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Abstract

Sporadic reports of significant under-ice phytoplankton production indicate a critical
knowledge gap of a key component of the Arctic ecosystem. In this thesis | examine the
following research objectives in an effort to improve the understanding of under-ice
phytoplankton production: (1) to determine the biophysical processes controlling the timing of
under-ice phytoplankton production, and (2) to compare and contrast both the timing of the
under-ice bloom and the controlling processes between multiple years of data.

Data for objective (1) were collected during the three-year Arctic-ICE field campaign
(2010-2012) near Resolute Bay, NU in the central Canadian Arctic. Additional data from the
region were collected from open source databases and peer-reviewed literature for a dataset that
spanned from early 1960 to the present, supporting the analysis to meet objective (2). Two
separate under-ice phytoplankton blooms were observed during the three-year Arctic-ICE
campaign. It was found that phytoplankton blooms conformed well to the critical depth
hypothesis in the Canadian Archipelago under first-year ice, where snow and ice melt both
increased light transmission and shoaled the surface mixed layer which, in turn, placed
phytoplankton within a favourable light environment for positive net production underneath the
ice cover. Factors such as timing of melt water drainage and water column mixing greatly
affected bloom onset.

From the historical analyses, | was able to show that under-ice phytoplankton blooms
have regularly occurred under landfast ice from at least the 1960’s. Significant correlations
between the timing of bloom onset with melt onset related variables (i.e., air temperature

reaching 0 °C and complete snow melt) suggested a strong link to climate change. In fact, the



analysis supported that since the mid 1990s bloom onset has been occurring earlier, and is likely
related to decreasing trends in day of complete snow melt, maximum ice thickness, and snow
depth.

Overall, this thesis has helped improve our understanding of the under-ice spring
phytoplankton bloom, showing that under-ice production has been a regular occurrence in the
Canadian Arctic. The results also support that timing of the spring phytoplankton blooms could
be shifting earlier in response to the warming Arctic and its changing icescape. Such a shift
could also have important consequences on the Arctic marine food web, influencing the transfer
of energy through the food chain. Therefore, it is of utmost importance to continue future
observational programs of the under-ice pelagic environment focussed on the late spring melt

period to better understand how the system could change with further perturbations.
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Chapter One: Introduction

The Arctic marine environment is experiencing warming at an unprecedented pace
(Comiso et al., 2008). There has been a rapid loss of thick multiyear ice (Maslanik et al., 2007;
Barber et al., 2009, Stroeve et al., 2012) and a growing summer melt season (Polykov et al.,
2005; Markus et al. 2009). The result is a thinner and less opaque Arctic Ocean ice cover
(Nicolaus et al., 2012), with an earlier melt onset (Markus et al., 2009). Water mass
characteristics and distribution are also being altered through changes to freshwater input (river
run-off and ice melt) and enhanced atmosphere-ocean coupling (McLaughlin et al., 2002). These
changes are influencing the Arctic ice-covered marine ecosystem; however, to an unknown
extent.

In the face of this rapidly changing climate, we lack an understanding of crucial
components of the ecosystem. Two papers in particular highlight a critical gap in knowledge
with respect to under-ice phytoplankton production (Mundy et al., 2009; Arrigo et al., 2012);
whereas previous studies in the Arctic (Grebmeier et al., 1995; Sakshaug, 2004) have assumed
negligible under-ice production due to the strong light attenuation properties of snow, sea ice,
and ice algae. It is significant to note that phytoplankton play a multi-faceted role in
biogeochemical cycles. They not only sustain life in food webs, but also sequester greenhouse
gases into the deep ocean for extended periods of time (Falkowski, 1994). This process of deep
sequestration of organic carbon is known as the carbon pump. Surface ocean circulation and
regional environmental characteristics influence primary production, and thus the carbon pump
in different regions (Takahashi et al., 2009). Understanding the role of primary production and
the regionally dependent carbon pump in the global oceans is of principal importance due to the
current anthropogenically induced rise in atmospheric CO; levels. However, in the face of a
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rapidly changing climate, we lack an understanding of important components of the ecosystem.
It has been common in the Arctic to assume negligible under-ice production due to the strong
light attenuation properties of snow, sea ice, and ice algae (Grebmeier et al., 1995; Sakshaug,
2004). However, a critical gap in knowledge with respect to under-ice phytoplankton production
has been recently highlighted (Mundy et al., 2009; Arrigo et al., 2012).

In the Arctic, phytoplankton blooms likely conform to the critical depth hypothesis (Figure
1.1). The critical depth hypothesis states that the depth where phytoplankton growth equals net
biomass losses must be greater than the surface mixed layer depth for a bloom to develop.
During the Arctic spring, ice melt contributes to a shoaling of the surface mixed layer, resulting
in phytoplankton becoming confined within the upper water column. Furthermore, because of
sub-ice winter mixing processes that infuse nutrients into surface waters, nutrients are typically
in ample supply in the spring water column (Prinsenberg and Ingram, 1991; Carmack et al.,
2006; Bourgault et al., 2011). These two factors, combined with a rapid increase in transmitted
light to the under-ice water column associated with ice melt and the formation of melt ponds
(Frey etal., 2011; Ehn et al., 2011), provide favourable conditions for positive net primary
production to occur under the ice cover (Mundy et al., 2009).

Bays, channels, and inlets of the Canadian Arctic Archipelago with their shallow basins,
limited atmospheric driven mixing events, and annual formation of a landfast first-year ice cover
should conform quite well to the critical depth hypothesis for under ice blooms. Additionally,
first-year ice transmits three times more light than multi-year ice (Nicolaus et al., 2012). This
increase in transmission is due to a higher spatial melt pond coverage associated with less
surface topography on first-year ice (Polashenski et al., 2012; Nicolaus et al., 2012). It has been
suggested that these conditions present an ideal environment for an early spring bloom to
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develop under landfast first-year sea ice prior to ice-break-up (Mundy et al., 2009). Indeed,
previous reports have shown that significant under-ice blooms have been observed across the
Acrctic, such as in the Barents Sea (Strass and N0thig, 1996), Chukchi Sea (Arrigo et al., 2012),
Beaufort Sea (Mundy et al., 2009), and the Canadian Archipelago (Fortier et al., 2002; Apollonio
and Matrai, 2011; Mundy et al., 2014).

My thesis research will seek (1) To determine the biophysical processes controlling the
timing of under-ice phytoplankton production in Resolute Bay, NU; and (2) To compare and
contrast the timing of the under-ice bloom and controlling processes between different years.
While investigating objective (1), | hypothesize that critical depth theory plays a vital role in the
mitigation of the under-ice phytoplankton blooms in the Canadian Archipelago as a function of
increasing light transmission and melt water stratification associated with snow and ice melt in
spring. For objective (2), an underlying hypothesis of my thesis is that under-ice pelagic primary
production has been a regular, yet under-documented phenomenon in the Arctic. Additionally, as
the deepening of the euphotic zone in spring is linked to an increasing earlier sea ice melt onset
(ACIA, 2005; Markus et al., 2009), | further hypothesize that the timing of under-ice
phytoplankton production is occurring earlier in the Arctic. My thesis will seek to test these
hypotheses using recent and historical datasets collected in the central Arctic region with a
specific focus on Resolute Passage, NU, Canada.

My thesis is separated into five chapters. The first chapter provides an introduction to the
significance of the research, the thesis objectives, and a background on relevant theory required
for a better understanding of the thesis' field of research. In the second chapter, I describe the
datasets collected in support of the research, which include a field and an historical dataset, and

the analysis used to meet the posed objectives. Chapter three describes the pertinent results
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observed in the datasets and chapter four discusses these results in the context of the thesis'
objectives. The thesis is concluded with a fifth chapter, including a discussion of

recommendations for future work in the research field.

1.0 Background

1.0.1 Phytoplankton

Primary producers are organisms that can convert inorganic carbon to organic carbon
through either photosynthesis or chemosynthesis, with the majority using photosynthesis. These
organisms include plants, bacteria, and phytoplankton. The word phytoplankton is based on the
Greek terms, phyton, meaning plant, and planktos, meaning passive drifter. Phytoplankton are
microscopic autotrophs that range in size from approximately 0.2 to 200 um and are found in
both freshwater and marine environments (Jeffrey et al., 2005). Marine phytoplankton account
for >40% of total primary production on a global scale; however, their total standing stock at any
one time is less than 1% global biomass (Falkowski, 1994). This highlights the rapid turnover
time of phytoplankton relative to the large standing stocks associated with terrestrial plants. In
order to provide a general overview of phytoplankton, this sub-section describes the process of
photosynthesis, the main limiting factors that determine phytoplankton growth in seawater (light
and nutrients), what is meant by a phytoplankton bloom and how critical depth theory can be
applied to help describe why blooms typically develop in springtime temperate through sub-polar

oceanographic regions.



1.0.1.1 Photosynthesis

Photosynthesis is the chief process by which carbon dioxide (CO,) is fixed into chemical
energy. The process of photosynthesis results in the production of biomass and the rate of change
in the amount of biomass is defined as primary production (Falkowski and Raven, 1997).
Biomass can be defined in many ways, typically represented by one of the main elements fixed
into organic matter during growth of a primary producer (e.g., C, N, P, Si,). However, due to its
essential role in photosynthesis, chlorophyll a (Chl a) is commonly used as a proxy of
photosynthetic biomass.

Reviews of photosynthesis can be found in numerous texts and articles and the process
itself is relatively well-understood (e.g., Lehninger, 1970; Kirk, 1994; Jeffrey et al., 2005;
Falkowski and Raven, 1997; Nelson and Cox, 2000). The process can be represented through the

following general chemical equation 1.1:

CO, + 2H,0 LIGHT (CH,0) + H,0 + 0, (1.1)

Photosynthesis takes place in organelles called chloroplasts of eukaryotic algae and
higher plants. The chloroplast contains a number of flat vesicles (pockets) known as thylakoids.
Embedded along the thylakoid membranes are sets of two photosystems linked by electron
transport complexes, known collectively as photosynthetic apparatuses. Pigments, namely Chl a,
are the main components of the photosystems as they absorb light that is then used to catalyze a
series of reactions that oxidize water molecules and generate chemical reducing agents

(reductants). This first stage of the photosynthetic process is known as light-dependent reactions,



as light is the catalyst for the process. The freed H" ions evolved from the oxidation of water also
create a gradient across the thylakoid membranes. The ion is then harnessed through enzymes to
produce further reductants.

The reductants produced by the photosynthetic apparatuses are found in the stroma, an
aqueous solution surrounding the thylakoids. It is here that the light-independent reactions take
place, reliant upon the reductants of the light-dependent reactions. Coupled to particular enzymes
in the stroma, namely RuBisCO (Ribulose-1, 5-bisphosphate carboxylase/oxygenase), the
reductants are used to reduce CO, and ultimately fix carbohydrates.

The carbohydrates are essential energy stores used for other metabolic reactions in
phytoplankton, which in turn result in necessary cellular components such as: lipids, pigments
for photosynthesis, enzymes, carriers of electrons, amino and nucleic acids, etc. These additional
cellular components are essential for organism growth and reproduction. It is through these latter

steps that other essential elements are fixed into organic molecules.

1.0.1.2 Light and Nutrients as Limiting Factors

Although many factors play a role in the rate of phytoplankton growth, a considerable
amount of variability can be explained by access to light and nutrients in their environment. Both
light and nutrients are essential for photosynthesis to take place. Therefore, limiting access to
either of these resources will limit production. Because of the need for both resources,
phytoplankton production is constantly in a relative balance between access to light and
nutrients.

Sunlight at the top of the atmosphere is a constant. However, energy reaching the earth

and ocean surfaces fluctuates with a sun angle that varies with time of day and season, according



to the Earth's rotation and revolution around the sun, respectively (Kirk, 1994). Light is
attenuated in the atmosphere by water vapour (clouds) and a variety of aerosols and gases (e.g.,
CO,). Most of the sun's energy transmitted through the atmosphere is in the visible (\V1S) portion
of the spectrum with tails of the spectrum into high wavelength ultraviolet (UV) and low
wavelength infrared (IR). Roughly 50% of the sun's energy is lost before it even hits the ocean's
surface due to reflection, scattering, and absorption associated with the atmosphere and clouds
(Lalli and Parsons, 1997). Upon penetrating the ocean, approximately 50% of the surface
incident radiation is reflected and attenuated within the uppermost metres of the water column,
although most of this attenuation occurs at UV and IR wavelengths, leaving mostly
photosynthetically active radiation (PAR; 400-700 nm) to penetrate to depth (Pope and Fry,
1997). Additionally, attenuation is altered in both quantity and spectral quality by other
substances found in the water, such as chromophoric dissolved organic matter (CDOM),
suspended organic matter, and phytoplankton (Prieur and Sathyendranath, 1981; Kirk, 1994).
Therefore, phytoplankton growth is restricted to the upper layers of the water column known as
the euphotic zone. The euphotic zone is typically defined as the surface layer down to the level
where light is reduced to 1.0 (Kirk, 1994) to 0.2% (Knap et al., 1996) surface levels.

In terms of nutrients, the cellular components of phytoplankton require not only C, H,
and O, but additional macronutrients such as N, S, P, Si, K, Na, Ca, Mg and Cl, as well as some
micronutrients Fe, Mn, Cu, Zn, Co and Mo (Lalli and Parsons, 1997). Nitrogen is perhaps the
most likely limiting nutrient in temperate and more northerly marine regions of the northern
hemisphere (Falkowski, 2002), although some regions of the global oceans can be limited by
micronutrients such as Fe, leading to so-called HNLC (High-Nitrate, Low-Chlorophyll) waters
(Falkowski, 1997). For the most part, phytoplankton can only utilize fixed forms of nitrogen,
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such as nitrate, nitrite, and ammonia, although cyanobacteria are capable of fixing N,
(McCarthy, 2002). Therefore, once used up through primary production in surface waters, fixed
nitrogen can become limiting, accessible through either remineralisation by microbes or by

mixing, upwelling, and/or diffusion from deeper waters.

1.0.1.3 Spring Phytoplankton Bloom

Changes in biomass of phytoplankton in the upper layers of any marine body can be

summarized by the following equation:

AB
At

P—[R+G+S] (1.2)
Where B is biomass, t is time, P is gross primary production, R is community respiration, G is
grazing by large herbivores and production of faecal pellets and S is sedimentation of intact cells
(Lalli and Parsons, 1997). Equation (1.2) shows that for a bloom to occur, P needs to be much
greater than the sum of loss terms in between the square brackets. Holligan (1987) stated that a
bloom of phytoplankton is defined as an abnormally high concentration of cells due to division
of the phytoplankton cells and active or passive aggregations. Legendre (1990) took this same
approach and defined blooms as a rapid increase in biomass caused by local driving factors that
result in abnormally high cell counts.

The marine spring bloom refers to an exponential growth of primary producers, which
characteristically takes place during early spring and lasts until early summer (approximately
April to June). This annual event is typical in the North Atlantic as well as sub-polar waters
(Miller and Wheeler, 2012). Duration, extent, and magnitude of the bloom depend on various

environmental inputs and conditions, including light, nutrients, and temperature, as well as

seasonal surface stratification of the water column (Miller and Wheeler, 2012).
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In the North Atlantic, the spring bloom is preconditioned by winter events, such as wind
and temperature driven turbulent convection that degrade surface stratification of the water
column. This degradation mixes nutrients from depth into surface waters (Miller and Wheeler,
2012). The reduced incoming solar radiation during winter months limits the growth of
phytoplankton, while bacteria continue to remineralize nutrients, further replenishing the surface
water nutrient stock (Miller and Wheeler, 2012).

During spring, turbulent convective forces driving surface mixing weaken as
temperatures reach above freezing (Taylor and Ferrari, 2011). Eventually, the water thermally
stratifies, while incoming solar radiation increases light availability at the same time (Miller and
Wheeler, 2012). Thermal stratification inhibits further mixing between the surface mixed layer
and waters below the pycnocline, confining phytoplankton to the nutrient-replete surface layer
that rests within the euphotic zone (Miller and Wheeler, 2012). With a deepening euphotic zone
and nutrients available in sufficient quantities, primary production undergoes exponential growth
with doubling of cells up to once per day (Miller and Wheeler, 2012). Furthermore, zooplankton
grazing classically lags behind the spring bloom (Falk-Petersen et al., 1990), permitting
phytoplankton biomass to exponentially accumulate in the euphotic zone (Miller and Wheeler,
2012).

Both the pelagic and benthic food webs largely rely on the spring bloom. In particular,
some zooplankton species time their spawning to coincide with the annual bloom (Cushing,
1990). Generally, in the late spring or early summer, spring blooms can collapse due to nutrient
depletion and/or grazing pressure from zooplankton, (Miller and Wheeler, 2012).

At more northern latitudes that remain relatively ice-free, a delayed timing in the bloom

is observed due to the shift in the seasonal incoming solar radiation (insolation) cycle with
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latitude (Leu et al., 2010). The result is a longer period of light limitation and a delay in thermal
stratification of the upper water column. In addition, the shorter warm season slows zooplankton

grazing pressures as their metabolism is dependent on water temperatures (Sherr et al., 2009).

1.0.1.4 Critical Depth Hypothesis

Critical depth (Gran and Braarud, 1935) has been defined as the depth at which
respiration and production integrated over the upper water column are balanced. That is, it is the
depth at which the water column integrated net growth rate becomes zero (Figure 1.1). Net
growth is defined as the total growth rate minus respiration losses. The hypothesis, developed by
Sverdrup (1953), assumes that the loss rate for the phytoplankton community is a relatively
constant rate at all depths and times.

Sverdrup (1953) hypothesized that shoaling of the mixed layer depth above the critical
depth is the cause of annual spring blooms in temperate oceans. This hypothesis suggests that if
the mixed layer depth exceeds the critical depth, a bloom cannot develop (Figure 1.1).
Alternatively, if the mixed layer depth was shallower than the critical depth, the phytoplankton
community would experience a positive mixed layer integrated net growth rate. Originally,
critical depth theory was developed to explain the timing of annual spring blooms in the mid-
latitudes Atlantic Ocean. Stratification in this region is based predominantly on temperature
gradients. The concept followed that the increase of insolation during spring both deepened the
euphotic zone while thermally stratifying the surface ocean through increased light absorption.
The result was a rapid switch to a surface mixed layer that was less deep than the critical depth

and therefore, a spring bloom ensued. As described in detail by Lalli and Parsons (1997) gross
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photosynthesis declines at an exponential rate in accordance with Beer’s law as a function of

water column light attenuation:
I, = I,e % (1.3)

where k is the attenuation coefficient (m™) due to absorption and scattering properties of the
water, z is water column depth (m), and o and I, are the light intensities (umol m?s™)
penetrating the surface water and transmitted to z, respectively. Using Beer's law, the average
water column light intensity over z, I, (umol m™s%), can be calculated as follows:
L=2(1-e) (1.4)

Compensation depth (z¢c) is defined as the depth where photosynthesis is equal to
respiration. The transmitted light intensity at this point is called the compensation light intensity
(Ic). Therefore, above z¢ net primary production is positive and below it is negative. Sverdrup
(1953) demonstrated that the depth at which I, equals I is the critical depth. That is, replacing I,

with Ic in equation (2), z becomes the critical depth (zcr). Then, through minor adjustments to

equation (2), you can obtain:
I —
Zer = o (1= e77e) (L5)

Finally, given z¢, as a large number, the exponent in equation (1.5) becomes large,

resulting in the following approximation:

Io

Zer ® k_IC (1-6)

11



This approximation provided in Lalli and Parsons (1997), represents a useful tool to
calculate the critical depth using light measurements and a value for I obtained from the

literature. However, it may not work for sea ice as the critical depth is not as deep.
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Figure 1.1: A schematic of the critical depth hypothesis [left side] (adapted from: Miller and Wheeler, (2012))
Right side schematic showing how the shoaling of the mixed layer (green [mixed to depth] and purple

[shoaled] lines) allows for a bloom to occur or not take place based on density and depth.
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1.0.2 Under-ice Phytoplankton Blooms

In the Arctic, the spring (May) bloom is a major contributor to annual primary production
and is important for fuelling secondary production (Sakshaug, 2004). Most of the Arctic Ocean
has at least a seasonal ice cover that influences a much different set of season spring processes
affecting the spring bloom. Due to the presence of sea ice and the numerous major North
American and Eurasian rivers that drain into the Arctic Ocean, the role of salinity in stratification
and convective mixing is dominant over that of temperature (Carmack, 2007). Furthermore, sea
ice strongly attenuates the transmission of light to the pelagic environment, and thus plays a
critical role in primary production of the Arctic Ocean. In this sub-section, I review existing
observations and evidence for the occurrence of under-ice Arctic spring phytoplankton blooms,
and in particular, | review pertinent processes operating in ice-covered marine environments that

could influence timing of the bloom.

1.0.2.1 Historical Observations of Under-Ice Phytoplankton Blooms

The Arctic has seen a significant rapid decline in its sea ice cover in recent years (Comiso
et al., 2008; Kwok et al., 2009) with some models predicting an ice free summer as early as 2037
(Wang and Overland, 2009). Sea ice melt is not only associated with a rapid increase in light
transmission to the water column (Sakshaug, 2004), but also provides low salinity melt water
that rapidly stratifies the upper water column. Earlier salinity stratification in turn will affect the
duration and timing of the phytoplankton growing season (Rysgaard et al., 1999; Sakshaug,

2004; Arrigo et al., 2008; Mundy et al., 2009).
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Rysgaard et al., (1999) suggested that annual primary production in the Arctic was
directly correlated to the length of the growth season due to the main control of light limitation
(Glud et al., 2007). In contrast, additional reviews and studies have suggested that variability in
annual primary production across the Arctic could have a greater dependence on dissolved
nitrogen supply (Sakshaug, 2004; Tremblay and Gagnon, 2009). It is likely that both factors play
a significant role in the Arctic spring bloom but at different stages, and to different communities
within the bloom.

Due to the high albedo and attenuation properties of sea ice, snow, and ice algae, primary
production in the under-ice water column has been assumed and measured to be negligible in
previous investigations and reviews (Smith and Sakshaug, 1990; Grebmeier et al., 1995;
Sakshaug, 2004; Michel et al., 2006). However, many past studies have provided evidence to the
contrary. Using fluorescence data from a mooring, Fukuchi et al., (1989) observed a bloom in the
southern most region of sea ice in the northern hemisphere. The bloom took place under landfast
ice in the Lagoon Saroma, Ko. Measurements were taken every two hours over a total of 161
days. The measurements showed that prior to the bloom there was less than 1 ug L™ of
chlorophyll in the water column. Bloom onset started in the middle of March and lasted until
mid-April when the ice was still present. During this time Chl a concentrations reached peak
concentrations of 5 pug L™ in the under-ice water column.

Strass and No6thig (1996) observed a bloom in the Barents Sea under substantial ice cover
in the early to late summer of 1991. They associated it with the stability of the water column
during the transition period from early to late summer. The movement of the bloom transitioned
for a month over ~ 400 km and was associated with the retreat of the ice edge. The bloom
terminated with maximum chlorophyll concentrations 100 to 300 km north of the meltwater lens
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where substantial ice cover was still in place. Strass and N6thig (1996) concluded that the bloom
started at the onset of stabilization, which was initiated by meltwater under the ice cover. Strass
and Nothig (1996) also stated that an increase in temperature associated with seasonal warming
did not come into play as a factor for the bloom.

Fortier et al., (2002) also observed two notable blooms and the potential commencement of
a third bloom under landfast ice in the Resolute Bay, NU, region. Under 100% ice cover, the two
observed blooms were substantial with one reaching upper water column integrated
concentrations of >400 mg m™. The years 1994 and 1995 were triggered by the snow cover
diminishing early as a result of an early rain event and a heat wave, respectively. These results
suggested a link to possible climate changes. The year 1992 additionally showed evidence of a
bloom onset prior to ice breakup in the region.

Mundy et al., (2009) observed a large bloom under the ice, but in close proximity to an
ice-edge in the Beaufort Sea region. The bloom was attributed to an upwelling event in the area.
The upwelling event brought nutrient replete water to the surface under the ice allowing for a
substantial bloom of new production to take place. Unfortunately, due to the Ekman spiralling
nature of an upwelling event, they were unable to conclude from the measurements that the
observed increase in biomass was strictly associated with under-ice production and not the open
water adjacent to the ice-edge. However, through measurements of transmitted light levels and a
photosynthesis-irradiance relationship for the under-ice phytoplankton, they were able to provide
a conservative estimate that the under-ice portion of the bloom contributed at least 22% of the
daily ice-edge production. This estimate confirmed that enough light was penetrating under a
melted ice cover to support phytoplankton growth, which led to the hypothesis therein that
under-ice blooms may be an under-documented phenomenon, particularly within the Canadian
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Arctic Archipelago.

However, it was not until Arrigo et al. (2012) observed a significant under-ice bloom in
2011 in the western Arctic Ocean that major attention was paid by the scientific community to
the possibility of under-ice phytoplankton blooms. In contrast to the observed under-ice bloom in
surface waters, the adjacent open water region showed maximum phytoplankton biomass at
depths of 20 to 50 meters. Arrigo et al. (2012) suggested that these deep chlorophyll maxima
(DCM) were the remnant of a previous under ice bloom. Furthermore, they showed that ample
light required by the under-ice bloom had penetrated the pack-ice. Light transmission was
enhanced by a first-year ice cover coupled with high surface melt pond fractionation (25 to
50%). Furthermore, due to a stronger shade-acclimated state of the under-ice phytoplankton,
cells grew twice as fast at the same low light conditions as that in adjacent open oceans. From
the above studies, it is apparent that under-ice phytoplankton blooms have occurred in the Arctic
and that light transmission through sea ice and its relationship to a melting ice cover is of prime

importance to the development of an under-ice bloom.

1.0.2.2 Sea Ice and Oceanographic Processes Affecting Blooms

The Arctic Ocean differs from other oceans as it is encased by land, with only 3 relatively
confined marine inputs, namely Barents Sea, Fram Strait, and Bering Strait. Furthermore, Fram
Strait is the only deep ocean connection to the global ocean network. The Arctic Ocean is also
fed by major freshwater inputs from Canadian and Siberian rivers and streams. In addition to
being a major inflow (up to 5 times higher than the Bering Strait; Schauer et al., 2002; Woodgate

et al., 2005; Carmack and Wassmann, 2006), the Fram Strait is the largest and deepest marine
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outflow of the Arctic Ocean. Other outflows include the Canadian Arctic Archipelago and the
west coast of Greenland.

It is important to note that the Arctic Ocean is considered as a beta ocean, where
stratification is predominately a function of salinity rather than temperature (Carmack, 2007). A
major halocline exists in the Arctic Ocean that is located between 50 and 200 m and is arguably
the most important characteristic in maintaining the ice cover and influencing biology (Carmack
and Wassmann, 2006). The halocline identifies the transition between the major water masses:
the cold and fresh polar surface water (PSW), the more saline Pacific waters (PW), and the
warmer and more saline Atlantic waters (AW; Thomas and Dieckmann, 2003). The density of
cold waters is directly related to the salinity creating a sharp pycnocline between the PSW and
the underlying water mass. This pycnocline inhibits mixing from depth and the nutrients that
would normally come with it (Thomas and Dieckmann, 2003). In turn, this reduces the transfer
of heat from the underlying PW and AW masses to the surface and helps to promote the growth
and maintenance of the sea ice cover.

In the case of PW, the water mass is fresher and higher in nutrient concentration than the
AW mass and has a predominant influence on water observed in the Canadian Arctic
Archipelago (Jones et al., 2003; Carmack and Wassmann, 2006). A program to continuously
monitor the flow and hydrography in Barrow Strait (centre of the Archipelago) — started in
1998 by the Department of Fisheries and Oceans of Canada (Prinsenberg et al., 2005) —
determined that the majority of water through Barrow Strait originated in the Beaufort Sea. The
Beaufort Sea is fed by the Mackenzie and the Bering Strait. Water moving through the Bering
Strait and eventually to Barrow Strait is considered to be the oldest and some of the most nutrient
rich water in the world (Sakshaug, 2004). As these waters traverse the Archipelago, shoals and
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tidally driven currents can act to mix the underlying PW into surface waters (McLaughlin et al.,
2004).

Mixing of the upper water column with underlying waters is further augmented during
the fall and winter. That is, water mass characteristics in the Arctic are strongly affected by
growth and melt processes associated with sea ice (Prinsenberg and Ingram, 1991). Arctic
seawater typically has a salinity of 32 to 34 with a freezing point of ~ -1.76 to -1.86 °C,
respectively (Fofonoff and Millard, 1983). As surface layers are exposed to the rapidly cooling
atmosphere in fall, convection is induced due to the fact that colder waters at these salinities are
denser than warmer waters. Eventually the surface layer reaches its freezing point, resulting in
the formation of sea ice. As sea ice forms, it further increases the density of the upper water
column by freeze-segregation and desalination of brines. Gravity drainage of brines from the
thickening sea ice cover destabilizes the water column and allows for increased vertical mixing.
In contrast, as the ice melts in spring and summer, lower salinity melt water acts to stratify
surface waters, reducing vertical mixing (Prinsenberg and Ingram, 1991).

It is through these general formation and melt processes that the sea ice is intimately
linked to primary production in the Arctic. That is, the cycle of sea ice growth and melt provide
ideal conditions during spring for primary production: high nutrient availability due to winter
mixing processes (Michel et al., 2006), optimal illumination once the ice starts to melt (Mundy et
al., 2014), as well as minimal grazing pressure due to low temperatures (Sherr et al., 2009).
However, under-ice spring phytoplankton blooms have been understudied and as a result are not
well-understood (Sakshaug, 2004). It has been hypothesized that the occurrence of the spring
bloom is triggered by sea ice break-up (Gran 1931; Braarud 1935; Alexander and Niebauer,
1981; Sakshaug and Skjoldal, 1989; Sakshaug, 2004), combined with a freshening of the surface
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layer stratifying the water column. More recently, evidence suggests that this bloom might be
occurring earlier than originally thought and could have significant effects on pelagic-benthic
coupling in the Arctic marine ecosystem (Mundy et al., 2009; Arrigo et al., 2012; Palmer et al.,

2013).

1.0.2.3 Stages of Melt Evolution

Sea ice formation is relatively well-understood in the Arctic (Weeks and Ackley, 1982;
Thomas and Dieckmann, 2009). However, the progression of sea ice melt and its radiative
transfer properties remain a topic of investigation (e.g., Eicken et al., 2004; Ehn et al., 2011;
Polashenski et al., 2012; Landy et al., 2014). During spring, sea ice undergoes a rapid transition
from a highly reflective snow cover to a relatively dark melt pond cover.

Early melt onset stages in the snowpack and eventually ice is annually variable (Zhang et
al., 1996). It is characterized by a warming atmosphere (Perovich et al., 2002a) and increased
incoming solar radiation (Perovich et al., 2002a). Notably, Else et al., (2014) found that melt
onset for landfast ice was a function of a combination of variables. The driving variables
appeared to be a low loss value of longwave radiation coupled with seasonal bursts of shortwave
radiation. The key to the low loss of longwave radiation was associated with the feedback
process of counter-radiation by clouds. This feedback loop was also discussed in depth in Jin et
al., (1994) and Curry et al., (1996). Melt onset as a whole function typically lasts about 2-3
weeks (Horner, 1985; Else et al., 2014). The quantity of snow on the ice, air temperature, and
precipitation events help determine the timing of early melt onset (Zhang et al., 1996). Snow
depth directly affects the melt progression by acting as a thermal insulator, while the snow

surface contributes to a high albedo (Zhang et al., 1996). Once the snowpack has reached a
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thermal “tipping-point”, snow grains begin a wet metamorphic change. At this point, growth of
snow grains contributes to a rapidly decreasing albedo, and increasing transmission properties of
the snowpack. This metamorphic change is initially caused by conductive heat flux into the
system. The surface warms first, while the bottom layer has higher temperatures than the middle
of the pack due to temperature gradients prior to melt onset, resulting in a c-shape temperature
profile (Papakyriakou, 1999). Water found within the snowpack alters the physical
characteristics and transmission properties of the snow (Colbeck, 1982). Colbeck (1982) noted
that under wet snow metamorphism, snow grain size increases by grains clustering together. This
allows for greater drainage of water by increasing the pore size between grain clusters. In turn,
water can connect snow grains together and diurnal atmospheric changes result in a thaw-freeze
cycle causing grains to grow at a much more rapid rate (Colbeck, 1982). As the grains grow in
size and melt water collects at the base of the snowpack, the surface albedo rapidly drops,
causing the snowpack to absorb more solar radiation. This in turn advances the melt state
(Eicken et al., 2004).

During the early melt stage, the ice cover also warms, causing brine volume inside the ice
to increase. The previously separated brine inclusions open up as the sea ice attains a critical
threshold around 5% brine volume (Golden et al., 1998). Following this early melt progression,
the ice undergoes more advanced stages of melt. Polashenski et al., (2012) suggested there are
four stages of advanced melt progression as a function of surface melt pond coverage.

Stage 1 begins when ponds start to form. Initial pond formation is categorized by a swift
increase in pond coverage due to the accumulation of melt water on the surface of the sea ice.
The ice is impermeable to percolation during this period (Polashenski et al., 2012). Typically
melt pond coverage is highly variable inter-annually and seasonally due to topographic
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differences and atmospheric changes (Romanov, 1995; Tschudi et al., 2001; Perovich et al.,
2002a; Eicken et al., 2004). Due to the impermeable ice cover, melt water does not immediately
drain into the underlying ocean, thus forming ponds above sea level. Melt drainage can be
categorized into two groupings: (a) through macroscopic flaws (e.g., seal holes, leads, cracks,
etc.) that drain the surface with horizontal flow over the ice surface and into the ocean; and (b)
the ice becomes permeable, which allows percolation of melt water through the sea ice and into
the ocean. Melt ponds forming above sea-level create a hydrostatic head of water that flows
laterally according to topographic relief over the sea ice into surface cracks and flaws in the ice
(i.e., drainage state (a); Polashenski et al., 2012). First-year ice normally shows the highest pond
fraction of all ice types (Derksen et al., 1997; Fetterer and Untersteiner, 1998; Hanesiak et al.,
2001; Eicken et al., 2004). This greater fraction is a function of diminished topography and
deformation on first-year ice relative to that of multiyear ice (Polashenski et al., 2012).

Stage 2 is triggered by melt water draining from the surface ice. This drainage causes
melt ponds to drop towards sea level, decreasing the hydrostatic melt water head. Furthermore,
the drop in water level is associated with a decrease in the spatial coverage of melt ponds
(Polashenski et al., 2012). Pond area, and its resulting control on albedo, is driven by the
hydraulic head for both multiyear and first-year ice (Eicken et al., 2004). Eicken et al., (2004)
noted that this control is true for both diurnal variations and the seasonal melt progression. The
lateral movement of water is reduced as the hydraulic head reaches equilibrium (Eicken et al.,
2004). This in turn reduces the ponds shrinking and expanding and steepens the walls of ponds
(Eicken et al., 2004).

Stage 3 of sea ice melt is distinguished by melt pond levels that are near or at sea level with
vertical drainage no longer being limited. That is, the ice cover is highly permeable and melt
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drainage falls within grouping (b), allowing water to flow freely should a hydraulic head re-
develop. Melt pond spatial coverage has the potential to increase during this stage due to loss of
buoyancy caused by the thinning ice as well as lateral melt of pond walls (Polashenski et al.,
2012). Numerous melt ponds decay through to the ocean and the ice has the potential to break-up
and decay entirely during this stage.

Stage 4 of sea ice melt can be observed within any one of the previously mentioned
advanced melt stages and is not restricted to a specific timeframe. This change is a result of
refreezing and is caused by atmospheric forcing. The refreezing forms a skim on ponds, which
prevents melt water inflow in addition to the potential outflow. The skim can also rapidly raise

the surface albedo (Polashenski et al., 2012).
1.0.3 Snow and Ice - Albedo and Transmission

A photon transferring through a medium such as snow and sea ice — containing a mixture
of air, ice, liquid, solid salts, and biotic and abiotic dissolved and particulate material — can
either: a) be absorbed and the energy transformed and emitted at another wavelength (e.g., via
radiated heat or fluorescence) or harnessed as photochemical energy (e.g., photosynthesis); or b)
it can be scattered. It is these two properties that determine the attenuation of light as it passes
through a material. For example, the high scattering and strong absorption properties of snow
and sea ice cause these materials to have strong attenuation properties (Perovich, 1996).

The growth and decay of sea ice is directly affected by the surface radiation budget,
which has a strong seasonal cycle in the Arctic. The peak value of daily averaged insolation

incident on a horizontal surface over 22 years was 508 W m in the summer (June) and 0 W m™
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in the winter months (74.6975° N, 94.8322° W) (Figure 1.2) (Source: NASA Surface

meteorology and Solar Energy).
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Figure 1.2: Daily averaged insolation at the top of the atmosphere as a function of latitude versus date. The
largest values of incoming energy (pale pink) are at high latitudes in summer. During winter some areas
receive no light (black). Figure used with permission from: NASA

(http://earthobservatory.nasa.gov/ImageUse/)

Clouds also exert a substantial influence on the radiation balance of the surface (Curry et
al., 1996; Walsh and Chapman, 1998; Minnett, 1999). During the summer and fall, clouds reflect
and absorb some of the insolation (the dominant radiation during this period) and keep the
surface cooler than on a clear day. Conversely, during the spring, although cloud cover blocks
incoming shortwave radiation, it also traps longwave radiation below the cloud, thus warming
the surface (Jin et al., 1994; Curry et al., 1996). Similarly, during winter months, clouds act to
warm the surface by trapping longwave surface emission. Hence, cloud cover affects changes in
ice properties and thickness (Jin et al., 1994; Schweiger, 2004). This extreme between the two
seasons, partially offsets the variations in the longwave cooling of the atmosphere. Both

longwave and shortwave radiation peak in July (Curry et al., 1996). Curry et al., (1996) found
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that peak cooling occurs in the fall and minimum cooling occurs during the spring due to a series
of complex interactions between atmospheric temperatures and cloud properties.

It is important to note that the radiative energy balance is affected by the thickness of the
ice present. Albedo is related to the scattering properties of the surface layer. Therefore, sea ice
albedo is not a constant value across space and time. Clear water has very few impurities that can
scatter light, causing a very low albedo for water around 0.05 (Grenfell and Maykut, 1977).
During initial ice growth surface albedo increases as the ice thickens until it becomes optically
thick such that the water column below no longer contributes to the surface albedo (Perovich,
1996). Albedo increases due to increased scattering of light to a maximum value of ~0.52. Once
the ice provides a contiguous platform; however, snowfall usually accumulates on the surface
and due to its strong scattering properties, surface albedo rapidly becomes solely due to the snow
(i.e., the ice cover below the snow no longer contributes to the surface albedo). During melt, the
snow cover disappears, exposing a variegated surface of melt ponds and drained white ice (Ehn
et al., 2011), which again affects the surface albedo.

The presence or absence of snow on the sea ice is potentially the most important variable
controlling light transmission to the water column. During winter, snow-covered ice can have a
very high albedo, typically ranging between 0.8 to >0.9 (Langleben, 1967). As little as 1 cm of
fresh snow can result in an albedo that is independent of the underlying surface (Petzold, 1977).
Albedo is mainly affected by snow grain size, liquid water content, and presence of impurities.
Smaller grain sizes increase scattering, thus increasing albedo, whereas liquid water and
impurities such as soot can increase absorption and reduce albedo (Perovich et al., 1998).

New snow can have an albedo of approximately 0.9 or greater (e.g., Allison et al., 1990;
Perovich et al., 1998), but due to aging of the snowpack, surface albedo steadily drops with time
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to an average of approximately 0.8 to 0.85 (Barber et al., 1995; Mundy et al., 2005). For
example, as snowflakes fall on existing snow their structure partially breaks down. The multiple
fragments of tiny snow spread over the surface, increasing albedo. Given time, dry
metamorphism and gravity compaction cause snow grain size and density to increase,
respectively.

Due to the high snow albedo, transmission of light prior to any significant melt is very
low. Perovich (1996) observed <1% transmission under a snow cover of 25 cm, 3% under 12 cm,
and 7% under surface drained ice. A drained ice cover (also referred to as white ice) is actually
not snow, representing a surface that forms after the snow cover has melted away and thus is
only observed during advanced melt stages.

Once temperatures rise towards freezing, the sun's energy can act to start snow-melting
processes. Horner (1985) suggested that the snow cover can melt as fast as 2 to 3 weeks after air
temperatures reach 0 °C, producing melt ponds. This transition from snowpack to melt ponds
greatly influences the quantity of surface light transmitted to the underlying water column.
During this time, the liquid water content of snow rapidly increases causing a further drop in
albedo to <0.8 (Barber et al., 1995; Perovich 1996; Mundy et al., 2005). Rainfall can
dramatically accelerate this melt process, which is a driving concern with respect to timing of
snow and sea ice melt and the current increasing trends in rain events (IPCC 1995, Simmonds et
al., 2008).

With a period of sustained temperatures above freezing, melt ponds begin to form on the
ice surface with the first ponds forming in regions of low snow covers (lacozza and Barber,
2001). Water-covered sea ice has a lower albedo causing the surface to absorb and transmit more
insolation (Ehn et al., 2011; Polashenski et al., 2012). This increase in absorbed and transmitted
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radiation helps to hasten ice melt (Polashenski et al., 2012) and potentially activate primary
production in the water column (Mundy et al., 2009; 2014). However, the albedo of melt ponds
is highly variable, with ranges of 0.2 to 0.4 (Perovich et al., 2002b Eicken et al., 2004; Ehn et al.,
2011). Ehn et al., (2011) found that the PAR albedo of advanced melt stage melt ponds and white
ice were 0.22 + 0.04 and 0.70 + 0.06, respectively. Furthermore, this highly variable surface of
melt ponds and white ice greatly affects the transmission of light through the sea ice, which is
controlled by ice thickness and proximity to other surface types (Ehn et al., 2011).

PAR transmission through the sea ice has been estimated at 38 to 67% and 5 to 18%
under melt ponds and white ice (Perovich, 1996; Ehn et al., 2011; Arrigo et al., 2012). When
ponds become stable and deep, they show a relatively consistent PAR transmission to the
underlying water column that is 4-5 times higher than through surrounding white ice.

The attenuation properties of ice biota are also important to the transmission of light
through ice. In particular, ice algae preferentially absorb wavelengths at 440 nm (blue light) and
around 665-675 nm (red light), further decreasing the quality and quantity of the light being

transmitted to the underlying ocean (Legendre and Gosselin, 1991; Mundy et al., 2007).
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Chapter Two: Methods

In this chapter, I explain the methods used to collect and analyze the data, which were
obtained during the three Arctic-ICE field campaigns from 2010 - 2012. Additionally, I briefly

discuss methods used to standardize the data and where the historical data was obtained from.

2.0 Study Sites

The central dataset contributing to this study was collected as part of the 2010, 2011, and
2012 Arctic-ICE (Ice Covered Ecosystem) field campaigns (Brown et al. 2010; Campbell et al.
2011; Landy et al. 2012). These campaigns were based on landfast first-year ice sites within the
vicinity of Resolute Passage (Figure 2.1; Table 2.1). During the 2010 campaign, sampling
occurred over a 3-day schedule. During the 2011 and 2012 campaigns, sampling occurred over a
4-day schedule. Water column sampling occurred the day prior to ice core sampling in all

campaigns.
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Figure 2.1 Arctic-ICE field study sites in Allen Bay area near barrow Strait. All sites took place on landfast

first-year ice
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Table 2.1: Sampling dates, coordinates, and bottom depths for each Arctic-1CE field sampling location.

Depth Latitude Longitude
Year Start Date End Date

(m) (°N) (‘W)
2010 08/05/2010 21/06/2010 141 74,7085 95.248
2011 08/05/2011 26/06/2010 60 74,7167 95.15
2012 18/05/2012 22/06/2012 80 74,7269 95.5583

2.1 Environmental Measurements

During each of the three years, a meteorological station was established within 0.5 —
1 km of the main sampling tent and monitored on a regular basis. The measurements collected
include: air temperature, shortwave surface albedo, incident photosynthetically active radiation
(PAR; 400-700 nm), and relative humidity (Brown et al. 2010; Campbell et al. 2011; Landy et al.
2012). Air temperature data was collected using a Vasailla, model HMP45C212 sensor. Surface
albedo was determined using the ratio of upwelling to downwelling shortwave (0.3-2.8 um)
irradiance, measured using a Kipp & Zonen, model CNR1 sensor. Incident PAR was collected
during the 2010 and 2011 campaigns using a Kipp & Zonen PAR-L.ite sensor. In addition to the
on-ice meteorological site, daily rain precipitation data was obtained from Environment
Canada’s (EC) meteorological station located near the Resolute Bay airport. The EC station was
approximately 8, 5 and 20 km east of the 2010, 2011 and 2012 field sites, respectively.
Precipitation totals calculated at the station were consistent with on-ice weather observations and
are considered a best-estimate of on-ice totals. Snow depth and ice thickness were measured on a
scheduled basis using a measuring stick and a Kovacs Enterprises ice thickness gauge,
respectively. For comparison purposes and the historical data analyses, snow depth data were

also obtained from the EC station dataset.
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Water column profiles of temperature and salinity were obtained by use of a Sea-Bird SBE
19plus V2 conductivity-temperature-depth (CTD) sonde. The CTD additionally housed an in
vivo Chlorophyll a (Chl a) fluorometer sensor (Wet Labs, ECO-FL (RT)) and a scalar PAR
sensor (Biospherical QSP-2300L). Casts of the CTD sensors were obtained daily through the
main sampling hole within a heated tent on the sea ice. The casts included an equalization period
where the sonde was held at a 2 m water depth from the water-atmosphere interface for 90 s for
instrument environmental equilibration. The CTD was then lowered at a speed of approximately
0.9 m s until the maximum depth was attained and only the downcast are presented hereinafter.
Calibration of the CTD fluorometer sensor was accomplished each year via quadratic regressions
against extracted Chl a concentrations measurements (Trembley et al, 2008). Figure 2.2 shows
the best-fit calibration curves for all years together. Individually, results were: 2010 (n = 83; R* =
0.98), 2011 (n = 74; R = 0.9), and 2012 (n = 46; R* = 0.32).

Variability in the under-ice light field as a function of surface cover inconsistencies (e.g.,
snow drifts, melt ponds and white ice patches, and the sampling tent) caused problems with the
interpretation of under-ice light measurements. To examine this problem further, | tested
multiple techniques that included: moored sensors, water column profiles with the CTD light
sensor, and a combination of the two. Another difficulty with the dataset was the use of planar
(cosine corrected) irradiance sensors for surface downwelling and albedo measurements, and
scalar (4r) irradiance sensors for transmitted light measurements. Following Mundy et al.
(2014), I assumed negligible upward irradiance from the water column and multiplied the under-
ice scalar data by an average cosine to estimate a potential range in percent transmittance. The

range used includes the use of an average cosine of 0.5 (diffuse light field) and 1.0 (downward
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directed light field) in order to encompass the possible light fields encountered under the ice

cover.
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Figure 2.2: Relationship between discrete depth water samples of chlorophyll (Chl) a versus CTD-based in
vivo Chl a during Arctic-1CE. The red line represents a least square fitted regression with the following
equation =0.156 + 1*x1 (n = 203; R? = 0.9384; p = 0.05).

Scalar PAR in the water column under the ice was measured using two independent tethers
with ALEC MKV-L sensors mounted at discrete depths during the three field campaigns (Table
2.2). The scalar sensors had to be adjusted for the underwater immersion effect. This was
accomplished by multiplying by the calibration values provided in the manual (~1.6). Each year
these PAR tethers were moored to the sea ice under “high” and “low” snow depths. The defining
“highs” and “lows” were variable depending on the snow cover each year (Table 2.2).
Additionally, a large weight of 8 pounds was positioned at the lowest point of each tether to

ensure a mostly vertical orientation of the tethers throughout the field campaigns.
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Table 2.2: Tether depths of ALEC MKV-L sensors and overlying averaged snow depths for each year prior

to melt onset.

High Low Depths

(cm) (cm) (m)

2010 426 126 2,5,7.5,10, 20, 30, 40
2011 18 10 2,5,7.5,10, 20, 30, 40
2012 15 3 1.5,2.5, 5, 7.5, 10, 20

Year

Snow depth has a strong influence on the quantity of transmitted light under the ice cover
(Legendre and Gosselin, 1991; Perovich, 1996; Eicken et al., 2004; Mundy et al., 2007; Ehn et
al., 2011; Arrigo et al., 2012;). This fact made it difficult to compare between years of
transmitted PAR data from the tether data described above (Table 2.2). Therefore, | attempted
two separate methods to estimate under-ice transmitted PAR using data from the CTD casts.
However, profiles of transmitted light were difficult to obtain from the CTD data due to shading
effects of the main sampling hole and tent. Frey et al. (2011) found transmitted light to become
spatially homogenous under the sea ice at depths greater than 20 m due to enough variability of
the overlying ice surface being captured in the light sensor's field of view. Therefore, | used this
finding to estimate under-ice transmitted light through two main methods. (1) Light was
averaged over the maximum intensity every day for each of the PAR sensor tethers at discrete
depths. Light attenuation coefficients (Kpar) Were calculated between each of the sensors using

Beer’s law:

Lz1
InG,)

Kpar = Az (2.1)
The daily values of Kpag Were then used to extrapolate transmitted light data from the CTD
starting at a 20 m depth. (2) The second method involved the use of a relationship between Kpagr
(i.e., tether-based light attenuation estimates) versus CTD-based in vivo Chl a concentrations to

extrapolate the transmitted light data from 20 m depth using the CTD profiles of in vivo Chl a
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concentrations. Prior to examining the relationship, the in vivo Chl a concentrations were
averaged over the depths from which each Kpag Was calculated. A significant 2™ order
polynomial regression was found to best fit the relationship between Kpar (i.€., tether-based light
attenuation estimates) versus in vivo Chl a concentration (Figure 2.3). This relationship was then
used to extrapolate transmitted PAR from 20 m depth up to the ice-water interface using the

Chl a concentration data from the CTD casts. This second method proved to be a better choice

due to the attenuation of different spectra associated with biomass in the water column.
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Figure 2.3: Kpag calculated from the PAR tether data versus in vivo Chl a concentration from the calibrated
CTD data averaged to the PAR tether intervals. The red line represents a least square fitted regression with
the following equation f= 0.147 * x>? (n = 358; R?= 0.505; p = 0.05).
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2.2 Nutrients and Phytoplankton Biomass

Niskin sampling bottles (5-L) were deployed to collect water samples at discrete depths
during each field season (3 or 4-day sampling interval depending on year). Each discrete depth
had samples collected in pseudo-duplicate for determination of nutrient (nitrate+nitrite;

phosphate; silicic acid) and Chl a concentrations (see Table 2.3).

Table 2.3: Discrete sampling depths listed by year for water column nutrients and Chl a concentrations.

Sampling Depth
(m)

2010 2,5, 10, 25, 50, 130

2011 2,5,10, 25,40

2012 2,5,10, 25, 50, 80

Year

Nutrient samples in pseudo-duplicate were analysed for silicic acid, phosphate, and
nitrate+nitrite concentrations. To collect the samples, water was filtered through a pre-combusted
(5hrs @ 450°C) Whatman GF/F glass fiber filter with the filtrate collected into 15 mL falcon
tubes that had previously been sterilized by acid cleaning. Samples were placed immediately into
a -20 °C freezer until analysis at Institut des Sciences de la Mer (Rimouski, QC) for 2010
samples and Universitie Laval (Vachon Laboratoire Jean-Eric Tremblay, Quebec City, QC) for
2011 and 2012. In both labs, nutrient concentrations were measured using a Bran-Luebbe 3
autoanalyzer (adapted from: Grasshoff et al., 1999).

Chlorophyll a concentration was determined from pseudo-duplicate subsamples filtered
onto Whatman GF/F 25 mm filters (0.7 um nominal pore size). Acetone extraction was
conducted as indicated by Parsons et al. (1984). The filters were soaked in separate vials filled
with 10 ml of 90% acetone at 4 °C in the dark over a minimum of 18 hours to a maximum time

of 24 hours. A 10-005R Turner Designs fluorometer was utilized to measure fluorescence of
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extracted Chl a. Prior to use, the fluorometer was allowed to warm up and stabilize, and
regularly zeroed with 90% acetone. Measurements were taken prior to and after acidification
with 5% hydrochloric acid (HCI) in order to account and correct for fluorescence by
phaeopigments, a non-photosynthetic degradation product of algal Chlorophyll pigments.

Chl a concentrations were then computed using equations found in Holm-Hansen et al. (1965).

2.3 Historical Data Sets

Historical data were collected from a variety of sources. Air temperature, snow depth, ice
thickness, and precipitation were obtained through the Environment Canada historical data

website (http://goo.gl/UuQ5mJ and http://goo.gl/\VPvdPX ). Water column Chl a concentrations

were obtained from a number of previous projects and publications, and their locations are

presented in Figure 2.4. When actual data were not directly available, they were digitally

extracted from published figures using the freeware program, Data Thief I11 (http://datathief.org).
Chlorophyll a concentrations were integrated over depths as near to 25 m as possible.
Additionally, if needed a basic conversion from m™ to m™ was made as necessary. Datasets for
the years 1961, 1962, 1963 were obtained from Apollonio and Matrai (2011).

Chl a concentrations for the years 1983, 1984, 1985, 1986, 1987, 1988, 1989, 1990, and 1991
were obtained through the NOAA World Ocean Database (2013). Data were obtained from a
published data report by Michel et al. (2003) for the year 2001. Chl a data from 1992, 1994, and
1995 were obtained from Fortier et al. (2002). Additional historical data for nutrients were
obtained through Cota-Pomeroy Arctic Nutrient Database (2013) (ArcNut). The 2011 Arctic-ICE
campaign was similar in location to the years 1983, 1985, and 1988 in the ArcNut studies, while

the 2012 Arctic-ICE campaign was similar in location to 1994.
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A limitation of the historical data is that Chl a measurements were not standardized in any
way including sampling methods. | was only able to collect the raw concentrations from the

sources and no inference can be made beyond the concentration values, their collection date, and

the depth or integrated depth associated with the concentration.
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Figure 2.4: Map showing historical data sites.
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Chapter Three: Results

In this chapter, | describe results from the data collated for this thesis over two sections.
The first section describes in detail the conditions observed during the three Arctic-ICE field
campaigns from 2010-2012. In the second section, | describe results for the entire historical
dataset, including the three-year Arctic-1CE dataset discussed in the first section. It is noted that
day of year (DQOY) is used in graphs instead of calendar date. To assist interpretation, a DOY -

calendar date look-up-table is provided in Appendix A.

3.0 Arctic-1CE Environmental Conditions

3.0.1 Meteorological, Ice, and Snow Time Series

Over the sampling period of 2010 (May 7 to June 21; DOY 127 to 172), mean daily air
temperature showed a steady rise from approximately -13.0 °C to a maximum of about 1.2 °C.
Mean daily temperature reached and remained near 0 °C following June 8 (Figure 3.1a). On June
10 the area experienced a minor rain event of 0.4 mm (Figure 3.1b). Average snow depth around
the sampling sites was ~13 cm until June 6, the start of a successive decline in the snow cover
until 0 cm was reached at low snow depths on ~ June 14 (Mundy et al., 2014; Figure 3.1c). Sea
ice thickness averaged 140 cm (£ 2.34 SD; Figure 3.2) over the sampling period, only decreasing

under the low snow/melt pond cover sites towards the end of the period (data not shown).
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Figure 3.1: a) Daily averaged air temperature during 2010 Arctic-ICE sampling campaign (data were
collected from the Arctic-ICE meteorological tower). b) Total rain precipitation during 2010 Arctic-ICE field
campaign (data were collected from Environment Canada). ¢) Average snow depth (+ standard error bars)
on ice between medium high and low snow sites during the 2010 Arctic-1CE field campaign (data were
collected at the Arctic-1CE meteorological station until June 9 (DOY 160), then following June 9, data were

from Environment Canada).
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Figure 3.2: Times series of averaged ice thickness (+ standard error bars) from high, low, and medium (if

applicable) snow depth sites during the three years of the Arctic-ICE program.

During the sampling period of 2011 (April 24 to June 26; DOY 114 to 177), mean daily
air temperature showed a steady rise from approximately -21.8 °C to a maximum of about 4.1 °C,
reaching 0 °C on June 6 and averaging near or above 0 °C thereafter (Figure 3.3a). Two rain
events took place in close proximity to each other (June 10 [1 mm] and 12 [0.8 mm]; Figure
3.3b). Three additional rain events of 6.2, 1, and 0.4 mm took place on June 24, 25, and 26,
respectively. Snow depth averaged ~15 cm until June 5, when a decrease commenced from
approximately 15 to ~3 cm by June 12 (Figure 3.3c). A comparison with EC snow depth data

shows a similar pattern, but with much deeper snow cover of about double the thickness until the
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beginning of June. Ice thickness averaged ~ 140 cm until the end of the sampling period where a
loss of thickness was observed to ~ 121 cm (Figure 3.2).

In 2012 (May 19 to June 23; DOY 140 to 175), mean daily air temperature increased in a
near linear fashion from -12.8 to 3.6 °C (Figure 3.4a). Mean daily temperatures exceeded 0 °C on
May 30, dipped back down, then remained above 0 °C following June 2. The sampling campaign
during 2012 had a single major rain event of 6.2 mm on June 14 (Figure 3.4b). Snow depth
showed a steady decline from May 23 until June 9 when it reached ~0 cm (Figure 3.4c). Ice was
constant at 125 cm until June 12, when ice thickness declined slightly to 116 cm (Figure 3.2). By
June 15 the ice had declined to ~100 cm and continued to slowly decline until the end of the

sampling period.

3.0.2 Light

In 2010, shortwave surface albedo was relatively constant, ranging from 0.8 to 0.9, until a
slight decline commenced following June 6 (Figure 3.5). Albedo continued a steady decline until
June 14 when snow melt at low snow sites became 0 cm and melt ponds formed shortly
thereafter causing surface albedo to drop to ~0.3 by June 16. The minor rain event on June 10
had no notable effect on albedo. PAR transmitted through the ice cover was a function of
incident PAR (data not presented), snowmelt progression, and the decrease in albedo (Figure 3.6)
until June 16 according to Figure 3.6. With the formation of surface melt ponds substantially
more light was transmitted through the sea ice; however, the amount of transmitted PAR
decreased after this point due to water column attenuation associated with the accumulation of

Chl a in the upper water column (see section 3.1.5).
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Figure 3.3: a) Daily averaged air temperature during the 2011 Arctic-1CE sampling campaign (data were
collected from the Arctic-1CE meteorological tower). b) Total rain precipitation during 2011 Arctic-1CE field
campaign (data were collected from Environment Canada). ¢) Average snow depth (+ standard error bars)
on ice between high, medium, and low snow sites during the 2011 Arctic-ICE field campaign. On-ice snow

depth data were also collected from Environment Canada for comparison purposes.
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Figure 3.4: a) Daily averaged air temperature during 2012 Arctic-1CE sampling campaign (data were

collected from the Arctic-ICE meteorological tower). b) Total rain precipitation during 2012 Arctic-ICE field

campaign (data were collected from Environment Canada). ¢) Average snow depth (+ standard error bars)

on ice between high and low snow sites during the 2012 Arctic-ICE field campaign.
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Figure 3.5: Mean daily albedo measurements contrasted against measured snow cover over the 2010 Arctic-
ICE field campaign. Data were collected at the Arctic-ICE meteorological station until June 9 (DOY 160),

then following June 9, snow data were from Environment Canada.

Recorded by the upper most tether PAR sensors at 2 m on June 19, transmitted PAR
showed a maximum of 444 (20 to 39% incident PAR) and 286 (13 to 25% incident
PAR) pumol m™ s under melt pond (low snow) and white ice (high snow) covers, respectively.
Applying the attenuation-Chl a relationship described in chapter 2, | estimated PAR transmitted
to the bottom of the ice from the upper most sensor located on the tether. Estimated values were
588 (26 to 52% incident PAR) and 378 (17 to 33% incident PAR) umol m™ s™* under melt pond

(low snow) and white ice (high snow) covers, respectively.
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Figure 3.6: Estimated transmitted PAR (umol m? s™) in the upper 50 m water column during the month of
June. Estimates are from the 2010 Arctic-1CE campaign calculated by extrapolating the 20 m depth CTD-
based PAR measurement to the surface using in-vivo Chl a data and the derived Kpar-Chl a relationship (see
Chapter 2). The inset on the lower left shows the 140 m water column and covering the entire 2010 sampling

period.
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In 2011, surface albedo was consistent at ~0.84 until June 9 when a strong decrease took
place (Figure 3.7). The swift decrease in albedo can be partly attributed to the increased air
temperature above 0 °C, contributing to the initial melt of the snow cover that decreased from
31 to 20 cm depth prior to June 9. Additionally, two major rain events took place on June 10 and
12 that rapidly melted the snow cover causing the observed decrease in albedo which reached
~0.3 by June 11. A minimum value was observed on June 15 at 0.23. Following this minimum,
albedo increased to ~0.56 and remained at this point until end of sampling. The increase in
albedo can be attributed to the drainage of ponds within the down looking sensor's field of view
(Landy et al., 2014). Transmitted PAR appeared to increase much more gradual in comparison to
that observed in 2010, but penetrated deeper into the water column by the end of the period
(Figure 3.8). Recorded by the upper most tether PAR sensors at 2 m under the low snow and 5 m
under the high snow on June 20, hourly transmitted PAR peaked at 851 (27 to 54% incident
PAR) and 312 (10 to 20% incident PAR) umol m™ s under the melt pond (low snow) and white
ice (high snow) sites, respectively. Bottom ice estimated values were 1037 (33 to 65% incident
PAR) and 685 (22 to 43% incident PAR) umol m?s™ under melt pond (low snow) and white ice

(high snow) covers, respectively.
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Figure 3.7: Mean daily albedo measurements contrasted against snow thickness over the 2011 Arctic-ICE

field campaign. Snow data were from Environment Canada and Arctic-1CE field camp.
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Figure 3.8: Estimated transmitted PAR (umol m™? s™) in the water column during the month of June.
Estimates are from the 2011 Arctic-1CE campaign calculated by extrapolating the 20 m depth CTD-based
PAR measurement to the surface using in-vivo Chl a data and the derived Kpar-Chl a relationship (see

Chapter 2). The inset on the lower left shows the entire 2011 sampling period.
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In 2012, surface albedo ranged from 0.75 to 0.90 prior to melt onset on June 4 (Figure
3.9). Albedo decreased slowly relative to the two previous years, reaching ~0.30 on June 13.
Increased air temperatures melted the average snow cover from ~19 to 0 cm depth by June 9. A
major rainfall event took place on June 14 that flooded the ice surface; however, the snow cover
already was nearly absent under the meteorological station prior to the rain event. Following the
rain event on June 14 the albedo continued to decrease until it reached ~0.1 on June 25. The
decrease in albedo can be attributed to the flooding of the ice surface and slow drainage, which
caused a deepening of the melt pond underneath the albedo sensor (Landy et al., 2014). The
albedo remained at this point until end of sampling. Similar to 2010, transmitted PAR increased
quite rapidly, then appeared to stabilize following June 14 (Figure 3.10). Recorded by the upper
most tether PAR sensors at 1.5 m depths, hourly averaged transmitted PAR peaked at 644 (25 to
50% incident PAR at 1.5 m depth) and 460 (18 to 36% incident PAR at 1.5 m depth) pmol m?s™
under the melt pond (low snow) and white ice (high snow) sites, respectively. Bottom ice
transmitted PAR were estimated at 726 (28 to 57% incident PAR) and 518 (20 to 40% incident

PAR) umol m™ s™* under melt pond (low snow) and white ice (high snow) covers, respectively.
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Figure 3.9: Mean daily albedo measurements contrasted against the snow thickness over the 2012 Arctic-ICE
field campaign. Note: the gap in data is due to the sensor not working during a storm event (June 14). Snow

data collected on site during Arctic-1CE field campaign and Environment Canada.
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Figure 3.10: Estimated transmitted PAR (umol m?s™) in the upper 50 m water column during the month of
June. Estimates are from the 2012 Arctic-1CE campaign calculated by extrapolating the 20 m depth CTD-
based PAR measurement to the surface using in-vivo Chl a data and the derived Kpar-Chl a relationship (see
Chapter 2). The inset on the lower left shows the entire 80 m water column and covering the entire 2012
sampling period.
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3.0.3 Nutrients

In 2010 nitrate+nitrite (Figure 3.11A), silicic acid (Figure 3.12A), and phosphate (Figure
3.13A) at a 2 m water depth averaged 7.3, 14.7, and 1.3 pmol L™, respectively, prior to June 8
(i.e., prior to any substantial biomass accumulation in the water column). Nutrient concentrations
decreased to 0.1, 2.1, and 0.6 pmol L™ for nitrate+nitrite, silicic acid, and
phosphate, respectively, by the end of the period at a 2 m water depth. Furthermore,
concentrations were depleted to similar low concentrations down to a depth of at least 25 m (0.2,
3.9, and 0.8 pmol L™).

In 2011 nutrient concentrations at 2 m averaged 9.31, 14.19 and 1.0 pmol L™,
respectively, for nitrate+nitrite (Figure 3.11B), silicic acid (Figure 3.12B), and phosphate (Figure
3.13B) prior to June 7 when biomass began to accumulate in the water column. Towards the end
of the period (June 23), nutrient concentrations within the upper 2 m water column averaged
0.70, 2.07, and 0.65 pmol L™, respectively for nitrate+nitrite, silicic acid, and phosphate. As with
2010, nitrate+nitrite showed a considerable decrease down to at least a 10 m depth towards the
end of the period on June 23 (1.1, 4.6, 0.6 umol L™).

In 2012 nutrient concentrations at 2 m over the entire study averaged 7.6, 14.9 and
1.1 pmol L™, respectively, for nitrate+nitrite (Figure 3.11C), silicic acid (Figure 3.12C), and
phosphate (Figure 3.13C). Only a slight decrease was observed in the nutrient concentrations

over the course of sampling.
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Figure 3.11: Discrete water column samples of nitrate+nitrite over the three field campaigns of Arctic-ICE
(2010-A; 2011-B; 2012-C). Final sampling dates for 2010/2011 — June 22; 2012 — June 23.
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Figure 3.12: Discrete water column samples of silicic acid over the three field campaigns of Arctic-ICE (2010-
A; 2011-B; 2012-C). Final sampling dates for 2010/2011 — June 22; 2012 — June 23.

52



2010 Phosphate (pmol [

06 08 1.0 12 14 16 1.8
0 I I 1 1 I
A
10
20 4
2
v
o 30 4
40 4
2/8/2010
— 062010
g o — 12/8/2010
— 562010
2011 Phosphate (umol [
0.4 06 08 1.0 1.2 14 16 1.8 20 22
0 1 1 1 i I 1 1 1
‘ Gl
10 4
20 4
2
v
[ST 1
40 4
3/ef2011
— 762011
50  m— 117572011
— 952011
-1
2012 Phosphate (Hmol L)
095 1.00 1.05 1.10 115 1.20 125 1.30
0 1 1 i 1 i 1
[«
10 4
20 4
2
v
[ST 1
40 4
3/ef2012
— 762012
g o — 11/8/2012
— 20/6/2012 \

Figure 3.13: Discrete water column samples of phosphate over the three field campaigns of Arctic-1CE (2010-
A; 2011-B; 2012-C). Final sampling dates for 2010/2011 — June 22; 2012 — June 23.
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3.0.4 Water Column Structure

The CTD data from the three years each demonstrated a distinct seasonal pattern, but
varied considerably between years. In 2010 temperatures were consistently near freezing at
<-1.7 °C over the top 30 m of the water column until June 9 (Figure 3.14). Following June 9,
temperatures in the upper water column increased substantially through to the end of the study
(approximately 0.4 °C). From the beginning of the study, a salinity gradient existed throughout
the upper water column, implying consistent stratification (i.e., no surface mixed layer). Snow
and ice melt resulted in a slight freshening of the upper 2 to 10 m layer of the water column
following June 11. By the end of the sampling period (June 21), surface waters down to >40 m
were slightly less saline with approximately a 1.1 salinity change (Figure 3.15).

The 2011 water column data showed a variety of differences during the sampling season.
Temperatures remained consistent around -1.75 to -1.65 °C over most of the 40 m water column
until June 10 (Figure 3.16). On June 10 the entire column abruptly warmed to about -1.5 °C and
continued to warm to -1.25 °C in the upper 20 m through to the end of the sampling period. The
abrupt warming was associated with a decrease in surface salinities (Figure 3.17), which was
likely influenced by the major precipitation events on June 10 and 12. By mid June, the pulse of
freshwater into the surface layers relaxed, strongly stratifying the upper 5 to 10 m of the water
column. Towards the end of the period, the low salinity layer had mixed down to greater than a
30 m depth.

During 2012, water column temperatures were around -1.7 to -1.6 °C over the entire 80 m
water column until June 12 when the upper 2 to 5 m layer started to show a slightly increasing

temperature (Figure 3.18). This warming was associated with a very small decreasing trend in
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salinity over time (Figure 3.19). The gradual freshening and warming trend continued, reaching a
depth of ~10 m until June 16, after which the surface freshening trend increased its rate mixing
further down into the water column and affecting depths up to 30 m by the end of the study

period.
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Figure 3.14: Time series of water column temperatures (°C) from daily CTD casts during the month of June

(Arctic-ICE 2010). Inset in lower left is of the entire water column and data series.
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Figure 3.15: Time series of water column salinity from daily CTD casts during the month of June (Arctic-ICE
2010). Inset in lower left is of the entire water column and data series.
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Figure 3.16: Time series of water column temperatures (°C) from daily CTD casts during the month of June

(Arctic-1CE 2011). Inset in lower left is of the entire water column and data series.
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Figure 3.17: Time series of water column salinity from daily CTD casts during the month of June (Arctic-ICE

2011). Inset in lower left is of the entire water column and data series.
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Figure 3.18: Time series of water column temperatures (°C) from daily CTD casts during the month of June

(Arctic-ICE 2012). Inset in lower left is of the entire water column and data series.
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Figure 3.19: Time series of water column salinity from daily CTD casts during the month of June (Arctic-ICE

2012). Inset in lower left is of the entire water column and data series.

3.0.5 Chlorophyll a

Both the 2010 (Figure 3.20A) and 2011 (Figure 3.20B) campaigns were marked by a

notable increase in Chl a within the upper water column towards the end of the period

60



(maximums of 445 and 319 mg m™ integrated over the upper 50 m water column, respectively).
However, 2012 (Figure 3.20C) showed no substantial increase in Chl a concentration during the
study.

Prior to June 9 in the 2010 season, Chl a concentrations slowly increased in the top 50 m
of the water column with integrated values increasing from ~ 5 to 28.0 mg m™ (Figure 3.21).
Starting June 9, Chl a concentrations rapidly increased in the upper water column, denoting the
beginning of an under-ice phytoplankton bloom (Mundy et al., 2014). By the end of the period
on June 21, Chl a concentrations had increased over the entire water column with peak recorded
values within the upper 15 m, reaching its maximum in vivo Chl a concentration of 445 mg m™
(Figure 3.21).

Generally, the 2011 season showed relatively constant values of Chl a concentration in
the water column over the first half of the study (Figure 3.22). On May 28, Chl a concentrations
started to increase slightly to water column integrated values of ~ 22 mg m™. An abrupt increase
took place between June 8-11 where water column integrated concentrations reached a maximum
of 319 mg m™. Following this date, surface Chl a concentrations decreased, causing a distinct
subsurface Chl a maximum (SCM) to develop. The SCM deepened and decreased in
concentration through to the end of the study period.

The 2012 season showed no substantial increase in Chl a concentration during our
sampling season (Figure 3.23). However, water column integrated concentrations over the top
50 m did slightly increase at the end of the study period from a minimum of 15.2 mg m on June

9 to a maximum of 23.4 mg m on June 23.
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Figure 3.20: Discrete water column samples of Chl a over the three field campaigns of Arctic-ICE (2010-A;
2011-B; 2012-C). Final sampling dates for 2010/2011 — June 22; 2012 — June 23.
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Figure 3.21: Time series of water column Chl a concentration (mg m™) from daily CTD casts during the

month of June (Arctic-1CE 2010). Inset in lower left is of the entire water column and data series.

63



125
10
10
— 20
£ 75
S
£
o
@
(]
) 5
40 25
50 0
156 161 166 171 176

Day of Year

Figure 3.22: Time series of water column Chl a concentration (mg m™) from daily CTD casts during the
month of June (Arctic-1CE 2011). Inset in lower left is of the entire water column and data series.
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Figure 3.23: Time series of water column Chl a concentration (mg m™) from daily CTD casts during the
month of June (Arctic-1ICE 2012). Inset in lower left is of the entire water column and data series.
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3.1 Long-Term Variability in Under-Ice Phytoplankton

To meet the second objective of my thesis, "To compare and contrast the timing of the
under-ice bloom and controlling processes between different years", historical data were
collected from a variety sources (see Chapter 2) and collated with the Arctic-ICE data discussed

above.
3.1.1 Chlorophyll a Concentration

Chlorophyll a concentration data were obtained through databases maintained by academia,
governments, and some peer-reviewed and grey literature publications (BioChem database;
ARCNUT database; C-ICE’01 Field Summary Report; Michel et al. 2003; Michel et al. 2006;
Apollonio and Matrai, 2011; NOAA World Ocean Database, 2013). Notable years of the
historical datasets included 1983 in which no bloom occurred and 1986 in which a substantial
bloom (287 [BioChem] and 278 [ArcNut] mg m™) took place under the ice. However, it should
be noted that in 1983, there was a paucity of samples collected, and that measurements ended on
June 7. The 1986 BioChem sampling showed the highest concentration of Chl a integrated over
the upper 30 m of the water column at 539 mg m™. Additionally this was the latest bloom in our
entire data set. For each year, presented in Figures 3.24-3.41, | estimated the date of bloom
onset. Due to variability in the dataset’s temporal coverage, setting strict criteria for bloom onset
date was difficult. As the bloom would not develop under a dry snow cover/winter scenario, and
to not select an erroneous onset date with that of ice algae sloughing from the sea ice and settling
down into the water column, | used the following criteria: (1) snow melt was well underway and

(2) Chl a concentration started increasing beyond baseline concentrations prior to the bloom
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onset. Due to gaps in the temporal time series datasets during the melt period, | chose the middle
date in between data points where a bloom was determined to commence. In some years, this gap
was large and therefore, confidence in identifying the correct date of bloom onset was less and

duly noted for these years.
3.1.2 Summary of Historical Data

Apollonio and Matrai (2011) presented four years of under ice Chl a concentration data
in the water column; the 1956 dataset did not provide enough temporal information to determine
the timing of a bloom. Therefore, | removed 1956 from my analyses. However, it was clear that
primary production was taking place under the ice during this year in Allen Bay. Peak Chl a
concentration during the 1956 study was 37.1 mg m™ (not shown).

Data from the years 1961, 1962, and 1963 from Jones Sound under landfast ice did
provide enough data to determine bloom timing (Apollonio and Matrai, 2011). The 1961 dataset
from Environment Canada showed that daily averaged temperatures reached above 0 °C on June
18. All snow had diminished as of June 7. Sampling in 1961 began on June 25 with baseline
values of 1.1 mg m™. July 9 was determined to be bloom onset with a peak of 84.8 mg m™
reached on July 20 (Figure 3.24).

The 1962 dataset from Environment Canada showed that daily averaged temperatures
reached above 0 °C on June 5. All snow had diminished as of June 27. The 1962 dataset had an
initial sampling date of June 15 with a baseline value of 13.3 mg m™. Bloom onset during this
study was determined to be June 25 with a peak value of 122 mg m™ reached on July 2 (Figure
3.25). Similar to 1961, a second peak occurred under the ice days later on July 11 reaching

119 mg m™.
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The 1963 dataset from Environment Canada showed that daily averaged temperatures

reached above 0 °C on June 19. All snow had diminished as of July 11. Initial sampling for the

1963 dataset took place on June 19 and showed a baseline value of 8.8 mg m. Bloom onset was

determined to be June 27, after which a rapid accumulation of biomass occurred, peaking at

134 mg m™ on July 9 (Figure 3.26).
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Figure 3.24 A complete graph of 1961 showing ice and snow thickness, chlorophyll a, bloom onset, and mean

daily air temperature. Environmental variables collected from Environment data historical archive.

Chlorophyll data is from Apollonio and Matrai (2011).

68



1962

500
400 1 -
NE w\
)
g 300 - .
[3+]
=
5
S 200 o B
el
i -
(W]
100 -
0 , : N"ﬁ" ﬂ“ h |
100 120 140 160 180 200 220
Day of Year

Mean Daily Temperature
= Snow Thickness
= |ce Thickness
Chlorophyll a
T Bloom Onset

250

200

150

100

50

0

Thickness (cm)

20

10

Mean Daily Temperature (°C)

Figure 3.25: A complete graph of 1962 showing ice and snow thickness, chlorophyll a, bloom onset, and mean

daily air temperature. Environmental variables collected from Environment data historical archive.

Chlorophyll data is from Apollonio and Matrai (2011).
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Figure 3.26: A complete graph of 1963 showing ice and snow thickness, chlorophyll a, bloom onset, and mean

daily air temperature. Environmental variables collected from Environment data historical archive.

Chlorophyll data is from Apollonio and Matrai (2011).
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The rest of the blooms sampled were all from the Resolute Bay region. The 1984 dataset

from Environment Canada showed that daily averaged temperatures reached above 0 °C on June

5. All snow had diminished as of June 12. The bloom initiated on July 1, and peaked on July 21

at 440 mg m, four days after ice break-up (ArcNut database) (Figure 3.27).
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Figure 3.27: A complete graph of 1984 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

The year 1985 had two concurrent studies ongoing in similar areas. Mean temperatures

database.

stayed above 0 °C on June 2. All snow had diminished as of June 7 (Environment Canada). The
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bloom initiated on July 5 for both studies in the region, and both studies peaked on July 8 at

values of 255 (BioChem) and 190 mg m™ (ArcNut), twenty-two days prior to ice break-up

(Figure 3.28).
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Figure 3.28: A complete graph of 1985 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-
up, and mean daily air temperature. Environmental variables collected from Environment data historical
archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

and BioChem databases.

Similar to 1985, the year 1986 also had two concurrent studies. Mean daily temperatures

surpassed 0 °C on June 22, somewhat late compared to previous years. This date was not
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statistically different from the rest data using a two-sample t-test at a confidence interval of 95%.
Snow diminished as of July 4 with a major rain event taking place on June 30. Both studies
showed extremely interesting results with respect to the number of Chl a concentration peaks
encountered prior to ice break-up on August 7. Bloom commencement for the BioChem (BC)
study took place on July 8, while the ArcNut (AN) study took place on July 10. The “BC” study
showed a first peak (44.3 mg m™) taking place on May 20 and then decreased back to 0 mg m™.
This initial peak occurred prior to snow melt onset and therefore, did not make the criteria for
phytoplankton bloom onset as it was likely associated with sloughing of ice algae. An additional
peak was observed on June 12 with concentrations reaching 117 mg m and a final peak on
August 10 at 539 mg m™. Similar to the BC study, the AN dataset had multiple Chl a
concentration peaks around the same dates. The largest peak of the AN data set was 278 mg m™
on July 28. However, the BC dataset showed a larger under-ice peak of 287 mg m™ on July 22
(Figure 3.29).

For 1987, mean temperatures stayed above 0 °C following June 9, with a slight dip on
June 15. All snow had diminished as of June 13. Sampling in the water column started early in
the 1987 dataset on March 31 with base Chl a concentrations at 0.8 mg m™. After the suspected
ice algae had sloughed off the ice bottom on approximately April 29, the water column attained a
baseline concentration of 7.4 mg m™. This value was similar to that observed in other years of
the historical dataset. Bloom commencement was conservatively estimated with low confidence
as July 9, the mid date between the mid-value of 7.0 mg m™ on July 27 and the previous
measurement of 6.0 mg m™ on June 21. The highest peak concentration of 143.0 mg m™ was

reached 3 days prior to ice break-up on August 1 (Figure 3.30).
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Figure 3.29: A complete graph of 1986 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-
up, and mean daily air temperature. Environmental variables collected from Environment data historical
archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

and BioChem databases.
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Figure 3.30: A complete graph of 1987 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the BioChem

database.

In the 1988 dataset, mean temperatures reached above 0 °C on June 25 and the snow

cover had completely melted as of June 28. During 1988, sampling in the water column initiated

on May 31 with baseline Chl a concentrations at approximately 10.6 mg m™. Bloom initiation

was conservatively estimated with low confidence as July 16. Similar to 1987 there was a gap in

sampling of over 30 days. The previously recorded value of 15.6 mg m™ was measured on June
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27, with the peak concentration of 192.1 mg m™ recorded on August 5. Ice break-up occurred on

August 4 (Figure 3.31).
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Figure 3.31: A complete graph of 1988 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-
up, and mean daily air temperature. Environmental variables collected from Environment data historical
archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the BioChem

database.

In the 1989 dataset, mean temperatures reached above 0 °C on June 18 and the snow
cover had completely melted as of June 30. In 1989 sampling took place after the bloom had
already initiated. The initial recorded value on July 15 of 126 mg m™ was two days after ice

break-up and continued to accumulate, peaking at a concentration of 242 mg m™ on July 26. No
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initial bloom date could be determined; however, the presence of a substantial concentration of

biomass in the water column two days after the ice broke up strongly suggests that the bloom had

largely developed under the ice cover (Figure 3.32).
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Figure 3.32: A complete graph of 1989 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

database.

In the 1990 dataset, mean temperatures reached above 0 °C on June 15 and the snow

cover had completely melted as of June 25. The 1990 dataset was similar to that of 1989 where

sampling began on July 9 and was found to have an initial sampling Chl a concentration of

60.0 mg m™. Due to the fact that this concentration was well above the baseline concentrations of
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that for previous years and snow melt was advanced, the bloom onset had occurred prior to the

start of the dataset. However, the date of onset could not have been long before the start and

therefore, | estimated, with low confidence, a bloom onset date one day prior to this on July 8.

With that said, the phytoplankton bloom had clearly commenced prior to ice break-up on July 26

with concentrations reaching 200 mg m™ on July 13 with a peak concentration observed on July

27 at 225 mg m, one day after break-up (Figure 3.33).
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Figure 3.33: A complete graph of 1990 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

database.
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In the 1991 dataset, mean temperatures reached above 0 °C on June 7 and the snow cover
had completely melted as of June 26. The 1991 dataset had an initial sampling date of June 3
with an integrated concentration of 12.7 mg m™. Between June 12 and July 2, concentrations
dropped to 4.7 mg m™. Bloom commencement was estimated as July 6, the middle point between
the July 2 observation and a concentration of 141 mg m™ observed on July 10. Peak values were

reached on July 21 at 144 mg m?; three days after ice break-up (Figure 3.34).
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Figure 3.34: A complete graph of 1991 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-
up, and mean daily air temperature. Environmental variables collected from Environment data historical
archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the ArcNut

database.
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In the 1992 dataset, mean temperatures reached above 0 °C on June 21 and the snow
cover had completely melted as of July 2. 1992 had an initial sampling date of May 1 with a
baseline value of 3.4 mg m™. A slight increase to 27.0 mg m™ was recorded on May 21 and was
suspected to be ice algae sloughing from the ice bottom with a gradual decline to baseline values
again. Bloom onset was not determined. Fortier et al. (2002) noted that the percent Chl a in
suspended pigments was low. This suggested that this last increase seen on June 23 with a
maximum concentration of 166 mg m™ was likely not a bloom. Furthermore, the recorded peak
was well before the snowmelt had concluded. Additionally, there were no signs of decline so
peak bloom concentrations could be obtained for this year. Prior to June 23, a medium sized
spike of biomass was recorded in the water column. Concentrations reached a maximum of
94.6 mg m™ on June 6 with a decrease in the biomass going to baseline values again. Ice break-
up was determined to be on July 23 (Figure 3.35).

In the 1994 dataset, mean temperatures reached above 0 °C on June 14 and the snow
cover had completely melted as of June 18. 1994 had an initial sampling date of May 6 with
baseline values at approximately 13.0 mg m™. A slight increase was observed at 31.6 mg m™;
however, this increase was suspected to be associated with sloughing of ice algae from the ice
bottom. Bloom onset was estimated as June 7. Water column biomass accumulated at a steady
rate until a peak value of 354 mg m™ on June 26 was obtained, long before ice-breakup occurred

on July 14 (Figure 3.36).
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Figure 3.35: A complete graph of 1992 showing ice and snow thickness, chlorophyll a, ice break-up, and mean

daily air temperature. Environmental variables collected from Environment data historical archive. Ice

break-up determined from Canadian Ice Service charts. Chlorophyll data is from the Fortier et al. (2002).
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Figure 3.36: A complete graph of 1994 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian Ice Service charts. Chlorophyll data is from the Fortier et

al. (2002).
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In the 1995 dataset, mean temperatures reached above 0 °C on June 11 and the snow
cover had completely melted as of June 19. Initial sampling took place on May 5 with baseline
values hovering around 11.5 mg m™. Bloom onset was estimated as June 13, rising from below
32.5t0 94.1 mg m?2 in just over 5 days. The accumulation rate of biomass in the water column
was relatively slow until July 2 when a significant increase was observed resulting in an
integrated biomass 444 mg m on July 6. Ice break-up was determined to be August 31 (Figure
3.37).

In the 2001 dataset, mean temperatures reached above 0 °C on June 12 and the snow
cover had completely melted as of July 1. 2001 was initially sampled on May 9 with baseline Chl
a concentrations being recorded at 3.15 mg m™. Variability during the initial melt period was
attributed to ice algae sloughing from the ice bottom. Bloom onset was determined to be July 4
with the highest concentrations observed on the final day of sampling (July 6) at 52.9 mg m™. Ice
break up was on August 6 (Figure 3.38).

In the 2010 dataset, mean temperatures reached above 0 °C on June 8 and the snow cover
had completely melted as of June 16. 2010 was initially sampled on May 10 with baseline Chl a
concentrations being recorded at 3.30 mg m integrated over the top 25 m using discrete
sampling in the water column. Bloom onset was determined to be June 9 with the highest
concentrations observed on the final day of sampling (June 21) at 339 mg m™ using discrete
sampling integrated over the upper 30 m of the water column. Ice break up was on July 12

(Figure 3.39).
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Figure 3.37: A complete graph of 1995 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive. Ice break-up determined from Canadian lIce Service charts. Chlorophyll data is from the Fortier et

al. (2002).
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Figure 3.38: A complete graph of 2001 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Ice and snow thickness were collected from C-ICE, (2001) and other

Environmental variables collected from Environment data historical archive. Ice break-up determined from

Canadian Ice Service charts. Chlorophyll data is from the Michel et al. (2003).
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Figure 3.39: A complete graph of 2010 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive and Arctic-ICE campaign. Ice break-up determined from Canadian Ice Service charts. Chlorophyll

data is from Arctic-1CE (2010).
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In the 2011 dataset, mean temperatures reached above 0 °C on June 6 and the snow cover

had completely melted as of June 17. 2011 was initially sampled on April 26 with baseline Chl a

concentrations being recorded at 1.65 mg m™ using discrete sampling over the top 20 m of the

water column. Bloom onset was determined to be June 9 with the highest concentrations

observed on June 11 at 182 mg m™ using discrete sampling. Ice break up was on June 27 (Figure

3.40).
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Figure 3.40: A complete graph of 2011 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive and Arctic-ICE campaign. Ice break-up determined from on-ice observations. Chlorophyll data is

from Arctic-ICE (2011).
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In the 2012 dataset, mean temperatures reached above 0 °C on May 29 and the snow

cover had completely melted as of June 12. 2012 was initially sampled on May 18 with baseline

Chl a concentrations being recorded at 4.92 mg m™ in the water column using discrete sampling.

Bloom onset was not determined with the highest concentrations observed on the final day of

sampling (June 23) at 16.7 mg m™ using discrete sampling over the top 25 m. Ice break up was

on July 16 (Figure 3.41).
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Figure 3.41: A complete graph of 2012 showing ice and snow thickness, chlorophyll a, bloom onset, ice break-

up, and mean daily air temperature. Environmental variables collected from Environment data historical

archive and Arctic-1ICE campaign. Ice break-up determined from Canadian Ice Service charts. Chlorophyll

data is from Arctic-1CE (2012).
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Table 3.1 summarizes important dates and information obtained from Figures 3.24-3.41.
The historical data presented showed a total of 11 blooms taking place with high certainty of
bloom onset determination. The blooms commenced under landfast ice concentrations of 9/10ths
or greater. In fact, the results suggest that onset of the regional spring bloom occurred before ice-
breakup in all the datasets examined.

Paired data from those compiled in Table 3.1 were averaged for the three variables,
demonstrating that bloom onset tended to occur around June 27 (day 178), the average date 0 cm
snow depth was reached on June 25 (day 176), and the average date of ice break-up was July 28
(day 209). The date of 0 cm snow was considered to be when snow had melted completely from
the ice. Therefore, on average, the bloom commenced 2 days after snowmelt was complete, and a
month prior to ice-break-up. Furthermore, an analysis of variance, which provided a pair-wise
paired Holm-Sidak test, between these three variables shows that bloom onset and date of
complete snowmelt were not statistically different (n = 17; p = 0.289); whereas date of ice break-
up was significantly different from both bloom onset (n = 14; p < 0.001) and snow depth (n = 17;

p < 0.001).
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Table 3.1: Summary table of maximum recorded integrated chlorophyll a concentrations through discrete
depth samples, the depth over which data were integrated, and the dates of maximum Chl a observation,

bloom onset (including relative certainty of bloom onset date), ice break-up, and 0 cm snow depth being

reached.
Max Integration Date of Max Bloom Bloom Ice Break- ODi:ﬁ of
Year Chla Depth Chla Onset Certainty Up Snow

(mgm?  (m) (DOY) (DOY) (DOY) (DOY)

1961 84.8 10 201 190 HIGH N/A 187
1962 122 15 183 176 LOW N/A 178
1963 134 15 190 178 LOW N/A 192
1983 2.78* 25 121 N/A N/A 198 N/A
1984 440 20 203 184 HIGH 199 164
1985 (BC) 255 30 189 186 LOW 211 185
1985 (AN) 190 30 189 186 LOW 211 185
1986 (BC) 539 30 222 189 HIGH 219 185
1986 (AN) 278 30 209 191 HIGH 219 185
1987 215 30 230 190 LOW 216 164
1988 192 30 218 198 LoOwW 217 180
1989 242* 30 207 N/A N/A 194 181
1990 225 30 208 189 HIGH 207 176
1991 144 30 202 187 LOW 199 177
1992 166* 15 175 N/A N/A 205 184
1994 354 30 177 158 HIGH 195 169
1995 451 30 190 164 HIGH 243 170
2001 52.9 25 187 185 HIGH 218 182
2010 339 30 172 160 HIGH 193 167
2011 182 20 162 160 HIGH 178 168
2012 16.7* 25 175 N/A N/A 198 164

*-1983, 1989, 1992, and 2012 were not included in final analysis as bloom onset was not
determined.
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Chapter Four: Discussion

The two objectives of my thesis were to (1) determine the biophysical processes
controlling the timing of under-ice phytoplankton production in Resolute Bay, NU; and (2)
compare and contrast the timing of the under-ice bloom and controlling processes between
different years. In this chapter, | discuss the results of my thesis in light of these two main
elements. To do so, | have split the chapter into two sections: (1) the first part discusses results
from the three year Arctic-ICE field campaign in an effort to better understand the formation
mechanisms behind under-ice blooms; and (2) the second part discusses the historical data from
the 1960’s until present day to see whether under-ice blooms are more of a recent phenomenon

or are a response to a changing climate.

4.0 Arctic-ICE Field Campaign

In Chapter 3, I presented results from the three-year biophysical dataset collected during
the Arctic-ICE campaigns, which are discussed below to examine factors mitigating the timing
of under-ice phytoplankton production in Resolute Bay, NU. While some of the physical and
environmental observations were similar among all three years, the outcomes were variable. For
example, nutrient concentrations and timing of melt onset were fairly consistent throughout the

three years; however, the timing and development of the bloom varied.

4.0.1 Nutrient Concentrations

All nutrient concentrations for the years 2010, 2011, and 2012 were initially at
comparable levels with each other and with those reported in Michel et al. (2006) and Apollonio

et al. (2002). The region near Resolute is typically ample in nitrate+nitrite, silicic acid, and
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phosphate concentrations before any substantial water column production occurs (Michel et al.,
2006). The nutrient rich supply originates from waters of Pacific origin that traverse the
Canadian Archipelago at depth and tend to mix to the surface in Barrow Strait near Resolute due
to topographic relief (Michel et al., 2006). Post-bloom nutrient concentrations from the Arctic-
ICE 2011 dataset, and likely peak bloom from 2010, were in agreement with those reviewed in
Jones and Coote (1980), Cota et al. (1990), and Michel et al. (2006), suggesting that nutrients
were exhausted in surface waters during these years. That is, substantial new production had
occurred in the under-ice water column during both years. However, in 2012 no bloom
developed during the observation period and nutrient concentrations in the upper water column

had remained close to pre-bloom levels.

4.0.2 Melt Onset and Progression

During the three years of Arctic-ICE, the dates of melt onset were similar; however, the
rate of melt differed during 2011 in comparison to 2010 and 2012. In 2010 and 2012, snow melt
onset was steady, despite different snow covers on the icescape with the lowest snow depths
observed during 2012. In 2010, melt onset started on approximately June 6 when a decrease in
albedo occurred. The albedo declined at a steady rate that was inversely similar to the increase in
transmitted PAR. Similarly, 2012 showed a steady decline in albedo that commenced on June 4,
matched with an increase in PAR transmitted to the water column. In 2011, snow melt onset was
determined according to the date of rapid decline in albedo, which started on June 9. A major
rain event on June 10 resulted in surface albedo reaching 0.3 by June 11, only 2 days after melt
onset. In contrast, surface albedo reached 0.3 on June 16 and 13 in 2010 and 2012, respectively,

demonstrating a much slower melt progression of 10 and 9 days.
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Although Perovich (1996) demonstrated that transmitted PAR should increase in the
water column with a decrease in surface albedo during melt, this was not seen in 2011. The
discrepancy can be explained by the amount of phytoplankton biomass in the water column that
significantly attenuated transmitted light. Similarly, the decrease in PAR transmitted to depth
following June 16 in 2010 was associated with the increasing accumulation of phytoplankton
biomass in the water column and its associated absorption of PAR.

In 2010 the steady melt progression regulated the amount of light transmitted to the water
column at a rate that allowed for the relatively slow development of the bloom in comparison to
2011. It is important to note that the bloom of 2010 was dominated by pelagic centric diatom
species (>65% of total protists) with the ice algae bloom terminating approximately two weeks
prior to the under-ice bloom onset (Mundy et al., 2014). Therefore, it appears that the lack of
major rain events in 2010 and the resulting regular melt evolution of the system permitted the
development of a true phytoplankton bloom.

In 2011, as previously mentioned, snow melt reached advanced stages mere days after its
onset, thus decreasing albedo and theoretically increasing light transmission. Additionally, the
rain events on June 10 and 12 were responsible for the termination of the ice algal bloom
(Campbell et al., 2014). Galindo et al. (2014) noted that the under-ice phytoplankton bloom
consisted predominantly of ice-associated pennate diatom species. This provided strong evidence
that the bloom was seeded by the sloughed ice algae sinking in the water column at the time of
bloom onset. It is also important to note that the ice algal bloom taxonomic composition differed
from that of the under-ice bloom. As discussed in Galindo et al. (2014), key species were for the
ice-algal bloom consisted of Nitzschia frigida (Grunow) (21-56% in 2011) and Navicula
pelagica (Cleve) (ca. 7% of pennate diatoms in 2011). However, key species for the under-ice
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bloom were: Fossula arctica (ca. 50-80%), Fragilariopsis cylindrus (Grunow) (ca. 2-19%),
Fragilariopsis oceanica (Cleve, Hasle) (ca. 2-15%), Navicula septentrionalis (Grunow) (ca. 2-
13%) and Nitzschia frigida (Grunow) (ca. 2%). Furthermore, Chl a concentrations integrated
over the water column were one order of magnitude greater than that observed in the sea ice,
Therefore, the observations support that separate blooms indeed occurred between the ice
environment and the water column. It is noted that sea ice diatoms are known to rapidly settle in
the water column once sloughed from the ice cover (Michel et al., 1996) and therefore, the
taxonomic composition of the bloom in 2011 may have also influenced the duration of the
bloom. That is, rapid settling of the large sea ice diatoms may have caused a relatively early
termination to the under-ice bloom in that year.

Interestingly, a similar trend to what was documented for 2011 was also observed in the
1986 historical dataset. In terms of ice algae concentrations, 1986 was quite unique with some of
the highest ice algae biomass concentrations ever reported for the Arctic, reaching concentrations
of 250 to 330 mg m™ in the ice bottom (Smith et al. 1990; Welch and Bergman, 1989). In both of
these studies, the ice algae bloom sloughed from the ice towards the end of May (Figure 4.1).
However, provided integrated Chl a concentrations in the sea ice were greater than the first two
integrated water column peaks on May 20 and June 12, it is likely that these first peaks were
associated with sloughing events of bottom ice algae from the sea ice. Furthermore, provided the
June 12 peak occurred a week or so after the ice algal sloughing event, it may have been a rapid
phytoplankton bloom seeded by the sloughed ice algae as observed in 2011. It is significant to
note that this potential early ice algae seeded bloom reached a peak and declined quite rapidly as
was observed in 2011. The depletion of surface nutrients (2 to 5 m) observed during 2011 is thus
of significance, as the ice algae bloom appeared to exhaust the surface nutrients prior to the
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occurrence of a more drawn out bloom as that observed in 2010. Leu et al. (2011) discussed the
importance of primary production timing with life cycle stages of secondary producers.
Therefore, the rapid bloom observed in 2011 could have strongly affected trophic transfer of
energy with potential cascading consequences on the ecosystem.

Although 2012 showed similar melt and PAR transmission characteristics to that of 2010,
a phytoplankton bloom never developed. It is suspected that the increased levels of Chl a at the
end of sampling were the initial phase of bloom onset, but this was impossible to conclude with
any certainty.
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Figure 4.1: Time series of integrated chlorophyll (Chl) a concentrations in the bottom ice (data from Welch
and Bergmann (1989) and Smith et al. (1990)) and water column (data from the ArcNut (AN) and BioChem
(BC) datasets).
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4.0.3 Stratification

Critical depth theory suggests that surface stratification plays a vital role in the initiation
of spring blooms (Sverdrup, 1953). Figure 4.2 contrasts the development/existence of the
surface mixed layer (observed through salinity profiles), with suspended Chl a concentrations
(observed through Chl a profiles) during June in each of the three Arctic-1CE datasets.

Surface stratification was present as a weak surface halocline in both 2010 and 2011 on
June 1 and 7/8 and surface stratification continued to strengthen and shoal throughout the rest of
the observation periods. The June 11 water column of 2010 showed a gradual increase in surface
stratification over the upper water column (observed as a salinity gradient of > 0.04 over the
upper 20 m) as melt water collected underneath the ice cover and the bloom was just starting to
commence. By June 11, 2011, drainage of freshwater from the rain event and associated
snowmelt had led to strong stratification of the upper 20 m water column (salinity difference
between the surface and 20 m was > 0.6) and the bloom was already well underway.

Weak surface stratification similar to that of 2010 was observed in 2012 on June 1. By
June 11, however, the salinity gradient over the upper 20 m was < 0.01 and the vertical straight-
line profile (i.e., a mixed layer) between 10 and 25 m depths suggested the presence of strong
mixing forces under the ice homogenizing the water mass. These conditions contrasted with
those observed in 2010 and 2011. By June 19, the upper 20 m water columns continued to be
strongly stratified with the bloom well developed in 2010 and already declining in 2011, whereas
only the upper 5 m water column had become strongly stratified due to melt waters by this time

in 2012.
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Factors affecting the differences in stratification can be explained in part by the study of
Landy et al. (2014) who examined melt progression during Arctic-1ICE 2011 and 2012. Of
particular note, drainage of surface melt was delayed during 2012. This was likely due to less of
a hydraulic head, possibly associated with a thinner snow cover, and a less permeable ice cover
associated with lower ice temperatures in 2012 (Landy et al., 2014). This lack of drainage led to
a greater coverage of melt ponds on the surface (78% in 2012 versus 60% maximum in 2011;
Landy et al., 2014). This can help explain, in part, the deeper penetration of transmitted PAR
observed in 2012. That is, due to their low albedo, percent melt pond coverage controls the
amount of light transmitted to the underlying water column (Ehn et al., 2011; Frey et al., 2011).

Drainage of the over-flooding occurred between June 15 and 17 in 2012, causing a slight
decrease in pond coverage to 53% (Landy et al., 2014), which was matched by the observed
stabilization of the depth PAR was transmitted to in the water column (Figure 3.10).
Furthermore, the delay in drainage during 2012 likely contributed to the weak upper water
column stratification until later in the period. This delay in stratification is suspected to have
limited phytoplankton to acclimation and production in the euphotic zone above the critical
depth.

In addition to delayed snowmelt drainage, the very deep and variable surface mixed layer
is suspected as an important driving force behind the lack of a bloom observed in 2012. Figure
4.2 demonstrates that surface stratification never fully strengthened in 2012 relative to those of
2010 and 2011 until the end of the study. It is noted that strong under-ice currents, as evidenced
by the rapid movement of sloughed ice algae clumps visible under the ice, were observed
throughout the 2012 campaign (personal observation). It was confirmed that currents were less
strong during 2010 and 2011 (C.J. Mundy, personal communication). Unfortunately current
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velocities were not recorded in 2012. The observed strong currents in the region of the 2012
sampling campaign are likely linked to the opening of a tidally driven polynya situated close by
(Hannah et al., 2009). In fact, the polynya started to open up off Sheringham Point by the end of
the 2012 campaign, less than 5 km from our study site. Additionally, tidally driven currents in
the vicinity of Barrow strait and near the edge of Allen Bay are notably strong, reaching 50-

150 cm s (Prinsenberg and Bennett, 1989; McLaughlin et al., 2006). It is most likely that strong
currents kept the water column mixing to depth and therefore, conditions never satisfied the
critical depth theory for bloom development during the sampling period.

Table 4.1 summarizes the observations and conclusions related to bloom development
during the three-year Arctic-ICE field program. As observed during the three years in the Arctic-
ICE field campaigns, decreased snow cover and eventual melt pond onset, allowed enough light
to penetrate the water column for a bloom to occur. These observations agree with Apollonio et
al. (2002), Mundy et al. (2014), and Palmer et al. (2013). Furthermore, stratification was an
important factor required in the critical depth theory for bloom development to be met. In the
under-ice water column, this was observed by consistent salinity gradients over the upper 20 m
in 2010 and 2011. Essentially, very shallow or 0 cm surface mixed layer depths were observed.
Therefore, once transmitted PAR increased in the underlying water column, the critical depth
would have been below the mixed layer depth, satisfying the theory. However, under-ice mixing
forces were evidenced to possibly influence the delay of consistent surface stratification during

2012 and therefore, bloom onset.
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Table 4.1: Summary table of Arctic-1CE observations and conclusions.

2010 2011 2012

Bloom Onset Date 160 160 N/A

Dominated by Seeded and
Type of Bloom pelagic centric dominated by ice- N/A

diatoms associated diatoms

Regular melt

progression with Rain event - rapid Mixing and late
Driving Force consistent melt progression surface drainage

stratification resulted in strong delayed strong

strengthened by ice  surface stratification  surface stratification

melt

Sloughed 2 weeks Sloughed during Sloughed 2 weeks
Ice-Algal Bloom . :

prior to bloom onset  bloom onset prior to end of study

Additionally, the measurements of nutrient concentrations agree with Tremblay et al.
(2008) and Martin et al. (2010) who state a nitrogen limited environment quickly emerges above
the nutricline and is a strong candidate for the eventual demise of the under-ice bloom when it
occurs. The development of a SCM in 2011, and the decrease in surface nutrient concentrations
observed in both 2010 and 2011, introduces the possibility that in some years, nutrients in the
upper water column can be depleted prior to ice break-up. This point is of particular importance
when considering the applicability, or rather lack-there-of, for making primary production
estimates for the Arctic Ocean from satellite data, which require an ice-free ocean (e.g., Arrigo et

al., 2008).

4.1 Long Term Trends and Variability

4.1.1 Timing of Bloom Onset

Perovich et al. (1996) determined that the snow depth is the chief variable in determining
light penetration to the water column. Through a modelling study, Palmer et al. (2013) suggested

that in addition to complete snowmelt, melt ponds needed to cover 10% of the surface in order
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for a bloom to commence. In contrast, Mundy et al. (2014) suggested that blooms could develop
under a melting snow cover prior to melt pond development, but dependent on surface
stratification of the water column. The lack of statistical difference between the dates of bloom
onset and complete snow melt suggest that the bloom development is dependent on an advanced
snow melt stage, but does not necessarily imply the requirement of melt pond development. This
conclusion does slightly contrast Palmer et al. (2013); however, it is important to note that the
conclusions made by Palmer et al. (2013) were based on a phytoplankton growth model for first-
year ice in the Chukchi Sea. Therefore, the discrepancy observed suggest that parameterizations
associated with radiative transfer and, or light limitation of phytoplankton in the model of Palmer
et al. (2013) may need to be re-visited.

It is clear in the results that under-ice phytoplankton blooms have been a regular
phenomenon in the Canadian Arctic. Therefore, they are not a more recent observation
representing a direct response to climate change. However, this is not to say that the blooms are
not being affected by the changing sea ice climate. In the next sub-section, | explore the

associations of bloom onset with various climate related variables.

4.1.2 Association of Bloom Onset with Climate Related Trends

An examination of the historical ice and snow thickness data, compiled from
Environment Canada and Canadian Ice Service datasets, shows that maximum ice thickness
increased from the late 1950s to the start of the 1990s, then started to decrease from the early
1990s onward (Figure 4.4). Furthermore, the date of complete snowmelt has been significantly
decreasing over the entire period (Figure 4.5). Both datasets support a recent warming and earlier

melt onset since at least the mid 1990s. Lindsay and Zhang (2005) noted that the late 1980’s and
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1990’s could be considered a tipping point in Arctic climate. Positive feedbacks associated with
increasing open water and thinning ice was suggested to create a new era for the ice-ocean
system in the Arctic (Lindsay and Zhang, 2005). The decreasing trend in maximum first-year ice
thickness in the Resolute Bay, Nunavut, region from the mid 1990s onwards is thus interpreted
as being associated with this general tipping point change in climate across the Arctic. It is also
significant to note that the most recent data of the region demonstrate some of the thinnest first-

year ice covers and earliest melt onset dates observed since the early 1960’s.
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Figure 4.3: Maximum ice thickness by year in Resolute Bay, NU. The red line represents a best-fit polynomial
trend with an equation of the form: f=-123039.86+124.19*x-0.031*x? (n = 54; p = 0.029; R? = 0.129). Data are

from Environment Canada historical archives.
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Figure 4.4: Date of complete snow melt on the ice in Resolute Bay (Note: 1963 was tested and found to be an
outlier and thus was removed from the analyses). The black line represents a best-fit linear relationship of the
form: f =591.46-0.21*x (n = 55; p = 0.008; R* = 0.123). Data are from Environment Canada historical

archives.

Correlation analyses were conducted between historical time series datasets to explore if
significant relationships existed (Table 4.2). A Spearman two-tailed test was used to test the
significance of correlations at an a-level of 0.05. Bloom onset showed a strong correlation with
air temperature reaching 0 °C (n = 17, p = 0.001, r = 0.707). Maximum snow depth showed
significant correlations with air temperature reaching 0 °C (n = 55, p = 0.009, r = 0.349) and date
of 0 snow (n =55, p = 0.025, r = 0.302). Lastly, date of 0 snow and air temperature reaching 0 °C
demonstrated the most significant correlation of the entire dataset (n =59, p < 0.001, r = 0.704).

Relationships between air temperature and snowmelt are well documented in the

literature (Jin et al., 1994; Perovich, 1996; Curry et al., 1996; lacozza and Barber, 2001; Zhang et
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al., 2008). The positive correlation between air temperature reaching 0 °C and complete
snowmelt highlights the seasonal melt progression of the system. As ambient air temperatures
slowly warm the snowpack in spring, snow grains increase in size and moisture collects causing
albedo to decrease. The lowered albedo allows for more light to penetrate and be absorbed within
the snowpack resulting in a positive feedback, which further accelerates melt. The correlation
with maximum snow depth is not as straight forward to explain. Snow depth tends to increase
during spring near Resolute Bay, Nunavut (Figure 5 in Leu et al., 2014), which is likely related
to the tendency for precipitation events during spring in the Arctic (Warren et al. 1999).
Therefore, an earlier spring melt would not allow as much snow to accumulate on the ice surface
in a particular year. Furthermore, all things being equal, a thinner snow cover should result in an
earlier date of complete snow melt. Surprisingly, no significant correlation was observed with
date of ice break-up as the same positive feedback described above induces ice melt.

Apollonio and Matrai (2011) supported a possible linkage between snow depth in spring
and the timing of maximum water column production, suggesting that a deeper snow cover could
delay bloom onset. However, no correlation was observed between maximum snow depth and
bloom onset timing in the historical dataset. Discussed earlier, bloom onset was found to be a
function of snow melt that mitigated transmission of PAR to the underlying water column and
melt water stratification. The significant positive correlations between bloom onset and date of
air temperature reaching 0 °C and between air temperature reaching 0 °C and complete
snowmelt, support this statement. These results strongly link timing of under-ice phytoplankton

blooms to snow melt onset.
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Table 4.2: Correlation matrix of Spearman 2-tailed test for collected and determined variables from

Environment Canada and Chl a databases.

Snow Date of _
Max Ice Max Dateof Ice Air
(Annual) 0Snow Break- Temp
(Annual) Up
r -141 242 297 420 707
Bloom Onset p-value .616 .366 247 135 .001
n 15 16 17 14 17
Snow Max -.149 3027 -252 3497
(Annual) p-value 279 .025 .346 .009
55 55 16 55
lce Max r .010 .240 123
Spearman (Annual) p-value .940 .353 .366
56 17 56
r 316 704
Date of 0 Snow p-value 201 .000
18 59
r 181
g?;:gulse p-value 471

18

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

With a basic linear trend analyses, Figure 4.6 illustrates blooms in the region are
happening slightly earlier as time progresses (1 day yr™; n = 16; R?= 0.20). Removing the low
confidence bloom onset dates improves the trend slightly (n= 10; R*= 0.442; Figure 4.6).
However, the fit does not appear to be linear according to the non normal distribution of
residuals around the trend. In reality, there appears to be a relatively stable bloom onset date
until after mid 1990, when bloom onset has become earlier on average.

An intriguing question arises of whether some sort of a tipping point has been met in
more recent years for bloom onset. The apparent shift in earlier bloom onset could be related to
the weak trend of an earlier date of complete snow melt combined with the switch in ice
thickness trend that occurred during the 1990s. Furthermore, there is a decreasing trend over time

in maximum snow depth (Figure 4.6). The earlier melt of snow and thinning snow and ice cover
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would allow for an earlier and greater transmission of light into the water column in spring.
Additionally, earlier melt would contribute towards surface stratification of the water column,
further assisting the conditions required for bloom onset. Unfortunately, the dataset does not
allow further interpretation. In order to better understand the response of under-ice
phytoplankton blooms to a warming climate, we require more and long-term time-series studies
of the under-ice environment over the winter-spring-summer transitions to better document the

driving processes of the spring phytoplankton bloom in the Canadian Arctic.
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Figure 4.5: Line of best fit for only ""high certainty" bloom onset dates shown in black (n = 10; R? =0.442).

Line of best fit including "*low certainty** bloom onset dates shown in red, (n = 16; R* = 0.20).
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Figure 4.6: Time series of maximum snow depth observed on-ice near Resolute Bay, NU. The equation
plotted has the form =937.2 —0.448*x (n = 55; p = 0.0012; R? = 0.1814). Data are from Environment Canada

historical archives.
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Chapter Five: Conclusions and Future Work

In this chapter | summarize findings from my thesis and discuss in relation to my two main
objectives. | conclude with a short discussion on how the scientific community could proceed
forward to continue the advancement of knowledge in relation to our understanding of

phytoplankton blooms in the ice-covered Arctic, and to Arctic oceanography in general.

5.0 Summary and Conclusions

My thesis set out to complete two objectives: (1) identification of the biophysical processes
controlling the timing of under-ice blooms near Resolute Bay, NU in the central Canadian
Arctic; and (2) To compare and contrast the timing of the under-ice bloom and controlling
processes between different years.

Towards objective (1), | found that the development of under-ice blooms during the Arctic-
ICE program conformed well to critical depth theory. Key forcing variables behind bloom timing
under landfast ice were: (1) increased light transmission through the ice cover, which was
ultimately controlled by snow melt and the formation of melt ponds on the ice surface; and (2)
strengthening of surface stratification by snow and ice melt drainage into the water column. Both
factors (1) and (2) were intimately linked to the rate of melt. This fact was particularly evident
for 2011 where a rain event rapidly accelerated bloom development. It is significant to note that
the rapid melt progression also appeared to influence taxonomic composition of the bloom,
which may have further influenced bloom duration. That is, a bloom dominated by typical
centric diatoms developed with the regular melt progression of 2010, whereas the rapid melt

progression of 2011 appeared to influence the development of an ice-associated pennate diatom
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bloom in the water column. | speculated that pennate diatoms could sink faster in the water
column and thus influenced an earlier peak biomass as observed in 2011.

In contrast, a later date of surface drainage influenced a delay in surface stratification
during 2012. Furthermore, under-ice mixing forces likely further delayed development of surface
stratification and ultimately causing the lack of a bloom observation during the 2012 study
period.

The contrasting lack of bloom development in 2012, yet similar melt progression
characteristics is of critical importance with respect to prediction of under-ice bloom timing
using only surface observations such as melt onset timing and melt pond coverage. The
variability of the three-years of Arctic-ICE field campaigns highlights the need for actual under-
ice observations of both physical and biological parameters into the future. Small independent
studies that have historically been conducted do not allow for easy multi-variable data collection.
Collaboration between researchers, institutions, and industry is key to large inter-disciplinary
studies.

The historical dataset showed that under-ice blooms are a regular and recurring phenomena
in the central Canadian Arctic. Evidence suggested that all blooms observed commenced prior to
ice break-up and near the date when snow cover had reached 0 cm levels.

A correlation between the dates of bloom onset and air temperatures reaching 0°C strongly
suggest a link of bloom timing with melt onset. A further concern of change is related to the
suggestion that under-ice production will increase as a function of changing ice type in the
central Arctic (Mundy et al., 2009; Arrigo et al., 2012; Palmer et al, 2014). More specifically,
changes from thick MY to thin FYI, where MY has higher albedo and scattering properties
than FY1 for every season, including melt (Nicolaus et al., 2012), will increase transmission of
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PAR to the underlying ocean. Indeed, it is likely that the historical coverage of thick MY has
resulted in a euphotic zone too shallow to allow blooms to develop, thus resulting in historically
low phytoplankton production observations (English, 1961; Gosselin et al., 1997). My
conclusion of under-ice blooms being a regular phenomena under FY1 in the Canadian Arctic
supports the suggestions of others potential that as the central Arctic changes ice regimes from
MY to FY1 with warming ambient air and ocean temperatures providing a longer open water
season (Maslanik et al., 2007; Barber et al., 2009, Stroeve et al., 2012), under-ice production will
increase and shift earlier in its timing.

As primary producers form the base of most marine food webs, a change in the timing of
spring blooms can directly impact vital components such as transfer of energy through trophic
levels, along with the quantity and quality of biomass production (Sgreide et al., 2010; Leu et al.,
2011). That is, a shift in bloom timing could lead to a mismatch of grazer production with
primary production, causing a cascading effect through the food web (Sgreide et al., 2010).
Therefore, the accelerated decrease in sea ice extent and thickness (Stoeve et al., 2007; Comiso
et al., 2008) will have consequences that could affect the Arctic food web structure and function
(Leuetal., 2011). It is likely we are beyond the tipping point of preventing major changes in the
Arctic from occurring (ACIA, 2005). However, the establishment of long-term monitoring
programs throughout the Arctic will allow us to see the changes and hopefully work in parallel

with them rather than against in the future.

5.1 Recommendations

| have reflected on my experience through the undertaking of this Masters work and

concluded on the following list of what I believe to be important points required to further our
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understanding of primary producers in the Arctic ice-covered ecosystem. Furthermore, | discuss
how further work to collate datasets, such as that presented in my thesis, is required to improve
the transfer of knowledge between scientists, industry, policy makers, and the general public.

A first point is that annual biological, chemical, and physical studies are of the utmost
importance. A regular sampling program should be established based on a consistent time
interval of at least once per week to provide improved insights on bloom timing and the
mechanisms that contribute to their formation. This aggressive sample collection could be
achieved through community based monitoring programs by training and hiring local people
from northern communities. Data collection should include, but not be limited to: physical
environment variables (snow depth, ice thickness, air temperature, precipitation, albedo, and
light measurements); physical water column data by way of moorings and discrete sampling,
including frequent CTD casts; and discrete environmental and biological water samples
including measurements for nutrient concentrations as well as biomass and taxonomic
determination.

Taking a whole ecosystem approach when studying biophysical variables will help to
better understand the Arctic marine ecosystem. Currently, most studies are regional specific.
However, biological species at the third or higher trophic levels can be quite mobile and habitat
use can span the entire Canadian Arctic (whales for example).

Many approaches have recently been employed and developed to map out trophic levels
and food web dynamics. These typically include some kind of tracer such as lipids (Falk-
Petersen et al., 2009; Sgreide et al., 2010), pigments (Morata et al., 2011), stable isotopes
(Hobson and Welch 1992; Kurle and Worthy 2001;Hobson et al. 2002; Layman et al. 2007;
Pineault et al., 2013), combination of stable isotopes and lipids (Falk-Petersen et al., 2009;
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Sgreide et al., 2010; Wang et al., 2014) and more recently, highly branched isoprenoids (T.
Brown, personal communication). A combination of these approaches could help decipher the
important role primary production and its timing play in the marine ecosystem structure and
function. Furthermore, the above annual studies should become part of a framework for a long
running temporal monitoring program across the Pan-Arctic region.

Another point is the need to better examine the fate of the spring bloom and what happens
after the blooms demise when, for example, subsurface chlorophyll maxima (SCM) develop.
Implications of the SCM for biogeochemical fluxes, food webs, and accuracy of remote sensing
blooms are vital, yet understudied. Martin et al. (2002) noted that SCMs, structure, function, and
significance have not yet been established. Martin et al., (2002) also noted that the determination
of baseline concentrations of Chl a and productivity measurements for water column
communities of primary producers is necessary for Arctic environment ecological assessments.

My research has established a limited baseline of Chl a concentration in the ice-covered
system of the Canadian Arctic. The limited nature of this dataset highlights the need for a more
thorough study throughout the entire Pan-Arctic region. Still, as most studies are limited to less
than 5 years in a region, and are often a seasonal sampling campaign, it is near impossible to gain
a proper perspective understanding of events with limited contributions of samples. The
development of new Arctic stations, such as the Canadian High Arctic Research Station
(CHARS), provides promise of long-term time series monitoring in the Canadian Arctic. The
hope should be to follow closely in the footsteps of the regular oceanographic monitoring
programs already underway across the Arctic, such as the long-term time series monitoring
program employed by the Greenland Climate Research Centre (http://www.natur.gl/en/climate-
research-centre/). Furthermore, stations such as MARS (McGill Arctic Research Station
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http://lwww.mcgill.ca/mars/mars-mcgill-arctic-research-station), which have been established
since 1960, have great potential to couple the long running terrestrial data with marine sampling
programs. Furthermore, I strongly believe that open collaboration is the key to succeeding in the
future.

Finally, the science community is at odds within itself. The competitive funding scheme
and limited collaboration within the science community has created an environment which limits
the advancements that could be made through more collaborative efforts. A fundamental shift
within the global science community needs to occur in order to work as a team. The science
community is making progress towards this ideology through things such as: open access
journals, some inter-university partnerships, and public access databases, such as the ones
utilized in this thesis. However, we, as global citizens, need to fund natural and applied sciences
at an economic loss on a global scale, with the knowledge that this loss is offset by societal and
environmental gains. Furthermore, the addition of a comprehensive open access database,
updated on an annual basis, would allow collaborative sharing of information between
researchers, industry, and the public. It could be advanced further with industry partnership. This

would help foster a better working relationship and allow for innovation to excel.
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Appendix A: Day of Year Chart Conversion

Non-Leap Year

DATE | JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
1 1 32 60 91 121 | 152 | 182 | 213 | 244 | 274 | 305 | 335
2 2 33 61 92 122 | 153 | 183 | 214 | 245 | 275 | 306 | 336
3 3 34 62 93 123 | 154 | 184 | 215 | 246 | 276 | 307 | 337
4 4 35 63 94 124 | 155 | 185 | 216 | 247 | 277 | 308 | 338
5 5 36 64 95 125 | 156 | 186 | 217 | 248 | 278 | 309 | 339
6 6 37 65 96 126 | 157 | 187 | 218 | 249 | 279 | 310 | 340
7 7 38 66 97 127 | 158 | 188 | 219 | 250 | 280 | 311 | 341
8 8 39 67 98 128 | 159 | 189 | 220 | 251 | 281 | 312 | 342
9 9 40 68 99 129 | 160 | 190 | 221 | 252 | 282 | 313 | 343

10 10 41 69 100 | 130 | 161 | 191 | 222 | 253 | 283 | 314 | 344
11 11 42 70 101 | 131 | 162 | 192 | 223 | 254 | 284 | 315 | 345
12 12 43 71 102 | 132 | 163 | 193 | 224 | 255 | 285 | 316 | 346
13 13 44 72 103 | 133 | 164 | 194 | 225 | 256 | 286 | 317 | 347
14 14 45 73 104 | 134 | 165 | 195 | 226 | 257 | 287 | 318 | 348
15 15 46 74 105 | 135 | 166 | 196 | 227 | 258 | 288 | 319 | 349
16 16 47 75 106 | 136 | 167 | 197 | 228 | 259 | 289 | 320 | 350
17 17 48 76 107 | 137 | 168 | 198 | 229 | 260 | 290 | 321 | 351
18 18 49 77 108 | 138 | 169 | 199 | 230 | 261 | 291 | 322 | 352
19 19 50 78 109 | 139 | 170 | 200 | 231 | 262 | 292 | 323 | 353
20 20 51 79 110 | 140 | 171 | 201 | 232 | 263 | 293 | 324 | 354
21 21 52 80 111 | 141 | 172 | 202 | 233 | 264 | 294 | 325 | 355
22 22 53 81 112 | 142 | 173 | 203 | 234 | 265 | 295 | 326 | 356
23 23 54 82 113 | 143 | 174 | 204 | 235 | 266 | 296 | 327 | 357
24 24 55 83 114 | 144 | 175 | 205 | 236 | 267 | 297 | 328 | 358
25 25 56 84 115 | 145 | 176 | 206 | 237 | 268 | 298 | 329 | 359
26 26 57 85 116 | 146 | 177 | 207 | 238 | 269 | 299 | 330 | 360
27 27 58 86 117 | 147 | 178 | 208 | 239 | 270 | 300 | 331 | 361
28 28 59 87 118 | 148 | 179 | 209 | 240 | 271 | 301 | 332 | 362
29 29 88 119 | 149 | 180 | 210 | 241 | 272 | 302 | 333 | 363
30 30 89 120 | 150 | 181 | 211 | 242 | 273 | 303 | 334 | 364
31 31 90 151 212 | 243 304 365
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Leap Year

DATE | JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
1 1 32 61 92 122 | 153 | 183 | 214 | 245 | 275 | 306 | 336
2 2 33 62 93 123 | 154 | 184 | 215 | 246 | 276 | 307 | 337
3 3 34 63 94 124 | 155 | 185 | 216 | 247 | 277 | 308 | 338
4 4 35 64 95 125 | 156 | 186 | 217 | 248 | 278 | 309 | 339
5 5 36 65 96 126 | 157 | 187 | 218 | 249 | 279 | 310 | 340
6 6 37 66 97 127 | 158 | 188 | 219 | 250 | 280 | 311 | 341
7 7 38 67 98 128 | 159 | 189 | 220 | 251 | 281 | 312 | 342
8 8 39 68 99 129 | 160 | 190 | 221 | 252 | 282 | 313 | 343
9 9 40 69 100 | 130 | 161 | 191 | 222 | 253 | 283 | 314 | 344

10 10 41 70 101 | 131 | 162 | 192 | 223 | 254 | 284 | 315 | 345
11 11 42 71 102 | 132 | 163 | 193 | 224 | 255 | 285 | 316 | 346
12 12 43 72 103 | 133 | 164 | 194 | 225 | 256 | 286 | 317 | 347
13 13 44 73 104 | 134 | 165 | 195 | 226 | 257 | 287 | 318 | 348
14 14 45 74 105 | 135 | 166 | 196 | 227 | 258 | 288 | 319 | 349
15 15 46 75 106 | 136 | 167 | 197 | 228 | 259 | 289 | 320 | 350
16 16 47 76 107 | 137 | 168 | 198 | 229 | 260 | 290 | 321 | 351
17 17 48 77 108 | 138 | 169 | 199 | 230 | 261 | 291 | 322 | 352
18 18 49 78 109 | 139 | 170 | 200 | 231 | 262 | 292 | 323 | 353
19 19 50 79 110 | 140 | 171 | 201 | 232 | 263 | 293 | 324 | 354
20 20 51 80 111 | 141 | 172 | 202 | 233 | 264 | 294 | 325 | 355
21 21 52 81 112 | 142 | 173 | 203 | 234 | 265 | 295 | 326 | 356
22 22 53 82 113 | 143 | 174 | 204 | 235 | 266 | 296 | 327 | 357
23 23 54 83 114 | 144 | 175 | 205 | 236 | 267 | 297 | 328 | 358
24 24 55 84 115 | 145 | 176 | 206 | 237 | 268 | 298 | 329 | 359
25 25 56 85 116 | 146 | 177 | 207 | 238 | 269 | 299 | 330 | 360
26 26 57 86 117 | 147 | 178 | 208 | 239 | 270 | 300 | 331 | 361
27 27 58 87 118 | 148 | 179 | 209 | 240 | 271 | 301 | 332 | 362
28 28 59 88 119 | 149 | 180 | 210 | 241 | 272 | 302 | 333 | 363
29 29 60 89 120 | 150 | 181 | 211 | 242 | 273 | 303 | 334 | 364
30 30 90 121 | 151 | 182 | 212 | 243 | 274 | 304 | 335 | 365
31 31 91 152 213 | 244 305 366

** |_eap Years In Study: 1984, 1988, 1992, 2012
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