimates in partially ice-covered waters (more on this uncertainty below).

The recent study of Teeter et al. (2018) demonstrated that NCPogar calculated by this technique

accurately represents the exponentially weighted NCP over the past several residence times of oxygen
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in the surface mixed layer. By calculating the O residence time (To2 = MLD/k,,) at each location using

the associated 60-day weighted and ice corrected transfer velocity (k,,), we approximate the weighted
residence time of our NCPoyar estimates. Our daily NCPoxar (mmol C m=2 day') rates are multiplied by
their associated residence times for comparison to other seasonally integrated approaches (mol C m-;
see below), which are described in subsequent sections. Table 3.1 provides a summary of the relevant

integration depths and timescales of each NCP approach presented.

Table 3.1: Summary of relevant integration timescales and depths of each NCP approach

NCP approach Integration timescale Integration depth

(residence time of tracer)

NCPoz/ar ~20 days? in open water (o = | Surface mixed layer
6 days,; ranges between 8 to
32 days)

~60 days? under ice (0 =45
days; ranges between 12 to

193 days)
NCPpco2 Months to years Surface mixed layer
NCPx Months to years Euphotic zone

a gverage values for open water (SIC=0) and ice covered (SIC>0) conditions

Using this methodology of estimating NCPo2/ar we employ a number of assumptions that introduce
potential error. First, we assume that [Ar]/[Ar]lsat = 1, which introduces an error equal to the actual Ar
saturation of surface waters. Eveleth et al. (2014) reported that surface waters in the central Arctic Ocean
can have Ar supersaturation ranging between —-7% to +3%. We also assume that the surface mixed layer
is isolated from deeper waters, but vertical mixing may transport oxygen-depleted waters from depth into
the surface layer. In areas where vertical mixing occurs, NCPoxar Will represent a lower bound on true
NCP. However, we found no evidence of doming isopycnals along our longitudinal transects, so we do
not anticipate vertical mixing to have a significant impact within this particular dataset. Our greatest
source of error is that associated with our estimates of transfer velocity, which Bender et al. (2011)
estimate to be ~40% in open water, but are much higher when taking sea ice cover into account. Loose
et al. (2009) estimate the standard error of the transfer velocity in partial sea ice cover can be up to 80%.
Other studies show similarly large uncertainties in estimated transfer velocities in the presence of partial
sea ice cover (Butterworth & Miller, 2016; Prytherch et al., 2017; Rutgers van der Loeff et al., 2014).

Taking this into consideration, and acknowledging that this large uncertainty is again applied by our
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residence time multiplier to report seasonal NCP in units of mol C m2, the relative uncertainty of our
NCPo2/ar estimates may be over 100% (especially in ice-covered waters). These estimates represent the

best approximations we can currently make using the Ox/Ar technique in partially ice-covered waters.

3.3.4 NCP from pCO:
Calculated values of NCP,co2 utilize the seasonal drawdown of DIC in the surface mixed layer to

estimate the total growing season NCP (mol C m-2). NCPyco2 is calculated as:
NCPpCOZ = MLD(DICW * pW - TlDICS * ps) + FCOZ (33)

where MLD is the mixed layer depth, DICy, is the winter water DIC concentration, nDICs is the salinity-
normalized surface DIC concentration (normalized to the winter water salinity) derived from pCO,, and
pw and pg are the winter and surface surface water densities, respectively. The F.,, term represents a
correction for the air-sea exchange of CO- over the days of open water (DOW; see methods section on
sea ice cover) prior to the sampling date. MLD values were estimated from CTD profiles and were defined
as the depth at which the density increases from its surface value to 20% of the difference between 100
m and the surface following Shaw et al. (2009). MLD values were then linearly interpolated along the ship

track between stations, and were assumed to remain constant seasonally.

Surface measurements of pCO,, temperature, salinity, and salinity-based TA estimates were
used to calculate surface water DIC concentrations (DICs) using CO2SYS (van Heuven et al., 2011) with
the carbonic acid dissociation constants of Lueker et al. (2000) and those of Dickson (1990) for bisulfate.
Two separate linear salinity-TA relationships were defined, one for Arctic outflow waters in western Baffin
Bay (TAsrc = 43.69 * Sal + 816.98, R? = 0.67, RMSE = 11.2 umol/kg), and a separate relationship for
modified-Atlantic waters in eastern Baffin Bay (TA,r, = 58.27 * Sal + 287.82, R2 = 0.86, RMSE =7.3
pmol/kg). All samples used to define the Arctic outflow salinity-TA relationship coincided with fractions of
Pacific water (FPW) greater than or equal to 0.3, whereas all samples used to define the Atlantic-modified
water relationship had FPW = 0 (see Figures S3.2 and S3.3). Following this, when estimating surface TA
at any point along the ship track, interpolated MLD-average FPW values (FPWwp) were used to
determine which linear salinity-TA relationship to employ. For FPWwmp >= 0.3 the TA . equation was
used; for FPWwmp= 0 the TA,r;, equation was used; and for 0.3 > FPWwuwp > 0 TA was determined as a

weighted average, as follows:

Winter surface DIC concentrations (DICy, ) were estimated from the DIC concentration at the

temperature minimum (Tmin) Of each station where carbon system samples were collected (100 and 300
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transects only). The Tmin is assumed to represent the convection depth of the previous winter’s mixed
layer (Rudels et al., 1996), however as Randelhoff et al. (2019) pointed out, the absolute Tmi, in western
Baffin Bay (found at 100 — 150 m) likely does not represent the true depth of winter convection, but is a
remnant of winter convection in eastern Baffin Bay that was subsequently subducted underneath Arctic
waters (this is also evidenced by the low FPW values of this layer). Therefore, we follow the adapted
method proposed by Randelhoff et al. (2019) to identify the winter convection depth as the shallowest
local temperature minima. It is important to note that this method is somewhat arbitrary, and leads to a
range of winter mixed layer depths in western Baffin Bay from 15 to 40 m, and DICy, of 2104.6 to 2136.8

pmol/kg. This method represents the best approximation we can make with the available data.

Due to the lower number of stations where discrete DIC samples were collected, we could not
simply interpolate DIC,, between stations along the ship track. Therefore, we first determined average
DICy, and py, values for the Atlantic and Arctic domains, which were averaged from DIC values with FPW
= 0 and FPW > 0.3 at the identified winter convection depth, respectively. Calculated average DICy,
values for the Atlantic and Arctic domains were 2111.5 £ 11 umol/kg and 2127.2 + 13 umol/kg,
respectively. Then, interpolated values of FPWwup were used to determine DICy, and py, at all points
along the ship track, in the same manner as TA above. We were able to use interpolated FPWwup values
as a proxy for winter mixed layer conditions, as we found only small differences in FPW existed between
the MLD and depth of winter convection (average difference of 0.04 + 0.03), and these differences did

not result in a change of classification between Atlantic or Arctic domains at any stations.

To account for the dilution of surface water DIC by freshwater inputs, DICs values were salinity-
normalized to the salinity of the winter mixed layer (the salinity associated with DICy,,). We performed the

salinity normalization following Friis (2003), such that:

(DIC, — DIC,) (3.5)

nDIC, = 5 S, + DIC,
S

where DIC, is the surface DIC derived from surface pCO. measurements, S, is the surface salinity, S,,
is the salinity of the winter mixed layer, and DIC, is the estimated DIC concentration at a salinity of zero.
DIC, values were determined for Arctic outflow waters (DICy orc = 914 umol/kg, RMSE = 13.0) and
Atlantic modified waters (DICy 47, = 0 pmol/kg, RMSE = 35.1) from linear DIC-S relationships (see Figure
S3.4). The appropriate DIC, value to employ at each point along the ship track was determined by

FPWwuLp in the same manner as TA and DICy,.
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The flux correction term (F¢, in equation 3.3) integrates daily air-to-sea CO flux estimates over

the days of open water (DOW) prior to sampling. Daily fluxes were calculated as:

Fdaily = ak(pCOyzsy, — PCO24tm) (3.6)

where k is the transfer velocity, estimated using the parameterization of Wanninkhof (2014) and daily
wind speeds from NCEP/NCAR reanalysis data (Kalnay et al., 1996); « is the solubility of CO. in seawater
(Weiss, 1974); and pCOzsw and pCO.am are the partial pressure of CO; in the surface seawater and
atmosphere, respectively. pCO.am is assigned a constant value of 404 patm; the average value recorded
at Alert, Nunavut between June 7t and July 14, 2016 (World Data Centre for Greenhouse Gases). Since
we do not have measurements of surface pCOasw previous to our date of sampling, we make the
assumption that surface pCOzsw Would not have changed significantly between the day of retreat (DOR)
and our sampling date (i.e. we hold the observed pCO.sw values constant over DOW). This assumption
is supported by the results of previous investigations in Canadian Arctic waters (Else et al., 2012; Else et
al., 2019; Shadwick, Thomas, Chierici, et al., 2011), which show that surface pCO.sw generally undergoes
a rapid decrease associated with an under-ice or ice-edge bloom, quickly reaching its annual minimum
value before beginning a slow increase throughout the open water season. The results of Else et al.
(2019) demonstrate this trend occurring within our study region, showing a rapid drop in surface pCOzsw

and nitrate concentrations associated with the onset of an under-ice bloom in early July.

We estimate the relative uncertainty of our calculated NCPpco2 values to be +20%, based on
recalculating NCPycoz with variations in TA, DICw, and DIC, within their stated limits of variability. This
does not take into account the uncertainty associated with the flux correction (F¢,,), however the relative
increase in NCPpco2 due to the correction was very small (maximum of 8%), and therefore has only a
small impact on the uncertainty of NCPyco2. Additionally, the sensitivity of F,, to a different definition of
DOW, using a 50% sea ice cover threshold instead of 15% (as described in sea ice cover section below)
was found to be very small, altering F;o, by a maximum of only 0.01 mol C m=, or a maximum relative
change of 0.8%. This is likely the case because of the relatively small geographical area occupied by the

marginal ice zone in comparison to open water of heavily ice-covered areas (see Figure S3.5).
3.3.5 NCP from nitrate drawdown

Calculated values of NCPn (mol C m2) correspond to the cumulated water-column drawdown of
nitrate since the onset of the growing season, multiplied by the molar Redfield C:N ratio of 6.7. The nitrate
drawdown is estimated from the difference between observed nitrate inventories (Novs) at the time of

sampling and a reconstruction of pre-bloom inventories (Nw) based on the salinity-nutrient approach
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introduced by Bergeron and Tremblay (2014). These authors observed that linear salinity-nutrient
relationships extend through the upper 200 m during late-winter in northern Baffin Bay and pre-bloom
nutrient concentrations at each depth can be estimated from the salinity values at the time of sampling,
with a correction for conservative dilution when salinity is lower than the winter minimum at the surface.

See Bergeron and Tremblay (2014) and the associated supporting information for details.
3.3.6 Freshwater Fractions from 3180

In order to classify low salinity waters as being affected by sea ice melt or meteoric waters, 5180
and salinity measurements were used in a simple 3-endmember mass balance whereby each water
sample is assumed to be a mixture of Atlantic water (Saw = 34.9, 8'80aw = 0.3 % ), sea ice melt (Ssim =
4, 5'80gm = 0.5 %o), and meteoric water (Smw = 0, 38 0Ouw = =20 %o). End-member values for sea ice
melt and meteoric water are based on those of Ostlund and Hut (1984) and Fairbanks (1982),
respectively, whereas the Atlantic water end-members follow Dodd et al. (2012). Here it is important to
remember that we cannot distinguish low-salinity Pacific water from the mixture of Atlantic water and
meteoric waters. As stated by Yamamoto-Kawai et al. (2005), this is because the salinity-5'80 properties
of Pacific water lie on the mixing line of Atlantic water with Arctic meteoric water. Therefore, in our results

the presence of Pacific water will appear in the meteoric water signal.
3.3.7 Seaice cover

Using AMSR2 sea ice concentration data (Spreen et al., 2008) on a 6.250 km grid, we identified
the day of ice retreat (DOR) for each sampling location. We defined DOR as the last day that sea ice
concentration dropped below 15% and remained below that threshold for the rest of the season. Defining
DOR in this way is a commonly employed climate metric in studies characterizing variability in sea ice
extent, and the length of the open water season using passive microwave measurements such as AMSR2
(Peng et al., 2018; Bliss et al., 2019; and references therein). We then also calculated the days of open
water (DOW) at each location at the time of sampling by subtracting DOR from our sampling date (both
expressed as yearday). This resulted in positive and negative values of DOW, in locations that had

become ice-free or remained ice-covered at the time of sampling, respectively.
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3.4 Results
3.4.1 Sea Surface Properties

Figure 3.2 shows sea surface properties throughout the study area, with all measurements
displaying both spatial (east-west) and temporal variations. Figure 3.2A shows the east-to-west retreat
of the ice-edge across southern Baffin Bay (shown as DOR contours). At the beginning of the cruise (day
160) the ice-edge was located approximately along the West Greenland shelf break and by the end of
the cruise (day 190) was quickly receding towards the Baffin Island shelf break. It was not until July 28t

(day 210), that the entire study area became ice-free (not shown).

Surface waters in western Baffin Bay were generally colder and fresher than those in the east
(Figure 3.2E,F). This is consistent with the presence of cold, less saline Arctic outflow waters in the west,
and warmer, more saline modified Atlantic waters in the east. Henceforth we will refer to these two water
masses as “Arctic” and “Atlantic” waters, respectively. Observed patterns in sea surface temperature and
salinity are also consistent with observed sea ice concentrations along the ship track (Figure 3.2C), with
ice-covered waters displaying colder temperatures. As the cruise progressed from early-dune into July
(DOY 160 — 190; Figure 3.2B), sea surface temperatures in the east progressively became warmer due

to solar insolation, while surface salinities in the west continued to decrease as sea ice melt progressed.

Underway measurements of surface pCO; ranged from 124 to 389 patm (Figure 3.2G), and also
displayed an east-to-west gradient with generally lower pCO- observed in the east (~124 —250 patm),
and higher pCO: in the west (~ 250 —389 patm). The range of this east-to-west gradient decreased over
time, mainly due to decreasing surface pCO- in the west. The first four (southernmost) transects to be
sampled displayed the greatest range in pCO2 measurements compared to the latter three (northernmost)
transects of the cruise. All underway pCO. measurements were consistently undersaturated with respect
to the atmosphere (pCO2am =~404 uatm; average recorded value at Alert, Nunavut between June 7t and
July 14t 2016 (World Data Centre for Greenhouse Gases)).

Surface measurements of biological oxygen supersaturation (AO2/Ar) ranged from -5.6% to 25.4%
across the region (Figure 3.2H), and generally showed a negative correlation with surface pCO-
measurements (n=5374, R?=0.64, p=<0.001), suggesting biological processes largely drove pCO;
variations. In the open waters of eastern Baffin Bay AO»/Ar was consistently positive (ranging between
1.2 — 25.4%) signaling that surface waters were net autotrophic. In the western ice-covered waters we

observed some negative AO2/Ar values, with values ranging between -5.6% to 12.8%, implying that some
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Figure 3.2: Maps of sea surface properties. Maps show: A. contours of the yearday of ice retreat (DOR) across the
study region; B. the yearday of sampling (DOY) along the cruise track; C. surface measurements of sea ice cover
(SIC); D. fraction of Pacific water (FPW) of the surface mixed layer; E. sea surface temperature; F. sea surface salinity
(practical salinity); G. surface pCO2; and H. surface AO2/Ar. The research cruise took place between yearday 160 and
190. SIC measurements are from AMSR2 (Spreen et al., 2008) matched to the ship's location at the time of sampling.
The grey masked area represents locations that remained ice-covered (negative DOW) at the time of sampling.
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ice-covered areas may have either been net heterotrophic at the time of sampling, or impacted by

upwelling.
3.4.2 Water column characteristics

Figure 3.3 shows water column properties over the upper 100 meters of the 100-transect. East-

west trends shown in this transect are generally representative of all seven longitudinal transects
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Figure 3.3: Section plots of the upper water column. Each panel displays properties over the upper 100 m of the 100-
transect. The white solid line indicates the surface mixed layer depth (MLD), and the white dashed line represents the
estimated depth of winter convection based on the location of the temperature minimum. Sea ice concentrations
along the cruise track are shown above (A) and (B). East-west patterns were similar along the other transects.
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The east-west divide between Atlantic and Arctic waters was evidenced by more saline (S > 33.5)
Atlantic water extending to the surface in the east, whereas lower salinity Arctic waters were present in
the upper water column west of 61 °W (Figure 3.3A). Atlantic waters were relatively warm (T > -1 °C)
over the upper ~40 m in areas that had already become ice-free, with colder winter waters below (Figure
3.3B). Atlantic waters generally displayed deeper mixed layers and greater depths of winter convection,
compared to Arctic waters. Within the Atlantic domain we observed a pocket of lower salinity surface
waters at the ice-edge (centered at 59 °W), which was shown to be due to sea ice melt (Figure 3.3C),
and coincided with a decrease in surface mixed layer depths. Arctic waters showed a predominant brine
signal (negative Fsim) with positive fractions of meteoric water extending below the upper 100 m (Figure
3.3D). This meteoric water signal was closely aligned with the location of Pacific waters (Figure 3.3F),

suggesting it primarily results from the presence of low-salinity Pacific waters.

The distribution of nitrate (Figure 3.3E) was influenced both by water mass distribution and
biogeochemical processes. A strong imprint of primary production was observed in the upper water
column of the easternmost stations, where nitrate concentrations had been depleted to depths of 40 m.
The observed fluorescence signal also demonstrated the downward migration of the surface bloom at
the easternmost stations, becoming an SCM located at depths below 40 m (Figure 3.3G). The depth
range of the SCM was found to be perched between the nitracline depth and the 0.415 mol m=2 day-
isolume (see Figure 9 of Randelhoff et al. (2019)), balancing the need for sufficient nutrients and light.
Closer to the ice-edge the fluorescence signal only indicated near-surface primary production. Surface
nutrients in the west had not yet been depleted, and the fluorescence signal showed little primary
production there at the time of sampling. As expected, nitrate concentrations at depth were higher in

Atlantic waters (~ 10 — 12 umol/kg) than in Arctic waters (~8 umol/kg).
3.4.3 NCP estimates

Figure 3.4 shows spatial trends in NCP estimated by our three different approaches. Generally,
all three approaches showed higher rates of NCP in eastern Baffin Bay than in the west, with the
westernmost sampling locations displaying the lowest NCP estimates. The range of values estimated by
each approach varied greatly (note different scales in Figure 3.4). NCPy displayed the greatest range
from 0 to 5.7 mol C m-2, NCPpco2 ranged from —0.7 to 3.3 mol C m2, and NCPog/ar ranged from -0.3 to

1.2 mol C m=.

Values of NCP,co2 and NCPy generally increased from west to east across each transect with one

exception seen in the 100 transect (see Figure 3.1 for transect identifications), where both NCPyco2 and
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NCPn decreased slightly at their easternmost sampling locations. Values of NCPozar did not follow the

same increasing trend from west to east. Instead, NCPogxar generally peaked near the West Greenland

Shelf break.

Figure 3.4: Estimates of net community production from three approaches. All NCP rates are shown in units of mol C
m2, Shaded regions represent areas that remained ice-covered at the time of sampling (negative DOW).
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Figure 3.5: Time series of NCP estimates from each approach along the cruise track. Sea ice cover (SIC) and the
average fraction of Pacific water (FPW) of the surface mixed layer are shown in the top panel. NCP estimates from our
three approaches are shown in the bottom panel. Time periods shaded in grey represent areas that remained ice-

covered at the time of sampling (negative DOW).
Figure 3.5 presents a time series view of NCP estimates with coinciding measurements of sea

ice coverage (SIC), and surface fractions of Pacific water (FPW). All NCP estimates were generally

highest in open water conditions with low FPW, and decreased under high SIC, which often also
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coincided with high FPW. NCPogar consistently showed lower values compared to other approaches,
except under high SIC, where NCPog/ar values showed good agreement with NCPpco2. Throughout the
first three transects of the cruise (100 to 300) NCPyco2 values dramatically changed at the ice-edge,
increasing from lower values in close agreement with NCPozar under-ice, to higher values nearing NCPy
estimates in ice-free waters. During the later transects (400 to 700) NCPyco2 estimates in open water
remained well below NCPy values. Throughout the cruise NCPn estimates displayed a strong inverse
relationship to FPW. Along the 600 and 700 transects, under lower overall SIC conditions, NCPpco2

values also demonstrated an inverse relationship with FPW.
3.5 Discussion
3.5.1 Comparison of estimates from various NCP approaches

As shown in Figures 3.4 and 3.5, the ranges of the NCP estimates from each approach differed.
This makes sense when considering the different integration timescales and depths of each approach
(see Table 3.1). Of our three approaches, NCPog/arintegrates over both the shortest timescale and depth,
meaning that the Ox/Ar approach is representative of NCP in surface waters over a relatively short
window (~ 20 days in open water; longer under-ice) prior to the time of sampling. NCPoga: displayed its
highest values in open water in proximity to the receding ice-edge (Figures 3.4 and 3.5), capturing the
signal of the transient ice-edge bloom as it progressed westwards. In many transects NCPoxar showed
lower rates eastwards of the ice-edge (into higher DOW), likely signaling that the surface bloom was

declining after using up the available stock of nutrients in the surface mixed layer.

NCPyco2 and NCPy represent seasonally integrated NCP estimates, throughout the surface mixed
layer and total euphotic zone, respectively. By “seasonally integrated” we are referring to the fact that the
residence times of these tracers (nitrate and DIC) are long enough to capture all NCP that has occurred
since the end of winter. Therefore, we would expect both of these NCP estimates to continually increase
as the bloom continues, with NCPy being greater than NCP,coz in areas where net primary production is
also occurring below the surface mixed layer. For the most part, NCPpco2 and NCPy increase from west
to east, following the trend of increasing DOW, with one exception in transect 100 where both these
approaches show lower NCP estimates at the easternmost sampling station. Figure 3.3 also reveals a
shallowing of the nitracline at the easternmost station of the 100 transect, along with increasing surface
temperatures and a weaker fluorescence signal throughout the surface mixed layer. This is perhaps

signaling a transition to a different water mass regime over the West Greenland continental shelf.
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3.5.2 Controls on the timing and magnitude of NCP

Since positive rates of NCP (net autotrophy) cannot occur in the absence of net primary
production, it follows that the timing and succession of the spring phytoplankton bloom will play a major
role in determining the observed temporal and spatial trends in NCP. In order to gain insight into the
impacts of bloom timing and succession, we can exploit the different integration timescales and depths
of our NCP approaches. As we have established, NCPozar estimates are representative of production
over a relatively short window prior to sampling (~ 20 days in open water; greater under-ice) within the
surface mixed layer, whereas NCPpco2 and NCPn represent seasonal NCP integrated over the surface
mixed layer and total euphotic zone, respectively. Based on this, if NCPozar = NCPyco2 we can assume
net autotrophic conditions began roughly around the time of sampling, whereas if NCPyco2 > NCPoyar,
net autotrophy had already begun previous to the time of sampling. Both the NCPozar and NCPpco2
approaches integrate over the surface mixed layer and therefore will not capture any deeper production
by the SCM. However, the NCPn approach does capture the SCM by integrating over the total euphotic
zone. Therefore, comparing NCPpco2 and NCPy estimates can provide insight into how much of the total
NCP has occurred within the surface mixed layer, or deeper in the water column. If NCPpco2 = NCPy it
suggests that all NCP has occurred within the surface mixed layer, whereas if NCPn > NCPycoz the

portion of NCP occurring below the surface mixed layer can be approximated by 1 — NCPpco2/NCPh.

Figure 3.6 directly compares the NCPozar estimates with those from seasonally integrated
approaches. Figure 3.6A shows a strong inverse relationship between days of open water (DOW) and
the slope of the NCPoxa/NCPpco2 relationship. Most NCPozar values that fall along the 1:1 line with
NCPyco2 are associated with negative DOW, indicating that net autotrophic conditions were initiated by
an under-ice bloom. Based on the range of DOW values near the 1:1 line, net autotrophy began anywhere
between 2 to 15 days prior to ice retreat (not considering locations that remained net heterotrophic, i.e.
NCP < 0). We do observe some diverging bands of data points with negative DOW and NCPyco2 >
NCPozar. We hypothesize that these bands may be due to the coarse resolution of the AMSR2 sea ice
concentration data that was used to calculate DOW. We find a sharper relationship between in-situ sea
surface temperature and the slope of NCPo2a/NCPyco2 (Figure S3.6), suggesting that gridded satellite
data is unable to capture small scale decreases in sea ice cover that would lead to warmer sea surface
temperatures by solar insolation. The coarse resolution of our sea ice concentration data would also
impact our estimates of air-sea gas exchange in partially ice-covered waters, which may lead to slight

underestimates in both NCPozar and NCPpco2 within the marginal ice zone.
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Figure 3.6: Scatterplots of NCPoxar estimates plotted against seasonal NCP estimates (NCPpco2 and NCPn). NCPpco2
values are plotted as dots, whereas NCPn values are plotted as stars. Panel (A) shows NCP estimates colored
according to the days of open water (DOW) at each sample location, and panel (B) similarly shows values colored
according to the average fraction of Pacific water (FPW) within the surface mixed layer.

Under open water conditions (DOW=>0), NCPpco2 continued to increase while NCPogya: either
remained approximately constant or decreased. This is consistent with the short-lived ice-edge bloom
commonly observed in satellite chlorophyll a observations, which quickly depletes the nutrient availability
of the shallow, sea-ice meltwater stratified surface layer (Perrette et al., 2011). High NCPogz/ar values
coinciding with open water conditions were mainly observed at earlier sampling dates (yearday 160 —
175; transects 100 —300) when the ice-edge remained in the center of our study region, whereas locations
sampled later in the season (yearday 185 —190) displayed NCPo2ar values near zero in open water

(Figure S3.7) likely due to post-bloom nutrient-depleted surface waters.

As DOW increased, NCPy estimates generally became increasingly greater than NCPycoz,
indicating the continuation of primary production below the surface mixed layer, in sub-surface chlorophyll
maxima (SCMs). During the first three transects of the cruise (100 — 300), NCPy values were on average
1.3 mol C m= greater than NCPyco2 (0 =0.7), and in later transects NCPy values averaged 1.6 mol C m2
greater than NCPpcoz (0 = 1.1). This is consistent with the pattern of bloom succession described in the
literature (Martin et al., 2010; Sakshaug, 2004). The fluorescence signal in Figure 3.3G also showed this
progression from surface bloom to SCM in Atlantic waters, coinciding with a deepening nitracline. Based
on differences between NCPn and NCPyco2 estimates in Atlantic waters, we estimate that SCMs may
have contributed up to 70% of total NCP in the latter half of our study period (transects 400 — 700; see
Figure S3.8).
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Figure 3.6B shows a scatterplot of our NCP estimates, with data points colored according to the
fraction of Pacific water (FPW), demonstrating that seasonal NCP was consistently lower in the Arctic
waters in western Baffin Bay than in the Atlantic waters in eastern Baffin Bay. All seasonal NCP estimates
in locations with FPW > 0.2 were lower than 1 mol C m2, with NCPy estimates not differing greatly from
NCPyco2 (average difference of 0.3 mol C m=2, o = 0.2). This suggests that the majority of NCP that had
occurred in this region was located near the surface. It is important to note that most sampling locations
in Arctic outflow waters remained ice-covered at the time of sampling, so it is likely that given more time
NCP would increase. However, the water column characteristics observed in western Baffin Bay suggest
that future primary production will likely be limited compared to that in eastern Baffin Bay. Arctic waters
displayed higher freshwater content over the upper ~80 m of the water column (Figure 3.3A), and
displayed lower pre-bloom nitrate concentrations in comparison to Atlantic waters (Figure 3.3E;
(Randelhoff et al., 2019)). Nitrate concentrations were especially low (< 3 umol/kg) in Arctic waters over
the upper 20 — 30 m of the water column, with strong stratification inhibiting the replenishment of nutrients
from below. Based on these characteristics, it is likely that seasonal NCP rates in Arctic waters will remain

below those observed in the east.

3.5.3 Comparison with previous studies

A number of previous studies utilizing multi-year observations in northern Baffin Bay have
revealed declining trends in primary production and/or NCP (Bélanger et al., 2013; Bergeron & Tremblay,
2014; Blais et al., 2017; Marchese et al., 2017). Bergeron and Tremblay (2014) and Blais et al. (2017)
reported declining rates of NCP and phytoplankton biomass, respectively, to coincide with decreasing
salinity in the upper water column. Both investigations also noted the strongest declining trends occurred
at western stations in Arctic outflow waters. These reported trends align well with our observations of low
NCP associated with Arctic outflow waters in western Baffin Bay. Using a satellite-based model to assess
primary production trends from 1998 to 2010, Bélanger et al. (2013) also found decreasing trends in
primary production along major exit routes of Arctic waters, such as the outflow shelves of East

Greenland, the Canadian Arctic Archipelago (CAA), and northwestern Baffin Bay.

A limited number of studies have previously published estimates of NCP in Baffin Bay. The
synthesis study of Codispoti et al. (2013) reported average NCP values over large sub-regions of the
Arctic Ocean, utilizing nutrient data collected between 1970 and 2007. These authors found a higher
average NCP value of 32 g C m=2 (2.7 mol C m-) for their “Canadian Archipelago” region, which included
western Baffin Bay and the channels of the CAA, compared to 10 g C m2 (0.8 mol C m2) over their

“Greenland Shelf” region, which encompassed both the East and West Greenland shelves. Interestingly,
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this is opposite to the east-west NCP gradient we report in Baffin Bay. Codispoti et al. (2013) found
surface waters in the CAA to have higher pre-bloom nitrate concentrations (~10 uM) compared to those
over the Greenland shelves (<5 uM), and reported lower surface salinities and stronger stratification over
the Greenland shelves. We again find the opposite trend, with our results in western Baffin Bay displaying
lower pre-bloom nitrate concentrations and stronger stratification (Figure 3.3). It is likely that this disparity
of results is simply a manifestation of comparing multi-annual averaged values over immense areas, with
those calculated over smaller spatial and temporal scales (this study). Therefore, perhaps meaningful
comparisons cannot be made between these two studies. However, it is also possible that inter-annual
changes in the freshwater inventory of both the BIC and WGC systems contributed somewhat to this

disparity.

We find better agreement between our NCPy estimates in western Baffin Bay and those reported
by Bergeron and Tremblay (2014) near the end of their roughly decadal study (1997 —2011) in northern
Baffin Bay. These authors reported a minimum annual NCP value of 214 mmol NOs m-2 (or 1.42 mol C
m-2) from the year 2009. Our NCPy values, calculated using the same approach, produce a mean value
of 0.4 mol C m2 (o = 0.3) in Arctic waters (surface FPW > 0.2), which is still significantly lower than the
2009 value of Bergeron and Tremblay (2014), but perhaps this is to be expected considering the earlier

sampling dates of our study, and the declining NCP trend reported by Bergeron and Tremblay (2014).

Finally, the study of Tremblay et al. (2006) reported NCP estimates in the eastern North Water
Polynya (NOW) region during June and July 1998 (comparable with our Atlantic domain in eastern Baffin
Bay). These authors calculated seasonal NCP rates based on nitrate and DIC drawdown over the upper
150 m of the water column, and reported values of ~9.5 mol C m=2in June, and ~10.5 mol C m-2 in July.
These are much higher than our maximum NCP rate in eastern Baffin Bay of 5.7 mol C m=2, however
given the declining NCP and primary production trends over the past decade within the NOW region
(Bélanger et al., 2013; Bergeron & Tremblay, 2014; Blais et al., 2017; Marchese et al., 2017), such high
rates of NCP are no longer occurring within the NOW region. Our reported seasonal NCP rates within
the Atlantic sector of Baffin Bay (1.4 —5.7 mol C m-) fall in the same approximate range as those reported
more recently in the productive Barents Sea (2.3 —4.2 mol C m2) (Chierici et al., 2019; Codispoti et al.,
2013; Fransson et al., 2001).

3.5.4 Caveats of inferring pre-bloom conditions from the temperature minimum

Due to the fact that winter measurements are scarce within the Arctic region, former studies of

nutrient or DIC drawdown have inferred winter surface concentrations from summer profiles (Randelhoff
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et al., 2019; Ulfsbo et al., 2014). Following Rudels et al. (1996) the temperature minimum located below
the summer mixed layer is assumed to indicate the depth of winter convection during the previous winter,
and therefore, it is generally assumed that nutrient concentrations at the temperature minimum are
representative of the previous winter's surface mixed layer. However, depending on the water mass
assembly of certain Arctic Seas it can be very challenging to accurately identify the depth of winter
convection using the temperature minimum. We found this to be the case in western Baffin Bay (Figure
3.3), where the upper 100 — 150 m of the water column remains near the freezing point temperature with
several temperature minima, suggesting advection from neighboring areas with slightly different
convection depths and salinities. Even in eastern Baffin Bay, where the location of the temperature
minimum layer is more easily identifiable, linearly interpolating between sparse sample depths may lead

to significant uncertainty in defining winter surface water nutrient concentrations.

Using our nitrate measurements we performed a comparison of NCPy estimates from two different
approaches: (1) using the salinity-nutrient relationship approach of Bergeron and Tremblay (2014), which
is the same as the NCPn method used in this work, but will be referred to in this section as the “BT14”
method, and (2) using the temperature minimum (Tmin) characteristics of each station to represent the
previous winter’s surface water conditions. The Tmin approach integrates nitrate drawdown over the winter
MLD (all depths above the Tmin), and assumes that winter surface nitrate concentrations remained
constant throughout this layer, unless diluted by freshwater inputs (see Text S3.1 for details on Tmin
method). It was immediately apparent from comparing these two methods that the BT14 method
produced much greater NCP estimates (up to a factor of 2) than the Tmin approach (see Figure 3.7A). In
many cases, NCP values from the BT14 approach were double those produced using Tmin characteristics.
The greatest discrepancies were found at sampling locations in eastern Baffin Bay, suggesting that
biological nutrient drawdown may have already occurred below the Tmin depth at these locations. This is
also supported by the pre-bloom (or winter) surface nitrate concentrations predicted by each method
(Figure 3.7B), with the Tmin approach underestimating pre-bloom surface nitrate concentrations in eastern
Baffin Bay compared to the BT14 estimates. Additionally, fluorescence measurements clearly showed
the downward migration of the bloom in eastern Baffin Bay to the Tmin depth (see Figure 3.3G). It follows
that the Tmin approach may lead to underestimations of NCP and/or new production in situations where

nutrient drawdown occurs at or below the Tmin depth.
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Figure 3.7: Comparison of Tmin and BT14 approaches of estimating NCP. Panel A compares NCP estimates from both
approaches. Panel B compares estimated pre-bloom surface nitrate concentrations (in uM). Points are colored
according to the longitude (°W) of each sampling site, and 1:1 lines are shown in black.

Our NCPyco2 approach also relies on Tmin characteristics to define pre-bloom DIC concentrations
in the Atlantic and Arctic domains of Baffin Bay. Interestingly, our NCPyco2 estimates agree well with the
BT14 method integrated over the surface mixed layer (see Figure S3.9). However, it is possible that this
good agreement is largely due to the relatively shallow integration depth. We expect that if our NCPpcoz
approach were applied over a greater depth range (e.g. to the depth of winter convection estimated by

Tmin), it would also underestimate the true seasonal NCP.
3.5.5 Implications for marine ecosystems and carbon cycling

Our results highlight a strong contrast in spring NCP between the Arctic and Atlantic water
domains of Baffin Bay. Arctic outflow waters displayed relatively low spring NCP (< 1 mol C m=?)
associated with persistent sea ice cover, high freshwater content, and strong stratification of the upper
water column. Meanwhile, modified Atlantic waters in eastern Baffin Bay were largely ice-free, with

comparatively deep surface mixed layers, and displayed relatively high NCP (up to 5.7 mol C m-).

The low NCP rates of Arctic outflow waters will also have secondary effects on the marine
ecosystem and the cycling of carbon in this region. Lower spring NCP decreases food export to higher
trophic levels, with potential adverse consequences for pelagic and benthic organisms. Blais et al. (2017)
also observed decreasing phytoplankton cell sizes associated with Arctic outflow waters in northern Baffin
Bay. Smaller cell sizes have lower sinking velocities and are therefore more likely to be recycled in the

upper water column, feeding the microbial food web instead of passing organic material to the pelagic
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and/or benthic food webs (Legendre & Rassoulzadegan, 1995). Assuming this same trend is affecting all
Arctic outflow waters in western Baffin Bay, we are likely to observe decreasing biodiversity of pelagic

and benthic organisms in this region.

Low NCP also has implications for the marine carbon cycle in western Baffin Bay, limiting the
ability of these waters to act as an atmospheric CO: sink (Burgers et al., 2017). At the same time, high
freshwater content will lower the buffering capacity (alkalinity) of these waters against ocean acidification,
likely leading to lower pH in surface waters. Due to the cyclonic circulation within Baffin Bay, deeper
Atlantic waters will be re-circulated through western Baffin Bay, transporting respiration products with
them. With this combination of factors, we anticipate a build-up of high CO.and low pH waters in western
Baffin Bay. Azetsu-Scott et al. (2010) have already shown that increasingly fresh Arctic outflow waters
are prone to low seawater pH and calcium carbonate saturations states. On the other hand, high rates of
NCP in eastern Baffin Bay will maintain the ability of this region to act as an atmospheric CO. sink
throughout the productive season, and the associated export of organic material to depth will sustain

populations of other pelagic and benthic organisms.
3.6 Conclusions and Future Recommendations

Based on our NCPy estimates, we found average spring NCP of 3.7 and 0.4 mol C m=2 in the
Atlantic and Arctic water domains of Baffin Bay, respectively. These results illustrate a strong dichotomy
in the potential strength of the biological pump between eastern and western Baffin Bay. Low NCP in
western Baffin Bay was likely caused by the high freshwater content of Arctic outflow waters and resultant
strong stratification, which simultaneously decreased surface nitrate concentrations and restricted
nutrient replenishment from below. These low rates of NCP may have adverse consequences for the
pelagic and benthic food webs in this region, and decrease the ability of these waters to act as an
atmospheric CO: sink. With the continuation of increasing glacial meltwater runoff into Baffin Bay
(Bamber et al., 2018; Dahl-Jensen et al., 2011; Sharp et al., 2011), it is likely that this trend will continue
and perhaps also begin to strengthen surface stratification in eastern Baffin Bay in the future (Castro de

la Guardia et al., 2015), potentially also decreasing NCP rates on the West Greenland shelf in the future.

By comparing multiple NCP approaches with different integration depths and timescales we were
able to track the spatial and temporal evolution of the spring bloom in southern Baffin Bay. We found the
surface bloom was initiated under-ice, up to 15 days prior to ice retreat. Once the bloom progressed into
open water, it quickly depleted surface nutrients and progressed deeper into the water column, becoming
an SCM. We estimate that SCMs may have contributed up to 70% of the seasonal NCP within the Atlantic
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domain, further establishing the importance of these features to the marine carbon cycle in Arctic Seas.
We have also demonstrated that nutrient drawdown in the depth range of the SCM may coincide with, or
surpass, the depth of the temperature minimum, a feature that has generally been considered a remnant
of winter surface conditions. We hope this finding will serve to caution future investigations that conditions
at the temperature minimum may not accurately represent the previous winter’s surface conditions.
Additionally, periodic sample collection in late-winter would greatly improve the accuracy of seasonal

NCP estimates.
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Figure S3.1: Comparison of underway measurements with surface measurements from the CTD/Rosette. Underway O2
concentrations from the EIMS system were compared with surface values from an SBE43 sensor on the CTD/Rosette system.
Underway pCO2 measurements were compared with calculated pCOz values from surface bottle samples (for dissolved
inorganic carbon and total alkalinity) collected within the upper 2 meters. Surface pCO2 from bottle measurements were
calculated using the carbonic acid dissociation constants from Lueker et al. (2000) and those of Dickson (1990) for bisulphate.
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Figure S3.2: Defined salinity-alkalinity relationships for Arctic outflow (ARC) and modified-Atlantic waters (ATL). Blue
dots represent sample data from ARC waters in the upper water column (salinity < 33.5) of western Baffin Bay, whereas red
samples represent ATL waters in the upper water column (salinity < 34) of eastern Baffin Bay. The salinity constraints applied
to isolate the upper water column were chosen to encompass all water masses above and including Arctic waters (ArW) in
western Baffin Bay and Winter Atlantic water (WAW) in eastern Baffin Bay. All samples located at depths below these water
masses are plotted as black dots and were not considered when defining the upper water column salinity-alkalinity
relationships (red and blue lines).
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Figure S3.3: Salinity-alkalinity relationships for Arctic outflow (ARC) and modified-Atlantic waters (ATL). Same linear
relationships (red and blue lines) as shown in Figure S2.2, with data points colored according to the fraction of Pacific water
(FPW) at each sampling location.
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Figure S3.4: Defined salinity-DIC relationships for Arctic outflow (ARC) and modified-Atlantic waters (ATL). Blue dots
represent sample data from ARC waters in the upper water column (salinity < 33.5) of western Baffin Bay, whereas red
samples represent ATL waters in the upper water column (salinity < 34) of eastern Baffin Bay. The salinity constraints applied
to isolate the upper water column were chosen to encompass all water masses above and including Arctic waters (ArW) in
western Baffin Bay and Winter Atlantic water (WAW) in eastern Baffin Bay. All samples located at depths below these water
masses are plotted as black dots and were not considered when defining the upper water column salinity-alkalinity
relationships (red and blue lines).
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Figure S3.5: Daily sea ice concentration maps. Three daily maps of sea ice concentration (%) measurements from AMSR2
at the beginning (9 June 2016), middle (24 June 2016), and end (10 July 2016) dates of our research cruise.
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