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Abstract

Arctic primary producer phenology is undergoing shifts attributed to the increased
transmission of light resulting from climate change-induced declines in sea ice thickness, age, and
extent. However, the investigation of phenological events, particularly near the ocean surface, is
challenging due to limited time-series observations caused by logistical constraints and
accessibility issues. Data collected from a subsurface oceanographic mooring deployed in Dease
Strait, Nunavut, from 2017 to 2019 were used to determine primary producer biomass using the
normalized difference index (NDI) chlorophyll-a retrieval algorithm. Sentinel-1 and RADARSAT-
2 synthetic aperture radar (SAR) data and related meteorological variables were used to identify
snow and sea-ice melt phase timing. The results revealed a relationship between light availability
and surface primary producer timing and magnitude. Specifically, an 18-day difference in the
length of ice algal blooms between 2017 and 2019 was observed, with both blooms peaking near
snow melt onset and exhibiting similar daily production rates. The extended duration of the 2019
ice algal bloom was due to lower air temperatures compared to 2017, and a deeper snowpack prior
to snow melt. Moreover, a 6-7 day under-ice phytoplankton bloom occurred in both years,
coinciding with melt pond formation. However, the 2019 under-ice bloom exhibited a lower
accumulation rate, likely due to nutrient depletion beneath the ice by the prolonged ice algal bloom.
Following ice break-up in 2019, a 31-day late-summer bloom occurred via sustained wind-driven
mixing, highlighting the importance of ocean-atmosphere coupling in the region following ice
break-up. The findings of this thesis provide a novel approach to investigating surface primary
producer phenology and suggest the potential application of this technique to support future long-

term monitoring.



Acknowledgements

Above all else, I would like to express my sincere thanks and eternal gratitude to my co-
supervisors, Drs. C.J. Mundy and Julienne Stroeve, for their support and guidance throughout this
compelling and fun project. They took a chance on me and patiently provided their time and
expertise. Witnessing how they navigated the intricacies of a scientific acumen was its own
inspiring education and something that | will continue to think about and learn from in the days

and years ahead.

| extend my appreciation to my committee members, Drs. Jens Ehn and Bill Williams, for their
kind insights. Their ideas, shared during committee meetings and via email, provided a solid
framework for advancing the project. Their perspectives also encouraged me to explore additional

dimensions within the project data, which was equally enlightening.

I am grateful to all those who participated in the ICE-CAMPS 2017 field campaign and the
Kitikmeot Sea Science Study mooring program, as their contributions provided the foundational
project data. Special thanks to Drs. Vishnu Nandan and David Jensen for their guidance in
acquiring and processing Sentinel-1 data, especially Dr. Nandan for his SAR expertise throughout
the project. 1 would also like to acknowledge Dr. Alexander Komarov for procuring RADARSAT-
2 data products through Environment and Climate Change Canada and the Canadian Space
Agency. Additionally, I thank Dr. Brent Else and Christina Braybrook for providing the

meteorological data and sharing their knowledge that was essential to this research.

I am grateful for the financial support received from the Natural Sciences and Engineering

Research Council of Canada (NSERC) through the Discovery and Northern Research Supplement



grants awarded to Dr. C.J. Mundy, as well as the Canada 150 Research Chairs Program awarded

to Dr. Julienne Stroeve.

I extend my appreciation to all my colleagues within the Department of Environment and
Geography for creating an incredible atmosphere and fostering a supportive environment. A
special thank you goes to the members of Dr. Mundy's lab, both past and present, whom I have
had the privilege of meeting: Dr. Rémi Amiraux, Dr. Lisa Matthes, Fowzia Ahmed, Xander
Bjornsson, Pascale Bouchard, Laura Dalman, Elizabeth Kitching, Jillian Reimer, and Kate

Yezhova.

I want to thank of all my friends near and far for their unwavering support. Last but certainly not
least, to my parents and brother, who are incredible souls, and to whom | am fortunate to call

family.



Dedication

To a place, my personal retreat that changed it all: Secret Beach.



Table of Contents

A 0 1Y = o! PR PRSP i
ACKNOWIBAGEMENTS ...ttt e e b sb e e b e eneenns ii
[ =To [ ToF 1 £ o] o ISP SSSRRS v
Table OF CONTENTS ..o et e et e et e e st e e e beessaeenbeeaneeereeas Vi
IS A0 = Lo L= USRI viii
I TS Ao} o U S IX
List of Copyrighted Material ............coviiiiieiiie et Xi
ContribUtioNS OF AUTNOKS .....o.oii e e xii
Chapter 1 | INTrOQUCTION.....c.iiii ittt sbe e nreas 13
00 O 1o T [T [ o SR SSSSSS 13
@ o] =T €Y=L SRS R ST PURPRS 15
G T {1001 (1] (TP ST OPPTPPPRUPRROPPS 15
I L (=T (= o0 SR STSSSRS 16
Chapter 2 | BaCKgroUNG ..o ettt st nneas 18
F B O 1Y T PSPPSR 18

p N 11V oF: L O] £ o] SR 18
2.2.1. Radiation Transter TRHEOIY ......cooi i e s 18
2.2.2. Seasonal Progression of the Physical System..........cccoocoieiiiiiiiciciee e 20

2.3. ENVIronmMental CONMIOIS........ccuiiieieiie ettt e nre e enes 30
2.3.1. NULFIENE SUPPIY .ottt ettt b e ne s 30

2.4. Photosynthesis and Light RESPONSES .......cueiiiiiiiiiieiieie e e 31
2.5. REMOLE SENSING ..vviivieiieieetie et este e e e e e e e st este e e s s e sbeeeesneesteesteaseesseeseaneenreeneeenes 33
2.5.1. SALEIIITE ..ovveeie it e e e re b 33
2.5.2. Spectral TranSMITTANCE.........ccoiiieiieieee e 35

p T o] (=] T[0T PSS 37

Vi



Chapter 3 | Surface primary producer phenology in Dease Strait, NU, Canada, examined

using submersed oceanographic sensors and satellite remote Sensing.........cccccvevevverveinennnn, 48
N oL = To! TSROSO 48
T8 I 11 T (1 ot A o] o USSP PR 49
3.2 IMIBENOUS. ... bbb bbbt 52

TN S (110 | Y =T VRSP PRR 52
3.2.2. Data COIBCLION ... et ne s 52
3.2.3. DAtA ANAIYSIS ...ttt ettt nb et e neenes 56
33 RESUILS ...ttt b bRt et R e b et e ne e nre e enes 59
3.3.1. Physical Conditions and Melt Phase Identification .............cccccovevenieniinni i 59
3.3.2. NDI CaliBration ......c.ccveiiiiiiiiiessee bbb 61
3.3.3. Primary Producer PReN0IOgY ........ccovoiiiiiiieiiie e 62
I I T 1ot U L1 o o PSPPSR 66
3.4.1. Melt Phases and Their Impact on PAR TransSmittance............ccoeeveveeveesieeneseesneseeenns 66
3.4.2. Surface BIOOM PhENOIOQY .....ccuoiiiiiiiiiiieiiee e 68
3.5. Supplementary Material............ccoooiiiiiiiie e s 74
3L, RETEIBINCES ...ttt bbbttt bbbt bbbt n e 75

Chapter 4 | Conclusions and Recommendations............cccocvvivereiiieiiieissie e 83
0 I o] 0 Tod [1 5] o] PRSPPI 83
4.2. RECOMMENUALIONS. ... .iviiiiitieiieie ettt bbbttt bbbt 85
N =] (< =] 0T PRSPPI 89

vii



List of Tables
Table 3.1. SAR imaging mode descriptions between satellite arrays..............c.oooeiviiiinne

Table 3.2. Bloom-specific daily net accumulation rates and corresponding statistical
0T L0 T=] T £

viii



List of Figures

Figure 3.1. Map of the study site in Dease Strait with the mooring location (orange triangle), the
2017 ICE-CAMPS sample locations (green circles), the seasonal meteorological station (black

triangle) and nearby Cambridge Bay, Nunavut (image SUBSet)..........ccceiiiiiiiiiiniinannnn. 56

Figure 3.2. Time series of daily averaged incident PAR (Eorar)) and air temperature (+ SD in grey
shade) retrieved from the Qikirtaarjuk Island meteorological tower, SAR y°nwn, and transmitted
daily-averaged PAR (E;rar)) On the mooring for 2017 (a, c, e and g) and 2019 (b, d, f, and h),
respectively. Air temperatures of -5 and 0°C are highlighted as horizontal dashed lines in ¢ and d,
while vertical purple lines identify early melt (EM), melt onset (MO), pond onset (PO), and the

first date of open water (OW) above the mooring location.......................cceeeevieenn e 60

Figure 3.3. Pearson correlation matrix computed for all PAR NDI wavelength combination from
the ICE-CAMPS field samples (a) and linear regression plot for NDI (480:473) and chl-a

CONCENEration SAMPIES (D). .. v e e e e e e e e e e e e e e e e e 62

Figure 3.4. Time series of daily ice algal and phytoplankton phenology for 2017 (a) and 2019 (b),
in vivo chl-a fluorescence at 8.5 m (c), and wind speed (d) retrieved from the Cambridge Bay
airport weather station. The black line represents the radiometer LOESS-fitted median chl-a
concentration. The gray-shaded areas are identified bloom periods and blue shading plots
transmitted light at 473 nm (Ezp(473)), one of the calibrated NDI wavelengths used. The orange line
is MODIS-retrieved chl-a concentration. Vertical purple lines identify early melt (EM), melt onset

(MO), pond onset (PO), and the first date of open water (OW) above the mooring location...... 64



Figure 3.5. PUR:PAR ratios for 2017 (a) and 2019 (b). Vertical lines identify early melt (EM),
melt onset (MO), pond onset (PO), and the first date of open water (OW) above the mooring

[0 Tor- 11 [0 o PN o fo1

Figure 3.S1. Time series of bloom search intervals for LOESS fitted median chl-a concentration
and their upper and lower quartiles for 2017 (a) and 2019 (b), with associated first-derivatives of
chl-a concentration (c, d). Gray-shaded areas are identified bloom period. Horizontal gray line is

the threshold for positive growth rate. Dashed green lines are dates of full/new moon phases.... 74



List of Copyrighted Material

Figure 2.1. Modified from Perovich, D. K., & Polashenski, C. (2012). Albedo evolution of

seasonal Arctic sea ice. Geophysical Research Letters, 39(8), 6. Copyright (2023) John Wiley &

Figure 2.2. Modified from Petrich, C., & Eicken, H. (2017). Overview of sea ice growth and

properties. In Sea Ice, D.N. Thomas (3rd ed.), 1-41. Copyright (2023) John Wiley & Sons...... 23

Figure 2.3. Polashenski, C., Perovich, D., & Courville, Z. (2012). The mechanisms of sea ice melt
pond formation and evolution. Journal of Geophysical Research: Oceans, 117(C1), 1-23.

Copyright (2023) JONNWIIEY & SONS... ...ttt it it e e e et e e e e e eae e aennenaas 27

Figure 2.4. Ardyna, M., Mundy, C. J., Mayot, N., Matthes, L. C., Oziel, L., Horvat, C., Leu, E.,
Assmy, P., Hill, V., Matrai, P. A., Gale, M., Melnikov, I. A., & Arrigo, K. R. (2020). Under-Ice
Phytoplankton Blooms: Shedding Light on the “Invisible” Part of Arctic Primary Production.
Frontiers in Marine Science, 7, 608032. Copyright (2023) Ardyna, Mundy, Mayot, Matthes, Oziel,

Horvat, Leu, Assmy, Hill, Matrai, Gale, Melnikov and Arrigo..........cooveiiii i, 29

Figure 2.5. Modified from Yackel, J. J., Barber, D. G., Papakyriakou, T. N., & Breneman, C.
(2007). First-year sea ice spring melt transitions in the Canadian Arctic Archipelago from time-
series synthetic aperture radar data, 1992-2002. Hydrological Processes, 21(2), 253-265.

Copyright (2023) JONN WIIEY & SONS......cuiiet it e e e e e e 3

Xi



Contributions of Authors

The research presented in Chapter 3, titled “Surface primary producer phenology in Dease
Strait, NU, Canada, examined using submersed oceanographic sensors and satellite remote
sensing” involved the collective contributions of all the listed authors. As first author, I contributed
to the conceptualization, design, data acquisition, analysis, interpretation, and drafting of the
research. Dr. C.J. Mundy helped develop the project ideas and provided substantial guidance,
logistical and financial support, and manuscript feedback. Dr. Julienne Stroeve offered valuable
guidance and feedback throughout the project, provided financial support, and contributed to
developing and editing the manuscript. Drs. Bill Williams and Jens Ehn assisted in project
development and data interpretation. Dr. Vishnu Nandan assisted in synthetic aperture radar (SAR)
data acquisition, interpretation, and support. Dr. Brent Else provided meteorological data and
assistance. Dr. Alexander Komarov contributed to SAR data acquisition and support. Christina
Braybrook and Mike Dempsey provided data support. All authors reviewed and revised the

manuscript prior to submission to Arctic Science.

xii



Chapter 1 | Introduction

1.1. Introduction

Due to the effects of climate change, thinning first-year ice has become the dominant sea
ice in the Arctic with more of the Arctic becoming ice-free come summer (Stroeve & Notz, 2018).
The reduction of sea ice thickness has increased the overall amount of light transmittance into the
Arctic Ocean (Barber et al., 2015). Depending on the interaction of seasonal insolation with
atmospheric and sea-surface features, the attenuated light that reaches the Arctic marine system
plays a significant role in affecting the phenology of primary producers (Kirk, 2010). Ice algal
colonies have been experiencing an earlier bloom cycle with increased sea ice residence time due
to elevated irradiance levels from the strengthening of the positive feedback loop that increases
heat input to the upper water column and enables further sea ice melt (Leu et al., 2011; Lim et al.,
2022; Serreze et al., 2009). Pelagic phytoplankton production is likewise increasing in magnitude
with bloom termination largely governed by nutrient availability (Lannuzel et al., 2020). Upper
layer stratification from increasing ice melt has been noted to hinder nutrient supply on a regional
basis due to lower levels of vertical mixing processes (Popova et al., 2010). However an increasing
exposure of the Arctic Ocean has led to greater wind mixing, which counteracts stratification

(Williams & Carmack, 2015). Reported seasonal features such as the prevalence of under-ice
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phytoplankton blooms from thinner sea ice light transmission and autumn blooms from later

freeze-up alter the framework of Arctic primary production phenology (Ardyna et al., 2020).

As the Arctic marine system continues to experience deviations away from historical
norms, our understanding of light processes driving primary production remain incomplete. This
gap is in part due to a lack of time series observations of the upper Arctic Ocean where a large
portion of primary production occurs. The costs and difficult logistics of mounting a field
campaign restrict researchers in their studies’ duration, with limited possibilities to return over
multiple years. Many physical and biological studies are likewise impeded by destructive sampling
techniques that do not permit re-sampling of an area. Remote sensing methods have emerged to
tackle these deficits. Whereas sensors aboard satellites can observe ocean colour changes as a
measure of phytoplankton blooms (Craig et al., 2012; Groom et al., 2019), they cannot observe
light conditions within and below the sea ice cover. Stroeve et al. (2021) attempted to remedy this
by quantifying the under-ice light environment on a pan-Arctic scale using satellite-derived
products, with limitations in precision being the key uncertainty. On a smaller scale, the advent of
under-ice optical sensors that collect and measure the spectrum of light transmitted through ice
and water represents a non-invasive technique that can be launched for extended periods to collect
proxy light and primary production data (Hill et al., 2018; Legendre & Gosselin, 1991; Mundy et
al., 2007). Utilizing data collected over two different years from a sub-surface taut oceanographic
mooring, combined with satellite remote sensing and associated meteorological variables, my
thesis will seek to improve observations and understandings of the upper Arctic Ocean light

climate as it relates to timing of surface primary production.
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1.2. Objectives

The goal of the thesis is to couple under-ice and satellite remote sensing methods to advance
knowledge pertaining to how irradiance varies in the seasonally ice-covered Canadian Arctic and
how that affects the phenology of primary producers. More precisely, my thesis objectives are the

following:

1) To describe the seasonal progression of snow and sea ice melt phase timing and light
in a seasonally ice-covered sea;
2) To determine characteristic seasonal features and timing of primary production;

3) To examine shifts in primary production phenology relative to physical conditions.

1.3. Structure

Including this introductory chapter, this sandwich-style thesis comprises four chapters.
Chapter 2 provides an overview of pertinent physical, environmental, and biological controls of
primary production development. In turn, there is a short review of the different remote sensing
methods developed to approach this project. Chapter 3 is the primary scientific contribution of this
thesis as a research manuscript to be submitted in a peer-reviewed journal with the following

citation:

Yendamuri, K., Stroeve, J., Williams, W. J., Ehn, J., Nandan, V., Else, B. G. T., Komarov, A. S.,
Braybrook, C. A., Dempsey, M., and Mundy, C. J. (In Preparation). Surface primary
producer phenology in Dease Strait, NU, Canada, examined using submersed

oceanographic sensors and satellite remote sensing.

Chapter 4 ends with a summary of the key research findings and future recommendations for the

application of the combined remote sensing technique.
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Chapter 2 | Background

2.1. Overview

To explore the seasonal and spatial variations of the pertinent physical, environmental, and
biological controls necessary for primary production to occur in Arctic first-year sea ice, this
chapter examines the following aspects: a brief introduction of the optical properties and key
variables associated with solar energy distribution (2.2.1); the interaction of radiation with the
atmosphere and cloud cover (2.2.2.1); the principal role of snow cover in attenuating light and its
melt phases (2.2.2.2); a summary of sea ice optical properties, melt phases, and its associations
with primary producers (2.2.2.3); the seasonal variations in water column profiles and their
associations with phytoplankton blooms (2.2.2.4); the influence of nutrient dynamics on primary
producers (2.3.1); the optical properties of primary producer cells and the alterations in
photosynthetic rates in response to varying levels of light (2.4.1); and, the coupled remote sensing

methodology used in this research (2.5).

2.2. Physical Controls

2.2.1. Radiation Transfer Theory

The Sun emits radiation in the shortwave portion of the electromagnetic spectrum. The

shortwave spectrum is divided into three categories based on their wavelength ranges: ultraviolet
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(UV, 200-380 nm), visible (380-750 nm), and near-infrared (near-IR, 750-2500 nm).
Photosynthetically active radiation (PAR) is restricted to 400 — 700 nm. Incident spectral
shortwave radiation on a surface, or spectral irradiance (Eoy (1)) is measured as the radiant flux
per unit area and can be quantified as energy units (W m2 nm™) or converted into photon flux

(Eop(ay; Hmol photons m? st nm).

Incident irradiance is either reflected, absorbed, or transmitted (Kirk 2010). Irradiance can
be separated by its vector relative to the surface as either upwelling (Eu) or downwelling (Eq)
irradiance. Based on the natural light field, measurements of reflection, attenuation, and
transmission through a surface are known as apparent optical properties (AOPs). The most
common AOPs in oceanography are transmittance, albedo, and the attenuation coefficient. Albedo
is a unitless measurement, ranging from 0 to 1, describing the incident radiation reflected by a
medium. Transmittance is the fraction of irradiance that passes through the medium, a function of
the attenuation properties of a medium that can be expressed through the Beer-Lambert-Bougeur

Law:
Ez(z,2) = (1 — R)E(zo, A)e™%0Ka

where E,(zy, A) and E,(z, 1) are the incident and transmitted (to depth z(m)) spectral irradiances,
respectively. Reflectance (R) in this formula represents the reflection off the surface. Albedo («)
is not necessarily the same as R, particularly over a high-scattering medium such as snow where it

can be much greater, and is defined as:
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Ka(m™) is the downwelling attenuation coefficient and measures how light attenuates with depth.
As opposed to AOPs, the properties of a medium that do not depend on the natural light field are
known as inherent optical properties (IOPs). The absorption (a; m™) and scattering (b; m™)

coefficients are two common I0OPs used in marine optics.

2.2.2. Seasonal Progression of the Physical System

2.2.2.1. Clouds and Atmosphere

Insolation reaching the top of the atmosphere (TOA) in the Arctic is governed by seasonal
and latitudinal changes in the solar zenith angle (Castellani et al., 2021). Initial seasonal insolation
following polar night is marked by a large solar zenith angle, resulting in an oblique incidence
angle that creates a longer path through the atmosphere (Minnett, 1999). As a result, the larger
angle not only spreads the insolation over a larger area (i.e., lower irradiance), but also facilitates
an increase in the number of scattering and absorption with atmospheric particles to reduce light
transmission than compared to a lower solar zenith angle approaching the summer solstice (Curry
et al., 1996; Eastman & Warren, 2010). Approximately 42% of incoming irradiance that reaches
TOA is reflected back into space and absorbed by air molecules, aerosols, and clouds (Horvath,

1993).

Cloud presence modulates the extent of irradiance diffusivity. They are generated from
low-pressure systems that force water vapour to rise, leading to water droplets and ice crystals
forming around airborne particles. Cloud radiation distribution fluctuates with formation types,
total cloud fraction, vertical distribution, water content and thermodynamic phase, and particle
sizes (Curry et al., 1996; Eastman & Warren, 2010; Kay et al., 2008). In particular, clouds have
different radiative effects depending on the time of year. In summer, clouds produce a cooling

effect due to shortwave radiation scattering, whereas they act to warm the surface the rest of the
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year by re-emitting radiation in the longwave spectrum (> 3-um wavelength) (Curry et al., 1996;
Eastman & Warren, 2010). Numerical modelling simulations indicate that general cloud coverages
above 30% is sufficient to attenuate light (Castellani et al., 2021). However, the cloud-radiation
feedback is complex and no conclusive long-term trends have been identified due to the interannual
variability with seasonal sea ice concentrations. It can be reasonably inferred that cloudiness
reaches peak levels in the summer due to sea ice retreat and open water periods driving released

moisture into the air (Abe et al., 2015; He et al., 2019).

2.2.2.2. Snow

Snow on sea ice is considered the strongest control of light transmission to the water
column. As snow grains are on the order of millimetres in size, they function as strong scatterers
in a dry snowpack where scattering is the dominant IOP (Perovich, 2007). Snow scattering fraction
depends on grain size, density, thickness, brine, and impurities (Warren, 1982). When snow
deposits on sea ice, grains are shorn and become rounded due to gravitational settling (lacozza &
Barber, 1999; Mundy et al., 2005). Wind further reshapes snow and is treated as a vital contributor
to snow layer formation (Sturm & Massom, 2017). The seasonal accumulation of snow layers, also
known as the snowpack or cover, through kinetic and thermodynamic metamorphosis, contribute
to increasing light attenuation. In fact, Perovich (1996) note that a snow cover as thin as 10 cm can
reduce under-ice transmittance to less than 1% and creates a diffuse isotropic light environment
(Fig. 1). Accordingly, a thicker snow cover will delay the start of an ice algal bloom, but prolong
the bloom via added insulation from the warming atmosphere (Campbell et al., 2015; Leu et al.,
2015). Highly deformed sea ice features such as ridges act as a snow trap, also increasing local

snowpack thicknesses (lacozza & Barber, 1999; Vérin et al., 2022).
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Perovich & Polashenski (2012) note that the ability of snow to strongly scatter light results
in a high albedo (>0.8) (Fig. 1). Snow albedo will rapidly decline through 3 melt phases to
approximately 0.6 with air temperature increases. The first phase, the pendular phase, is delineated
when air temperature approaches 0°C (Denoth, 1980, 1999), which leads to a rapid increase in
grain size and clustering due to wet-snow metamorphism and thus a drop in albedo (Sturm &
Massom, 2017). During this phase, snow grains are wet and the snowpack has less than 10% water
saturation (Denoth, 1980). Above 10% saturation, the snowpack enters the funicular phase and is
defined as where the pore space between snow grains is continuously saturated with water and is
diverted to the snow-sea ice interface. Absorption is now the dominant IOP and creates a positive
thermodynamic feedback loop promoting further snowmelt. The last phase, often referred to as
slush, is the complete saturation and decay of the snowpack. This complete snow melt progression
can occur from 10 days to up to a month, depending on weather conditions. (Perovich, 2007;

Perovich & Polashenski, 2012; Sturm, 2002; Vérin et al., 2022).
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Figure 1. Key stages of seasonal albedo evolution for a first-year ice system. Modified from Perovich &
Polashenski (2012). © 2023 John Wiley & Sons.
2.2.2.3. Sea Ice

The seasonal evolution of sea ice albedo is a useful measure for examining its optical
properties. In summer, open seawater has an albedo () of ~0.07 (Fig. 1) (Perovich & Polashenski,
2012). Seawater has a depressed freezing point and temperature of maximum density due to its
salinity (~ 32-34) (Timco & Weeks, 2010). Therefore, as seawater cools in autumn, denser water
sinks, leading to surface water mixing. Frazil ice crystal formation (3-4 nm) occurs at
approximately -1.8°C (i.e., freezing point is dependent on salinity), resulting in the ejection of
dissolved salts and other impurities (Lund-Hansen et al., 2020; Petrich & Eicken, 2017). However,
not all salts are expelled as the crystals consolidate into an ice layer and some are retained in the
ice matrix, consisting mostly as brine at typical Arctic sea ice temperatures. Total brine salinity
within developed sea ice is dynamic and proportional to sea ice temperature with bulk salinity
following a C-shape gradient (Fig. 2) (Golden et al., 1998; Mundy & Meiners, 2021). It should be
noted that ice formation will slow upon snow deposition as snow has a low thermal conductivity
due to the presence of air pockets, creating an insulating layer that limits heat flow from the warmer

ocean to the colder atmosphere (Sturm, 2002).
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Figure 2. Classification of first-year sea ice layers in respect to their textural, growth, temperature, and
salinity profiles. Figure from Petrich & Eicken (2017). © 2023 John Wiley & Sons.

Initial ice formation depends on the wave climate. In turbulent conditions, frazil ice tends
to aggregate and form clusters, leading to the formation of slush and a thin grease ice layer, named
after its appearance (Lund-Hansen et al., 2020; Petrich & Eicken, 2017). Grease ice has a slightly
elevated albedo (= 0.09) due to frazil ice crystals in seawater reflecting light (Newyear & Martin,
1997). If frazil ice continues to form and accumulate in turbulent (wavy) waters, circular pancake
ice floes can develop with raised edges due to collision with other pancake ice. Further
consolidation will develop into an ice sheet. In contrast, under calm conditions, nilas ice forms («

=0.16), consisting of randomly oriented granular frazil ice crystals up to 10 cm thick (Perovich &
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Polashenski, 2012; Petrich & Eicken, 2017; Weeks & Ackley, 1986). Below the granular layer, a
transition layer forms, which exhibits increasing horizontal c-axis orientation of ice crystals due
to geometric selection favoring faster ice growth along the crystal’s a-axes (Fig. 2). At this point,
the sea ice is considered young ice, with « = 0.27 and thickness ranging 10 - 30 cm (Fig. 1).
Proceeding the transition layer is the columnar layer (Weeks & Hibler, 2010). Columnar sea ice
contributes the bulk of sea ice thicknesses as it continues to elongate over the sea ice growth period
(Weeks & Ackley, 1982). This layer is also associated with desalination mechanisms, primarily the
ejection of dense brine by gravity drainage into the underlying water layer (Golden et al., 1998;
Vancoppenolle et al., 2010). For sea ice thicknesses greater than 70 cm, albedo can range from
0.54-0.65 (Perovich & Polashenski, 2012; Petrich & Eicken, 2017). The bottommost layer of sea
ice is the skeletal layer and is made up of lamellar protrusions that are separated by a sub-crystal
structure of brine layers. The combination of these layers constitute the structure and growth

processes of sea ice.

Sea ice decay begins with snow melt lowering albedo from greater than 0.8 to 0.6, as
discussed in the last section, and meltwater accumulating on the sea ice surface, forming melt
ponds (Eicken, 2002; Perovich & Polashenski, 2012). Despite wind-driven redistribution of snow,
once snow drifts are established, they tend to remain stationary (Petrich et al., 2012b). Snow drifts
are crucial in preconditioning melt pond morphology as thinner snow patches will melt earlier and
more rapidly than thicker ones, resulting in a lower surface elevation for water to pool (Fig. 3)
(lacozza and Barber, 1999; Eicken et al., 2004). Initially, pond surfaces are above sea level and
may temporarily freeze over from changes in atmospheric forcing (Eicken, 2002; Polashenski et
al., 2012). The maximum hydraulic head (height of pond above sea level) is reached when

meltwater expands horizontally, lowering albedo to a reported value of approximately 0.32 (Landy
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et al., 2014; Perovich & Polashenski, 2012). Early season vertical meltwater transport occurs with
draining through ice flaws, such as floe edges, cracks, or leads (Fig. 3). Pond drainage leads to the
formation of a surface scattering layer (SSL), a 3-5 cm deep layer of drained ice that increases
scattering, in-between melt ponds and therefore, increases average surface albedo up to ~ 0.54
(Polashenski et al., 2012; Smith et al., 2022). The SSL, known as white ice, reflects ~ 75% of
incident sunlight, whereas a neighbouring melt ponded ice reflect ~ 40% of incident light (Frey et
al., 2011; Light et al., 2015). Correspondingly, transmittance increases through melt ponds, which
promotes the ice-albedo feedback loop: a process where radiation warms the under-ice water layer,
induces basal sea ice melt to further enlarge ice flaws and enhance additional melt (Hudson et al.,
2013; Itoh et al., 2011; Maykut & McPhee, 1995). Irradiance absorbed within the sea ice volume
additionally contributes to ice melt and warming (Perovich et al., 1998). Vertical meltwater
transport will increase as sea ice gradually connects to the sub-surface water layer until the
hydraulic head is no longer present (Eicken et al., 2004). This equilibrium state occurs as sea ice
ponds are level with seawater, and ponding is subject to freeboard level (Eicken et al., 2004; Landy
et al., 2014). Thereafter, sea ice permeability increases and lowers albedo (a ~ 0.2) (Perovich &

Polashenski, 2012), until complete structural erosion and melt occurs.
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Figure 3. Schematic of ponded sea ice and the direction of meltwater transport. Figure from Polashenski et
al. (2012). © 2023 John Wiley & Sons.

In terms of the two introduced inherent optical properties, the scattering and absorption
coefficients of sea ice have contrasting roles. The scattering coefficient depends on sea ice
microstructure: the orientation and layering of sea ice crystals (Ehn et al., 2008). Scattering is
considered wavelength-independent in the visible spectrum as the refraction indices of gas, brine,
and precipitated salts are weak, since the wavebands are smaller than the interacting particulates
(Maykut & Light, 1995; Perovich, 2017). Incorporation of algae, sediment (Barber et al., 2021),
particulate organic matter (Belzile et al., 2000), dust (Petrich et al., 2012a), and sea ice thickness
itself (Palmisano & Simmons, 1987) alters spectral absorption levels. Therefore, sea ice optical
properties exhibit spectral changes as a result of absorption, while changes in magnitude are

attributed to scattering.
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Based on water column diversity, hundreds of algal species can incorporate into sea ice
actively or passively, but the number decreases over fall and winter through resource competition
and adaptation to the harsh environmental conditions (Olsen et al., 2017; Poulin et al., 2011).
Passive incorporation can occur when buoyant frazil ice crystals rise to the surface and collect
algal cells or through selective filtering based on cell size within the granular and skeletal layer
(Kauko et al., 2018; Lund-Hansen et al., 2017; Mundy & Meiners, 2021). Turbulent water
conditions enhance frazil ice interaction with algal cells, thus promoting algal incorporation
(Kauko et al., 2018; Weissenberger & Grossmann, 1998). The ice-water interface also influences
algal colonization as rougher topography acts as a catch (Krembs et al., 2002). Active incorporation
may result from algae such as diatoms, a common Arctic taxa, producing extracellular polymeric

substances (EPS) that allow cells to attach to bottom sea ice (Juhl et al., 2011; Riedel et al., 2007).

Ice algal species primarily reside in the bottom 10 cm of sea ice as it has the largest
habitable brine channel pore space and nutrient stores within a sea ice layer, but can be found
throughout the ice volume (Leu et al., 2015). For example, flagellates tend to make up communities
near the surface, diatoms dominate the bottom sea ice, and the interior has been observed to be a
mixture (Van Leeuwe et al., 2018). Dalman et al. (2019) observed that strong under-ice currents
can supply nutrients further up the ice matrix, expanding bottom-ice algal distribution. Ice algae
are primarily expunged from sea ice due to heat influxes in spring and summer, causing brine
channel flushing and the erosion and ablation of bottom sea ice (Campbell et al., 2014; Leu et al.,

2015; Mundy et al., 2014; Tedesco et al., 2019).

2.2.2.4. Water Column
The progression of sea ice melt contributes to the shoaling of a fresher surface mixed layer

(SML). The seasonal SML depth ranges from 5-30 m and is proportional to sea ice melt, surface
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circulation, and proximity to riverine and terrestrial inputs (Peralta-Ferriz & Woodgate, 2015).
Under-ice and ice-edge phytoplankton blooms that develop in the SML are constrained by nutrient
supply (Ardyna et al., 2020; Janout et al., 2016; Lewis et al., 2019). Once nutrients are depleted, a
less productive sub-surface chlorophyll maximum (SCM) may form in the pycnocline, the water
layer underneath the SML where water density increases with depth (Fig. 4) (Palmer et al., 2013;
Shiozaki et al., 2022). Mechanical stressors such as strong winds and storms enable vertical mixing
between the stratified layers. Yet, the extension of open water periods in the Arctic has intensified

SML heat absorption to enhance stratification further (Jackson et al., 2010).
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Figure 4. Seasonal progression of under-ice light transmittance (T(PAR)) in relation to biological and ocean
layer constituents. Figure from Ardyna et al. (2020). © 2023 Ardyna, Mundy, Mayot, Matthes, Oziel,
Horvat, Leu, Assmy, Hill, Matrai, Gale, Melnikov and Arrigo.
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Light transmittance in the water column depends on snow and sea ice features such as melt
ponds that can create spatial light variability at metre-length scales and shift euphotic zone depths
(Fig. 4) (Frey et al., 2011; Laney et al., 2017; Perovich et al., 1998). Melt ponds alter the angular
distribution of light by funnelling light downwards, producing an anisotropic light environment
(Katlein et al., 2016; Matthes et al., 2019). Beneath 5-15 m, the under-ice light climate is
homogenous (Matthes et al., 2020). Phytoplankton that bloom beneath the ice cover are shade-
acclimated (Mundy et al., 2014). Bloom initiation has been found to occur between 4 — 10 days
after ice algal bloom termination due to physical and environmental differences (Ardyna et al.,
2020; Mundy et al., 2014). Assmy et al. (2017) also observed an under-ice bloom (UIB) to occur
through a refrozen lead. The ability of water to scatter and absorb light is also essential in
phytoplankton bloom dynamics. Scattering and absorptive constituents include sediment, coloured

dissolved organic material (CDOM), living organisms and detritus (Pavlov et al., 2015).

2.3. Environmental Controls

2.3.1. Nutrient Supply

As touched upon in the last two sections, seasonal progression of radiation in the Arctic
influences primary producers to assimilate differential levels of nutrients. The three essential
macronutrients are dissolved forms of inorganic nitrogen, phosphorus, and silica. Although
nitrogen is the primary limiting nutrient for cell growth through protein synthesis (Dugdale, 1967),
phosphorus is essential for gene expression and to fix carbon to complete energy transfers during
photosynthesis. Diatoms absorb silica to form their cell walls. Deviations in the cellular
conservation of the Redfield ratio (106C:16N:15Si:1P) can be used to determine the health of
primary producers relative to their marine environments (Daly et al., 1999; Frigstad et al., 2014;

Kim et al., 2020). When considering marine environmental health, the ratio of nitrate plus nitrite
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uptake relative to total inorganic nitrogen uptake (e.g., nitrate plus nitrite plus ammonium), known
as the f-ratio, is used (Dugdale & Goering, 1967). A low f-ratio, or ammonium dominance,
signifies a regenerated production due to the quick turnover of ammonia in the system.
Regenerated production is associated with low standing stocks, smaller cells, and oligotrophic
environments (Carmack & Wassmann, 2006; Li et al., 2009). Conversely, a high f-ratio indicates
an ample nitrate supply, and associated primary production is commonly referred to as new
production. The total supply of nutrients for primary production is the nutrient pool in the euphotic
zone before bloom commencement, along with occasional injections (Tremblay & Gagnon, 2009).
For example, riverine input and current transport can consist of an advective nutrient supply
(Lannuzel et al., 2020). Upwelling and mixing events from winter convection processes, to shelf-
break fronts, internal waves, and storm-induced mixing comprise the vertical component of
nutrient delivery (Tremblay & Gagnon, 2009; Vancoppenolle et al., 2010). Vertical mixing is
necessary to transport nutrients through strong summer stratification and photic zone limits (Leu
et al., 2015). In certain regions, wind-driven nutrient resupply leads to fall phytoplankton blooms
(Ardyna et al., 2014; Back et al., 2021; Castro de la Guardia et al., 2019). Sea ice communities
receive nutrients from a convective exchange at the sea ice skeletal layer and through the

remineralization of organic matter (Castellani et al., 2017; Tedesco et al., 2019).

2.4. Photosynthesis and Light Responses

Many primary producers can undergo photosynthesis in very low-light conditions. For
example, ice algal communities have been found to require a minimum photon flux of 0.17 — 9
umol photons m2 s to initiate blooms (Gosselin et al., 1986; Hancke et al., 2018; Horner &
Schrader, 1982; Rysgaard et al., 2001), and a modelled 34 umol photons m? s for under-ice

phytoplankton in a 20-m SML (Ardyna et al., 2020; Horvat et al., 2017). Light is harvested
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primarily by chlorophyll-a pigments with a main absorption peak near 440 nm and a secondary
peak near 670 nm. Accessory pigments (e.g., fucoxanthin, perodinin, chlorophyll-b, chlorophyll-
c) expand spectral light absorption capabilities (Lund-Hansen et al., 2020). Pigments are found in
the chloroplasts of thylakoid membranes and it is here that irradiance activates photosystem-
specific electron-mediated pathways to produce energy in the form of adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide phosphate (NADPH). These molecules are used to
fix carbon and create products to meet the metabolic demands of regular cellular functioning and

growth.

When light interacts with cell pigments, the spectral distribution of light shifts in proportion
to their IOPs. The values of the chlorophyll-specific scattering coefficient (b*pn) and absorption
coefficient (a*pn) are used in this regard and are governed by efficiency factors (Kirk, 2010; Morel
& Bricaud, 1986). Scattering efficiency is less variable than absorption efficiency since the
concentration of intracellular pigmentation affects the light path within a cell (Kirk, 2010; Morel
& Bricaud, 1986; Nelson et al., 1993). Larger cells have a smaller surface area-to-volume ratio
and require more light resources for regular functioning. Increases in photosynthetic pigments
induce intracellular self-shading, also known as the package effect. As light travels within a cell
and undergoes photosynthesis, primary producers can also re-emit a fraction of absorbed radiation
as natural fluorescence. Natural fluorescence by algae emits in the 650-700 nm wavelength

spectrum and is dependent on the intensity of light impinging on the cell (Lutz et al., 2001).

Primary producers acclimate to different light conditions by adjusting their pigment
composition and photosynthetic machinery. In low-light situations, algae can increase
photosynthetic pigments or alter electron turnover rates to increase photosynthetic efficiencies,

(Cota, 1985). When irradiance increases, cells photoacclimate by elevating their maximum
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photosynthetic rate and decreasing photosynthetic pigment cell content (Cota, 1985; Michel et al.,
1988). Photoacclimation has been observed to take place over 48 hours (Morin et al., 2020). In the
case of increasing UV radiation and high light conditions, photosystem complexes that carry
chlorophyll pigments can be damaged, causing primary producers to place more energy into
photoprotection strategies. Mycosporine-like amino acids for UV and carotene pigments for
visible light are formed as sunscreens, but their function is a trade off with chlorophyll-absorption
efficiencies (Alou-Font et al., 2013; Elliott et al., 2015; Ha et al., 2014). Another method involves
quenching of excess electrons through bond-deoxygenation of xanthophyll pigments as heat
(Derks & Bruce, 2018). Additionally, some diatom species within sea ice can vertically migrate
away from extreme radiation conditions (Aumack et al., 2014). Phytoplankton were found to have
higher photoacclimative capacities than ice algae due to their efficiency to utilize increasing levels
of irradiances, whereas ice algae were nitrate-limited which reduced their photosynthetic
efficiencies (Kvernvik et al., 2021). During light regime transitions, primary producers can switch

from purely autotrophic strategies to heterotrophic strategies based on nutrient availability.

2.5. Remote Sensing

2.5.1. Satellite

Satellite remote sensing technology offers the ability to regularly monitor the evolution of
Arctic physical and biological variables by passively or actively measuring different portions of
the electromagnetic spectrum. Sensors utilizing different waveband ranges have their advantages
and disadvantages. Passive visible spectrum sensors detect reflected light, restricting their
application to a daytime collection and/or in the absence of clouds, but offer high levels of spatial
resolution. The MODIS (Moderate Resolution Imaging Spectroradiometer) visible imaging sensor

onboard NASA's Terra and Aqua satellites that launched in 1992 and 2002, respectively, remain a
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popular data source due to its longevity and daily polar imaging frequency (Parera-Portell et al.,
2021). Depending on the usage of its 36 channels, the spatial resolution can vary between 250 m
and 1 km. MODIS imagery has been used to map sea ice thermodynamic states (Hall et al., 2004;
Kang et al., 2014; Tschudi et al., 2008), cloud coverage (Ackerman et al., 2008; Kay & Gettelman,
2009), sea ice surface topography (Rosel & Kaleschke, 2012; Willmes & Heinemann, 2015), as
well as phytoplankton biomass through chlorophyll-based ocean colour algorithms (Ardyna et al.,

2014; Renaut et al., 2018; Shiozaki et al., 2022; Waga & Hirawake, 2020).

Unlike visible spectrum sensors, microwave wavelength sensors have received more
attention to detecting Arctic surface physical properties since many microwave bands penetrate
through cloud cover, can be used regardless of the time of day, and have strong contrasts in
electromagnetic or dielectric properties between snow, sea ice, and water (Barber et al., 2001;
Comiso, 1991). For example, the dielectric constant (¢*) of snow is lower than ice in winter and
therefore appears transparent in readings (Dierking, 2013). A medium's dielectric properties
depend on its salinity, density, and temperature (Mahmud et al., 2020; Nandan et al., 2016; Yackel
et al., 2001). Passive microwave satellite sensors collect natural microwave radiation readings
from the Earth's surface. Due to the low amount of energy emitted at microwave frequencies, these
sensors have a low spatial resolution, but the data generated continues to be invaluable for large-
scale applications such as ice extent and age (Markus et al., 2009; Stroeve & Notz, 2018). Active
microwave sensors are separated into two categories: imaging radar and non-imaging radar. Both
forms transmit microwave signals to track surface backscatter. Non-imaging radar applications
include the altimeter, which has been used to measure sea ice thickness by calculating the freeboard
(Kwok, 2004). Imaging radars, specifically synthetic aperture radars (SAR), operate at swaths

between 30 and 500 km and spatial resolutions between 1 and 1000 m (Dierking, 2013). The revisit
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frequency enabled by satellite flight paths (at day-length time scales) make it possible to obtain
high-resolution SAR time series data for physical systems (Fig. 5). Images retrieved from SAR
sensors are affected by sensor parameters such as frequency, incident angle ranges, polarization
types, and surface thermodynamic states (Barber & Nghiem, 1999; Livingstone et al., 1987). The
most common microwave frequency used is C-band (3.75-7.5 cm, 4-8 GHz) as a compromise

between ice contrast and penetration depth to enable year-round monitoring (Casey et al., 2016).
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Figure 5. Summary of SAR seasonal backscatter evolution using the ° coefficient applied to RADARSAT-
1 data products. Modified from Yackel et al. (2007). © 2023 John Wiley & Sons.

2.5.2. Spectral Transmittance

Maykut and Grenfell (1975) were the first to examine that the light transmitted through sea
ice results in a spectral distribution influenced by ice algae. Legendre and Gosselin (1991) took
this a step further when they collected data to compute the ratio and under-ice irradiance at a

wavelength pair that contrasted peak and trough absorption of chlorophyll a, and where
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transmission through the ice was high. They found that in situ algal biomass estimates in first-year
ice can be derived from spectral measurements of under-ice downwelling irradiance. As the
method has become more widespread in recent years, different algorithms have arisen to calculate
the irradiance spectra produced. Normalized difference indices (NDIs) employed by Mundy et al.
(2007) have remained the most popular bio-optical method (Anhaus et al., 2021; Campbell et al.,
2014; Forrest et al., 2019; Lange et al., 2016; Wongpan et al., 2018) as it explains the most data
variability (Melbourne-Thomas et al., 2015). Simple ratios of spectral irradiance based on maximal
absorption peaks of algal pigments have also been utilized (Fritsen et al., 2011; Honda et al., 2009).
Scaled band areas, which use regression techniques to observe the strength of pigment absorption
(Carrere et al., 2004), along with empirical orthogonal function analysis, which reduces the
dimensionality of data to obtain dominant signals are other methods that have been considered
(Katlein et al., 2015; Taylor et al., 2013). Different types of radiometer sensors, such as irradiance
and radiance sensors, further enhance our understanding of light measurements. Irradiance sensors
incorporate a cosine-corrected or scalar field of view to account and compensate for the angular
sensitivity of the sensor and accurately measure the total incident light field. In contrast, radiance
sensors are typically designed with a narrower field, allowing them to capture light from specific
directions or within a limited angle (Cimoli et al., 2017). Spectral radiometers can also be
categorized based on the geometric shape of their sensors. Planar light sensors have a
photosensitive surface designed to capture light incident to its plane. Spherical light sensors
integrate light from all directions. Spectral radiometers have been attached to L-arms (Campbell
et al., 2014; Mundy et al., 2007; Wongpan et al., 2020), mounted on remotely operated vehicles

(Arndt et al., 2017; Lange et al., 2016; Matthes et al., 2020), under-ice trawls (Castellani et al.,
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2020; Meiners et al., 2017), and deployed via ice buoys on ice that extend a cable of sensors

through a drilled ice hole (Hill et al., 2022; Hill et al., 2018).
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Chapter 3 | Surface primary producer phenology in
Dease Strait, NU, Canada, examined using
submersed oceanographic sensors and satellite
remote sensing

Yendamuri, K., Stroeve, J., Williams, W. J., Ehn, J., Nandan, V., Else, B. G. T., Komarov, A. S.,

Braybrook, C. A., Dempsey, M., and Mundy, C. J. (In Preparation).

Abstract

The transition to a thinner, seasonal Arctic sea-ice cover has affected the timing of primary
producer (PP) phenology, resulting in earlier ice algal bloom termination and protracted
phytoplankton blooms, primarily due to increased light availability. However, due to logistic
constraints, few studies capture the complete seasonal evolution of PPs and their physical drivers.
Here, we combine transmitted spectral irradiance data derived from subsurface oceanographic
moorings with synthetic aperture radar (SAR) products, and related meteorological variables to
study light availability in Dease Strait and how it relates to timing and magnitude of surface
(<8.5 m depth) PPs for 2017 and 2019. We observed ice algal blooms in 2017 and 2019, lasting 66
and 84 days, respectively, peaking within 2 days of snow melt onset. In 2019, lower temperatures
and a deeper snowpack before early snow melt extended the bloom. Melt pond formation
exponentially increased light transmission, enabling a short, 6-7 day under-ice phytoplankton
bloom in both years, likely influenced by regional nutrient-limitation, although the 2019 bloom
was less productive, possibly due to the longer ice algal boom depleting surface nutrients. After
ice break-up in 2019, a 31-day surface late-summer bloom occurred via sustained wind-driven

mixing. Our findings suggest that the combined remote sensing technique has novel applicability
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in other settings and provides valuable insights on the changing state of PP phenology, highlighting
the vital need of accumulating long-term Arctic observations in discerning climate change effects

on the region.

3.1. Introduction

Arctic sea ice extent (Stroeve & Notz, 2018), thickness (Kwok, 2018), and age (Comiso,
2012) are rapidly declining, caused by the strengthening ice-albedo feedback and associated polar
amplification mechanisms (Rantanen et al., 2022). This decline is a significant driver of change in
ice algal and phytoplankton production due to impacts on sea ice habitat and an increasing
availability of light for photosynthesis (Barber et al., 2015). Superimposed on this change is
interannual variability in processes that impact regional down to local primary producer bloom
lengths and magnitudes (Hill et al., 2022; Nielsen et al., 2023; Oziel et al., 2019). Bloom phenology
offsets are an important area of biogeochemical investigation as they alter the balance of organic
matter transfer through marine food webs and carbon cycling efficiencies (Else et al., 2019;

Sgreide et al., 2010; Tremblay et al., 2015).

Ice algal bloom initiation occurs after polar night when sufficient photosynthetically active
radiation (PAR; 400-700 nm) transmits through snow and sea ice to the ice algal community that
primarily inhabits the bottommost 10 cm of sea ice (Horner et al., 1992). A snow layer attenuates
approximately 10 times more PAR than sea ice (Perovich, 1996, 2007), making its thickness a
primary control for ice algal bloom initiation. In addition to PAR availability, nutrient supply from
the underlying water column can co-limit ice algal production (Campbell et al., 2016; Cota et al.,
1987). Termination of the ice algal bloom occurs as temperatures increase in late spring (Horner
& Schrader, 1982; Mundy et al., 2014; Selz et al., 2018). Snow and sea ice melt shift the spectral

quality of the under-ice light field to an increase and deepening of light at peak chlorophyll-
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absorption wavelengths initiating an under-ice phytoplankton bloom (UIB) (Horvat et al., 2017;
Mundy et al., 2014). Historically, phytoplankton blooms were typically considered to initiate
during ice-edge retreats; however, UIBs are now considered an ubiquitous occurrence throughout
the Arctic (Ardyna et al., 2020a; Arrigo et al., 2012; Assmy et al., 2017; Kauko et al., 2019; Mundy
et al., 2014; Payne et al., 2021; Randelhoff et al., 2020; Vérin et al., 2022). The extent of UIB
magnitude is proportional to regional nutrient supply, water column structure, light availability,
and grazing pressure (Ardyna et al., 2020b). With the delay in ice freeze-up dates throughout the
Arctic, fall phytoplankton blooms are documented to become more prevalent (Ardyna et al., 2014).
The mode of nutrient replenishment is likely the source of fall bloom origins, which may emerge
from wind-driven or storm-induced mixing of the water column (Castro de la Guardia et al., 2019;

Waga & Hirawake, 2020).

In polar regions, satellite sensors have proven incredibly useful to observe sea ice and the
surface ocean. For example, active microwave imagers in the form of synthetic aperture radar
(SAR) can provide a record of snow and sea ice thermodynamic melt phase timing based on
associated changes in electrical conductivity relative to SAR emissions (Livingstone et al., 1987;
Barber et al., 2001; Yackel et al., 2007; Gill et al., 2015; Casey et al., 2016; Mahmud et al., 2020).
During the open water period, optical satellite sensors such as the Moderate-Resolution Imaging
Spectrometer (MODIS) instrument aboard the Aqua satellite can detect ice-edge phytoplankton
bloom timing and biomass based on ocean colour chlorophyll-a (chl-a) algorithms (Arrigo & van
Dijken, 2011; Janout et al., 2016; Kahru et al., 2016). However, satellite observations of primary
production from optical sensors are limited by cloud cover, depth of the bloom peak, and in the

case of ice algal and under-ice blooms, sea-ice presence.
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To quantify primary producer biomass from an under-ice remote sensing approach,
chlorophyll a (chl-a) concentration retrieval algorithms have emerged based on the relationship
between transmitted under-ice spectra using a spectral radiometer during bloom periods and
corresponding ice algal chl-a concentration samples. Legendre & Gosselin (1991) were the first to
examine this relationship. Later, Mundy et al. (2007) developed and applied a chlorophyll retrieval
algorithm using a normalized difference index (NDI), which has grown in popularity among other
reported algorithms due to its relative simplicity and robustness (Campbell et al., 2014; Forrest et
al., 2019; Lange et al., 2016; Melbourne-Thomas et al., 2015; Veyssiére et al., 2022; Wongpan et
al., 2020). The method has been used in Arctic and Antarctic contexts (Fritsen et al., 2011; Meiners
et al., 2017), with radiometers attached to L-arms (Campbell et al., 2014; Wongpan et al., 2018;
Wongpan et al., 2020), fastened to a sled (Nicolaus & Katlein, 2013), fixed to AUVs and ROVs
(Arndt et al., 2017; Anhaus et al., 2021; Lange et al., 2016), and using a buoy attached to drift ice

(Hill et al., 2018; Hill et al., 2022).

In order to progress our understanding and resolve knowledge gaps of Arctic primary
producer phenology, this study aims to combine satellite and underwater remote sensing
techniques to quantify how changes in snow and sea ice melt progression simultaneously facilitate
light transmission and bloom timing in a landfast sea ice environment of Dease Strait, Nunavut,
Canada. Dease Strait is a seasonally ice-covered narrow channel within the Kitikmeot Sea of the
Canadian Arctic Archipelago. The region is distinct for its strong stratification in the summer due
to substantial riverine inputs relative to dense Pacific-origin waters that form a two-layer estuarine

like system (Williams et al., 2019).

Following Howell et al. (2019), we acquired SAR products from both Sentinel-1 and

RADATSAT-2 satellite arrays, air temperature data from a meteorological station close to our study
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site, and collected optical MODIS imagery to identify snow and sea ice thermodynamic melt
phases. Using sensors aboard a subsurface oceanographic mooring deployed during the 2017 and
2019 bloom periods, we derived light characteristics and proxy chl-a concentration metrics. We
end with a discussion on how the synthesis of these methods facilitates our comprehension of

biophysical processes in the Arctic marine system and discuss its potential for future applications.

3.2. Methods

3.2.1. Study Area

The study was located within Dease Strait, NU, Canada, situated near the Finlayson Islands
(Fig. 1a). It was part of the 2017 Ice Covered Ecosystem-Cambridge Bay Process Study (ICE-
CAMPS) and Kitikmeot Sea Science Study (KsS) field campaigns and mooring deployments. The
study site has an annual landfast first-year sea ice cover, with local primary production strongly
nitrogen limited (Back et al., 2021; Bluhm et al., 2022; Campbell et al., 2016), largely due to

substantial riverine input and associated stratification (Williams et a., 2019).

3.2.2. Data Collection

3.2.2.1. SAR Products

C-band SAR products (centre frequency = 5.405 GHz) were obtained from both Sentinel-
1 (S1) satellites, Sentinel-1A and Sentinel-1B, in Interferometric Wide (IW) and Extra Wide (EW)
mode, and from RADARSAT-2 (R2) in ScanSAR Wide mode (SCWA) over the mooring
coordinates (69.017°N, 105.733°W) for each deployment period (see 2.2.3.) (Table 1). Quad and
dual-polarized S1A and S1B products are freely available from Alaska Satellite Facility’s online
database, Vertex. Dual polarized RSAT2 products were made available under the context of a Joint

Project with Environment and Climate Change Canada and subsequently approved by the
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Canadian Space Agency. Only co-polarized HH products were used in this study as per Howell et

al. (2019).

Table 1. SAR imaging mode descriptions between satellite arrays.

Product Swath width (km) Imaging resolution Incidence angle
(m) range
S1-IW 250 5x20 29.1° - 46.0°
S1-EW 410 20 x 40 18.9° - 47.0°
R2-SCWA 500 100 x 100 20.0° - 49.0°

3.2.2.2. MODIS-Derived Products

True-color daily Level 1B MODIS (Aqua) optical imagery over the mooring location were
obtained from MODIS Science Team (2017). Level 1B MODIS data contain geolocated and
calibrated top-of-the atmosphere reflectances corrected for Rayleigh scattering to generate natural-

coloured images from MODIS bands 1, 3 and 4 (250 to 500 m spatial resolution).

Level-3 ocean color products were used to retrieve near-surface chl-a concentrations (mg m=)
(NASA Ocean Biology Processing Group, 2022), at a data product resolution of 4 km. Products
were generated based on an algorithm developed by Hu et al. (2019) that derives the relationship
between satellite-based reflectance (Rrs(4)) for blue and green visible spectral wavelengths within

MODIS bands 8-16, and in situ chl-a measurements.

3.2.2.3. Mooring Deployment

From 8 August 2016 to 12 August 2017, and 18 August 2018 to 18 September 2019, a
subsurface oceanographic mooring was deployed from the R/V Martin Bergmann in Dease Strait,
close to the Finlayson Islands (Fig. 1; 29 km from Cambridge Bay, Nunavut). The mooring was
anchored at a depth of 82 m, with its topmost package sitting 8.5 m from the surface. The package

held a surface-facing hyperspectral radiometer (HyperOCR, Satlantic), which has a spectral range
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of 350 to 800 nm at a 3.4-nm resolution, with integrated wiper that recorded downwelling spectral
irradiance every two hours. An ECO-Triplet fluorometer (Wetlabs) with integrated wiper was
positioned at the same depth to measure in vivo chl-a fluorescence recording measurements at half-

hour intervals.

3.2.2.4. Meteorological Variables

Weather data for 2017 and 2019 were obtained from a meteorological tower on Qikirtaarjuk
Island, 5.5 km southwest of the mooring’s location (Fig. 1; Butterworth & Else, 2018). The tower
was power-intensive and solar-powered, and therefore, data were available for roughly four
months each year which coincided with sufficient seasonal insolation levels. In 2017, the data
collection period ranged from 4 May to 12 August 2017 and 10 April to 30 July 2019. The sensors
installed on the tower and used in this study included an air temperature sensor (Campbell
Scientific) mounted at 5 m above ground level and a net radiometer (Kipp & Zonen) at 2.8 m above
ground level that monitored downwelling and upwelling shortwave irradiance. The tower base was
roughly 3 m above sea level. Downwelling shortwave irradiance was converted to PAR photon
flux (Eorar)) using a factor of 4.15 as described by Halverson & Pawlowicz (2013). To extend the
meteorological coverage over the mooring deployment period, daily wind speed (ms?) was

gathered from Cambridge Bay’s airport weather station (NAV Canada).

3.2.2.5. Field Sampling

Every three days from 26 April to 9 May 2017, transmitted spectral irradiance and
corresponding ice cores were collected from four sites along a 5.4-km long transect near the
Finlayson Islands chain (Fig. 1: Sites 1-4). Additionally, on 12 May, another set of measurements
were collected from nine sites, encompassing 4 km? with samples collected from under thin (L: <

10 cm) and thick (H: >10 cm) snow covers at each site (Fig. 1: Sites A-1). Transmitted spectral

54



irradiance (cosine corrected) measurements were first collected at each sample location via
lowering a HyperOCR through a 25-cm auger hole and positioning 1.5 m south of the hole using
amechanical arm. At least 5 measurements of transmitted irradiance were measured at each sample
location. Then, two to four ice cores were collected at the irradiance measurement site using a 9-
cm Mark Il Kovacs ice corer. The bottom 10 cm of each ice core was sectioned into three segments:
bottom (0-2 cm), middle (2-5 cm), and top (5-10 cm). The ice core samples were melted in the
dark overnight in filtered seawater (FSW, filtered through a GF/F, Whatman, glass fiber filter) at a
dilution of 3 FSW:1 ice melt. Melted samples were filtered through GF/F filters for fluorometric
analysis to determine chl-a concentration (Parsons et al., 1984). Additional sampling details can

be found elsewhere (Kim et al. 2020; Pogorzelec et al. 2022).
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Figure 1. Map of the study site in Dease Strait with the mooring location (orange triangle), the 2017 ICE-
CAMPS sample locations (green circles), the seasonal meteorological station (black triangle) and nearby
Cambridge Bay, Nunavut (image subset).

3.2.3. Data Analysis
3.2.3.1. SAR Processing and Physical Event Retrieval

Sentinel-1 (S1) SAR products with incidence angles that deviated more than five degrees
were removed from the analysis to avoid incidence angle dependent backscatter differences; this
accounted for less than 5% of the total data between years. HH dual-polarized products from S1
were used to increase the available temporal resolution between S1 and R2, and reduce noise
levels. Standardized SAR processing took place in SNAP (version 8.0), which included the chain

of applying an orbit file, radiometric calibration, speckle noise filtering, geometric range-doppler

56



terrain correction, and conversion to decibels. All products were radiometrically calibrated to
gamma naught (y°x1) to further reduce the sensitivity of incidence angle differences (Howell et
al., 2019; Small, 2011). To ensure consistency with the radiometer footprint (15 m) and variations
in the smallest pixel size between S1 and RSAT2, an average pixel mask of 18x50 m was applied

to all products.

The five thermodynamic melt regimes (Winter, Early Melt, Melt Onset, Pond Onset, Open
Water) were characterized from cross-examining backscatter values with air temperature data, and
verified using Level 1B MODIS optical imagery. Winter was considered as the period prior to
Early Melt (EM). The latter was defined as commencing when the averaged daily air temperature
increased above -5°C and the presence of a v inflection point due to changes in the basal snow
layer and ice surface scattering (Barber et al., 2001; Livingstone et al., 1987; Yackel et al., 2007).
Melt Onset (MO) was delineated by the timing of when daily averaged air temperature increases
above 0°C and y°nn peaks due to volume scattering from snow grains wetted with brine (Howell
et al., 2019). Pond Onset (PO) was confirmed via: visual inspection of a true-color composite
MODIS image that clearly showed the presence of water (blue colour) on the ice surface; a second
peak in y’%4n from surface scattering at the air-water interface of melt ponds (Casey et al., 2016);
and an exponential increase in transmitted light observed at the mooring. Open Water (OW) timing
was identified through the simultaneous occurrence of wind-induced backscatter increase and

distinct drop in MODIS reflectance corresponding to seawater presence.

3.2.3.2. Transmitted Irradiance
Transmitted downwelling spectral irradiance in uW cm? nm? (Eaw) data were
interpolated from 3.4 to 1 nm intervals and then converted to spectral photon flux in umol photons

m2stnm? (Exw) using:
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o Ewny 41075
zP(4) hcN,
where 4 is the wavelength (nm), h is Planck’s constant (6.626 x 10°34J s), ¢ is the speed of light
(2.998 x 108 m s1), Na is Avogadro’s number (6.022 x 1023 mol™?), and 10 is a conversion factor
between units. The transmitted spectral photon flux was also integrated over the wavelength range
of 400-700 nm to determine transmitted PAR at mooring radiometer-level (Ezrar)). Finally,
transmitted photosynthetically usable radiation (E;pur)) was calculated as the product between a
representative algal absorption spectra obtained from Ehn & Mundy (2013) and Ezp(z), and then

integrated over PAR (Morel, 1978).

3.2.3.3. Normalized Difference Index (NDI)
Following Mundy et al. (2007), normalized difference indices (NDI) were calculated

across all PAR wavelength pairs:

NDI = [Ezp(m ~ Ezmz)l

Ezpay) + Ezp(ay)

To select the optimal wavelength pairs, NDI values were correlated against chl-a concentration
samples using R (version 4.1.2). Optimal NDI wavelength pair selection consisted of 1) a large
Pearson correlation coefficient, 2) within the range of peak chl-a absorption and minimal snow
and water influence (400 — 550 nm), 3) outside the HyperOCR spectral resolution (i.e., 3.4 nm),
and 4) yielded the greatest R? from the linear regression of chl-a versus NDI. The optimal NDI
was then applied to the two years of transmitted spectral irradiance from the mooring. The linear
equation from the associated regression was used to covert NDI values into chl-a concentration
(mg m2). Daily median values were used to avoid low solar angle effects and a 10% local weighted

scatter-plot smoothing (LOESS) fit was applied.
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3.2.3.4. Bloom Timing

Building upon Mieruch et al. (2010) and Adams et al. (2022), the search interval of each
ice algal bloom period was restricted to the first day of diurnal insolation variability in the system
until the peak of the bloom noted by the LOESS fitted data. The ice algal bloom start date was
chosen as the first positive value delineated in the first-order derivative time series that aligned
with a strong decline in daily variability in chl-a concentration NDI estimates and prior to the
seasonal increase in chl-a concentration. Similarly, timing of the phytoplankton bloom periods was
determined by identifying the first positive value in the first-order derivative time series that led
to a substantial increase and peak in the smoothed chl-a concentration time series and was verified
through in vivo chl-a fluorescence measurements. Once ice algal and phytoplankton bloom timing
was established for both years, using a C:chl-a ratio of 50 (Harris, 1986), a carbon net
accumulation estimate was produced for each bloom following that described in Mundy et al.
(2014). Retrieved Level 3 MODIS data products were converted from volumetric (mg m) to areal

(mg m) chl-a concentration above the mooring via multiplying by 8.5 m.

3.3. Results

3.3.1. Physical Conditions and Melt Phase Identification

S1 and RSAT2 SAR products were processed for each annual period, beginning from the
first insolation day (11 January) and ending when the mooring was retrieved in 2017 (12 August)
and 2019 (18 September). Co-polarized gamma naught (y°nn) backscatter across the winter periods
features low oscillations when air temperatures were below -5°C (Fig. 2e, f), inferring the presence
of a cold and dry snowpack. 2017 was warmer than 2019, leading to earlier classifications for all
melt phases. Early melt commenced on 17 May 2017 and 26 May 2019. In both years, 0.2% of

incident PAR was transmitted through snow-covered sea ice to the 8.5-m depth of the mooring
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irradiance sensor as early melt commenced (Fig. 2g, h). Thereafter, air temperature increased and
reached the 0°C daily-averaged temperature threshold and backscatter peak for melt onset

delineation (Fig. 2c, d). Melt onset occurred on 19 May 2017 and 1 June 2019.
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Figure 2. Time series of daily averaged incident PAR (Eo(rar)) and air temperature (£ SD in grey shade)
retrieved from the Qikirtaarjuk Island meteorological tower, SAR y°nn, and transmitted daily-averaged
PAR (Ez(rar)) on the mooring for 2017 (a, ¢, e and g) and 2019 (b, d, f, and h), respectively. Air temperatures
of -5 and 0°C are highlighted as horizontal dashed lines in ¢ and d, while vertical purple lines identify early
melt (EM), melt onset (MO), pond onset (PO), and the first date of open water (OW) above the mooring
location.

MODIS imagery visually confirmed the validity of the pond onset threshold and
corresponding y°wn peak used for both years. Pond onset occurred 6 days after melt onset in 2017

(26 May), and 10 days after melt onset in 2019 (11 June), leading to a 16-day difference in the
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timing of pond onset between the two years. The average air temperature during the transition from
melt to pond onset for 2017 and 2019 was 1.54°C and 1.12°C, respectively. During this snow melt
phase in 2019, air temperature occasionally dipped below 0°C, whereas in 2017 it remained above
0°C. In comparison to early melt, there was 2% light transmittance at pond onset. During the pond

onset phase, E;par) levels increased at a higher rate than during the melt onset transition.

For both years, the period from pond onset to open water took place over 42 days. Ice
break-up occurred on 7 July 2017 and 23 July 2019. In 2017, ice cover over the mooring location
broke up and cleared away from the mooring location within a day. However, the ice cover in 2019
detached from the northern coast of the Dease Strait on 17 July, resulting in a large floe that drifted
southeast over the mooring and did not fully break-up until 23 July. After break-up, wind-induced
surface roughening created large y°nn oscillations. The seasonal peak in E;par) with an average of
~40% PAR transmittance to 8.5 m occurred shortly after ice break-up on 12 July and 27 July in

2017 and 2019, respectively.

3.3.2. NDI Calibration

Figure 3a presents the Pearson correlation matrix of chl-a concentration measured during
the 2017 field campaign versus the NDI wavelength combinations from under-ice arm
measurements. The wavelength ranges of 440 to 490 nm and 675 to 690 nm that correspond to
peak chl-a absorption were noted to have greater correlation coefficients. Following the selection
criteria of Mundy et al. (2007), the NDI (480:473) was within the waveband of minimal snow and
water absorption influence (400 to 550 nm), greater than the 3.4 nm spectral resolution, and had a
large Pearson correlation coefficient (r = 0.842, p < 0.01). Linear regression of NDI (480:473)

versus chl-a concentration was significant (p < 0.001) with an R? of 0.71 (Figure 3b). The resultant
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Figure 3. Pearson correlation matrix computed for all PAR NDI wavelength combination from the ICE-
CAMPS field samples (a) and linear regression plot for NDI (480:473) and chl-a concentration samples

(b).
3.3.3. Primary Producer Phenology

Daily median LOESS smoothed and calibrated chl-a concentration for the ice algal search
interval period and associated daily upper and lower quartiles are plotted in Figures Slaand b. The
range between quartiles was high before 1 March, when daily-averaged transmitted PAR was
<0.34 umol photons m2s1, The first-order derivative highlights inflection points in the smoothed
chl-a concentration time series used to determine events of the blooms (onset, end; Figures S1c
and d). The ice algal bloom onset did not differ significantly between years, occurring on 16 March
2017 and 11 March 2019. Assuming bloom onset was the start of any algal accumulation in the
sea ice and upper water column, the chl-a concentration time series was zeroed to this value, which
was 3.7 mg m? and 5.1 mg m?2 in 2017 and 2019, respectively (Fig. 4a, b). Thereafter, ice algal

bloom end dates occurred on 21 May 2017 (66-day ice algal bloom) and 3 June 2019 (84-day ice
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algal bloom). Both blooms peaked near melt onset. The 2019 ice algal bloom had a greater peak

magnitude at 14.9 mg m? than in 2017 at 11.4 mg m™. In each year, chl-a concentration

accumulation was consistent, yet at a slow rate. It is interesting to note that the first-order derivative

time series showed small oscillations during this slow accumulation of chl-a concentration in the

sea ice that appeared to match the lunar cycle. In terms of productivity, the net accumulation rates

were similar between 2017 (12.28 mg C m? d?!) and 2019 (10.34 mg C m? d1) (Table 2).

Furthermore, the PUR:PAR ratio reached a maximum of ~0.64 at bloom onset in early to mid

March and was similar between 2017 and 2019 (~0.63), slowly decreasing as the ice algal bloom

accumulated chl-a concentration (Fig. 5).

Table 2. Bloom-specific daily net accumulation rates and corresponding statistical parameters.

Bloom Sample Size (n) R? P-value Daily Net
Accumulation Rates
(mg C m2d?)
2017 | ice algae 66 0.91 p <0.001 12.28
under-ice 7 0.84 p <0.001 71.70
bloom
2019 | ice algae 84 0.93 p <0.001 10.34
under-ice 6 0.93 p <0.001 27.38
bloom
late- 31 0.75 p <0.001 23.30
summer
bloom

The decline of ice algal chl-a concentration was associated with an increase in transmitted

PAR that was accentuated with onset of surface melt pond formation (Fig. 29, h & 5a, b). The

increase in PAR halted as a short under-ice phytoplankton bloom (UIB) occurred in both 2017 and
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2019 from 1 to 8 June (7-day UIB) and 16 to 22 June (6-day UIB), respectively. Fluorometric in-
vivo chl-a estimates on the 2017 mooring verified the UIB where the bloom peak matched between
datasets (Fig. 4a-c). As the NDI chl-a concentration estimates were calibrated to ice algae, the
values presented for the UIB cannot be directly interpreted as absolute values. However, daily
accumulation rates were still estimated where the UIB in 2017 was observed to be more productive

(71.70 mg C m2 d1) than in 2019 (27.38 mg C m?d?).
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Figure 4. Time series of daily ice algal and phytoplankton phenology for 2017 (a) and 2019 (b), in vivo
chl-a fluorescence at 8.5 m (c), and wind speed (d) retrieved from the Cambridge Bay airport weather
station. The black line represents the radiometer LOESS-fitted median chl-a concentration. The gray-
shaded areas are identified bloom periods and blue shading plots transmitted light at 473 nm (E;p73)), 0ne
of the calibrated NDI wavelengths used. The orange line is MODIS-retrieved chl-a concentration. Vertical

purple lines identify early melt (EM), melt onset (MO), pond onset (PO), and the first date of open water
(OW) above the mooring location.
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Termination of the UIB led to an increase in transmitted PAR at 8.5 m depth in both years
(Fig. 29, h). The increase continued through ice break-up and corresponded to a similar increase
in the PUR:PAR ratio up to 0.63 in 2017 and 0.62 in 2019 (Fig. 5). However, the PUR:PAR ratio

never reached the value it was in late March, i.e., during the commencement of the ice algal bloom.
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Figure 5. PUR:PAR ratios for 2017 (a) and 2019 (b). Vertical lines identify early melt (EM), melt onset
(MO), pond onset (PO), and the first date of open water (OW) above the mooring location.

Towards the end of July in both years, there was evidence of phytoplankton activity at the
surface, observed via an increase in chl-a concentration and decrease in the PUR:PAR ratio (Fig.
4a, b and 5a, b). In 2017, the increase in chl-a concentration continued until the end of the mooring
time series on 12 August; however, it did not meet our classification criteria of a true late-summer
phytoplankton bloom. The extended time series in 2019 (mooring retrieval date of 18 September)
revealed that a substantial increase in chl-a concentration (surpassing the value of the ice algal
bloom) and corresponding decrease in the PUR:PAR ratio that lasted from 26 July to 26 August
(31 days). The 2019 late-summer bloom had a similar accumulation rate to that of the under-ice
bloom (Table 2). Retrieved Level 3 MODIS ocean colour chlorophyll concentration product (Fig.

4b) closely matched that estimated from the mooring NDI chl-a time series. Spearman rank
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correlation analysis for the NDI-based and MODIS-derived chl-a concentration estimates resulted
inrs = 0.86 in 2017 (n=20), and rs = 0.56 for 2019 (n=10). It is important to note that there were
more overcast days in 2019 during the late-summer bloom period, resulting in fewer clean MODIS
images. Daily averaged wind data retrieved from the airport in Cambridge Bay for the 2019 OW
period (Fig. 4d) showed strong wind speeds at >8 m s™ during the late-summer bloom period.
Wind-induced waves were also evidenced by greater SAR backscatter in the second half of August

(Fig. 2f).
3.4. Discussion

3.4.1. Melt Phases and Their Impact on PAR Transmittance

Our method to characterize the melt phases was heavily reliant on air temperature
thresholds, MODIS optical imagery, known FYI seasonal backscatter cycling, and the
corresponding under-ice light climate. Transmitted PAR at an 8.5-m depth (E;ar)) followed a
similar trend with melt progression in both years. The winter increase in E;par) prior to March was
proportional to elevating insolation levels after polar night and corresponded to the PUR:PAR ratio
reaching its highest values in winter, suggesting minimal algal absorption in the upper ocean during
this period. The influence of snow on limiting light transmittance dominates this period (Matthes

et al., 2020; Maykut & Grenfell, 1975; Nicolaus et al., 2013).

As air temperature rises above -5°C, the snowpack warms and undergoes physical and
thermodynamic transformations. Upon early snow melt, snow grains experience slight kinetic
growth and rounding (Colbeck, 1982), along with minor water inclusions (Barber et al., 1995;
Casey et al., 2016). However, the metamorphosis occurring during this stage likely had minimal

influence on E;par) relative to the seasonal increase in insolation. It is only as melt onset is
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approached that wet metamorphism starts to dominate, causing a rapid growth in snow grains
(Vérin et al., 2022), leading to a decrease in surface albedo (Mundy et al., 2014; Perovich, 2007),
and an exponential increase in light transmission that continues through the transition from melt
to pond onset. Water increasingly replaces air within the interstices of the snowpack (Denoth,
1980), shifting the snowpack from a scattering-dominant to an absorption-dominant state. This
transition facilitates further melt, resulting in snowpack depth decline and enhancing light
transmission. Additionally, ice algae attenuate PAR through sea ice during the transition from
winter to early melt to melt onset (Hill et al., 2022; Mundy et al., 2014; Welch & Bergmann, 1989),
noted through a leveling off in Exrar) and a decrease in the PUR:PAR ratio during the accumulation
phase of the bloom. Accordingly, the loss of the ice algal layer after melt onset likely contributed

to increased light transmission into the upper water column.

Calculations of the rate of change (exponential slope) during transitions between melt
phases, including the pond onset to open water transition, indicate that the greatest increase in light
transmission occurred during melt to pond onset. The rate of change from melt to pond onset in
2017 (0.114 umol photons m2 st d') was steeper compared to 2019 (0.042 pmol photons m2s*
d1), with the transition extended by 4 additional days in 2019. The difference can be attributed in
part to the air temperature variations between 2017 and 2019, as 2019 experienced lower
temperatures on average during this transition period and occasional drops below 0°C, likely
resulting in the refreezing of layers within the melting snowpack (Granskog et al., 2006).
Additionally, proxy snow depth data retrieved from Cambridge Bay suggested that the snowpack
was potentially deeper in 2019 than that in 2017 by up to 10 cm prior to early melt (Environment
Canada, 2022). As deeper snow covers can slow the melt process (lacozza & Barber, 1999), it is

suggested the longer 2019 pond onset transition was also a function of the deeper snow cover. It
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is noted that the 6-10 days for melt to pond onset transition observed in our study align with

previous time series observations that reported 8-10 days (Casey et al., 2016; Mundy et al., 2014).

The development of melt ponds during the pond onset to open water transition resulted in
a further increase in transmitted PAR to the under-ice environment. The initial rapid increase
continued from the previous transition toward pond onset was likely a function of a continued
decrease in surface albedo as the relatively smooth and impermeable FY1 sea ice surface initially
floods (Eicken, 2002; Polashenski et al., 2012). This increase was followed by a slower, steady
rise in transmitted PAR as ponds likely developed, becoming deeper and more transparent (Fetterer
& Untersteiner, 1998; Landy et al., 2014; Matthes et al. 2020), while snow cover between ponds
transitioned to a drained surface ice scattering layer with a slightly lower albedo (Light et al., 2022;
Matthes et al., 2020). The UIB in both years attenuated PAR reaching the under-ice water column
early in the ponding phase and corresponded to a decrease in PUR:PAR ratio values, indicating a
reduction in photosynthetic light quality in the surface waters. Following the UIB end, the
PUR:PAR rapidly rebounded to pre-UIB values, implying little algal matter was present in the
surface ocean. The peak of seasonal PAR transmittance occurred in the days after ice break-up in
July, well after the June solstice due to the sea ice cover, showing light limitation still influences
bloom timing in the local system during this period. That is, the impact of an earlier melt with a

warming climate (Stroeve & Notz, 2018) will lead to increased PAR reaching the water column.

3.4.2. Surface Bloom Phenology

This study provides the first complete quantification of interannual primary producer
bloom timing for a landfast seasonal sea ice Arctic marine system. Previous observations of ice
algal bloom phenology for landfast sites were reviewed in Leu et al. (2015). They compiled
regional data for different time spans (years to decades), averaged data per region, and statistically

68



fitted curves to bottom chl-a concentration time series. Using these fits, bloom start and end dates
were extracted following the approach used here of positive ice algal accumulation to its bloom
peak. For comparison, the 2-year averaged ice algal bloom period for Dease Strait was 75 (+ 9 SD)
days. This value fell in the mid-range of bloom periods from Leu et al. (2015), with Resolute
Passage, Nunavut exhibiting the shortest duration (54 days) and Utgiagvik, Alaska having the
longest duration (92 days). It is noted that ice algal bloom onset could be slightly earlier than
determined in our study due to limitations of our measurements. For example, there is a
dependence of our NDI chl-a determination on the sensitivity of the hyperspectral irradiance
sensor, where early season measurements were impacted by low solar angles and the attenuation
of available light through the snow, sea ice and water column to an 8.5-m depth. However, the start
dates reported here in mid-March fall in the expected range of bloom onsets given other field-

based and modelling estimates (Leu et al., 2015; Lim et al., 2022).

Although the bloom reached greater chl-a concentrations in 2019, the 2017 ice algal
accumulation rate was similar. This indicates that the deeper snow cover in 2019 extended the algal
bloom period due to insulation of the ice bottom from a warming atmosphere (Leu et al. 2015).
Therefore, our data suggest the net impact of a deeper snow cover is positive (greater biomass
build up) on ice algae in this particular area of the Arctic. Campbell et al. (2016) provided evidence
of light and nutrient co-limitation during the spring ice algal bloom in Dease Strait, a surmised
function of low light supply at night and nutrient limitation during the day. Indeed, Kim et al.
(2020) note that carbon accumulation rates in Dease Strait were lower than found elsewhere in the
Canadian Arctic Archipelago (Michel et al., 2002; Nozais et al., 2001; Smith et al., 1988; Smith &
Herman, 1991), owing to strong regional nutrient-limitation (Campbell et al., 2016; Back et al.

2021). A slower growth rate and extended bloom period could thus allow for greater nutrient
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supply, permitting a greater biomass build-up in the ice. The decline in ice algal concentration
thereafter is likely tied to bottom-ice sloughing with a warming ice cover and associated ice bottom
melt erosion and brine drainage (Apollonio, 1965; Fortier et al., 2002; Mundy et al., 2014; Selz et

al., 2018).

An interesting aspect of the ice algal bloom was oscillations in the first-derivative chl-a
concentration time series that had a similar periodicity to the fortnightly lunar cycle with troughs
mostly matching the full/new moon (spring tide under a M2-dominated tidal cycle; Rotermund et
al., 2021). Mechanical erosion of the ice algal layer combined with enhanced nutrient re-supply to
the ice bottom during spring tides can promote periodicity in ice algal biomass, physiology, and
production (Cota et al., 1987; Gosselin et al., 1985). Accordingly, the troughs in our dataset
matched with spring tides and therefore, peaks in accumulation occurred with the switch towards
neap tide as the algae likely exhausted the tidal re-supply of nutrients to the ice algal habitat during

the spring tide.

Asshort UIB occurred within 10-12 days after the peak of the ice algal bloom in both years.
The UIB commenced 6 days after pond onset in 2017 and 5 days after in 2019. Prior reports
indicate that UIBs are often associated with pond formation due to increased light transmittance
to the upper water column (Arrigo et al., 2014; Matthes et al., 2020; Mundy et al., 2014; Oziel et
al., 2019). It is noted that the increase of in vivo chl-a fluorescence occurred before the NDI-
determined initiation of the UIB. This discrepancy presents a limitation of the NDI-method due to
the radiometer integrating all light above the sensor, consequently masking the UIB start with the
end of the ice algal bloom. In total, the UIB lasted 7 days in 2017 and 6 days in 2019, with the
former exhibiting a larger daily accumulation rate. Since ice algae expend nutrients from the sub-

surface waters (Cota et al., 1987), the larger ice algal bloom in 2019 could have limited the
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magnitude of the UIB, given that Dease Strait is already a nitrogen-deplete system (Back et al.,
2021; Campbell et al., 2016; Kim et al., 2020; Williams et al., 2019). Indeed, Back et al. (2021)

observed a short-lived and relatively minor surface UIB prior to ice break-up in 2018 as well.

It is important to note that the NDI-technique was calibrated to ice algae and not
phytoplankton, suggesting caution should be taken when interpreting the magnitude of the UIB.
Unfortunately, data did not exist to accomplish the calibration. However, the relatively close match
in peak magnitude with satellite derived chl-a concentration during the open water period provided
some confidence in the estimate. In productive waters, UIB biomass are typically orders of
magnitude greater than that of ice algal blooms and constitute a significant proportion of annual
primary production (Arrigo et al., 2012; Oziel et al., 2019; Payne et al., 2021). A common
occurrence in the Arctic, particularly in oligotrophic regions where surface nutrients are rapidly
exhausted during the spring bloom, is a sub-surface chl-a maximum (SCM) layer that forms along
the pycnocline and nitracline (Ardyna & Arrigo, 2020; Martin et al., 2010). This note highlights
another limitation on the interpretation of our bloom phenology dataset in that it is limited to the
sea ice cover and upper 8.5-m water column. Although driven by wastewater discharge in
Cambridge Bay, the spring-summer open water bloom documented in Back et al. (2021) was
largely concentrated along the pycnocline between 20 to 30 m with little chl-a concentration
observed above 10 m. Therefore, it is plausible that our observations missed the main open water
bloom for the area. Immediately after ice break-up, the euphotic zone extended well-below 8.5 m
with 35.1% PAR transmittance reaching this depth in 2017 and 44.4% in 2019. Applying a surface
reflectance of 5% (Singh et al., 2022) with Beer-Bouguer-Lambert’s law (Wei & Lee, 2013) using
Eorar) from the meteorological tower and E;par) at 8.5 m provided an estimated PAR attenuation

coefficient of 0.117 and 0.089 m™, respectively, for 2017 and 2019. From this, a rough estimate of
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the euphotic zone, using a 1% surface transmittance definition, was estimated to be 39 m in 2017
and 51 m in 2019, which was similar to that estimated in Back et al. (2021) during the open water
period. This estimated euphotic zone supports the likely potential for greater primary production

occurring below 8.5 m.

The presence of a late-summer bloom in the region, such as that observed here in 2019,
was previously documented (Back et al. 2021). Back et al. (2021) showed that open water primary
production was largely restricted to an SCM. Furthermore, they showed an increase in surface
production during fall in 2018, occurring during a period of greater winds and mixing of nutrients
from below the mixed layer to the surface. Similarly, the 2019 late-summer surface bloom occurred
as winds increased with maximum speeds exceeding 10 ms?t in our study. Dease Strait
stratification is weak in winter, whereas the influx of terrestrial runoff and sea ice melt during
spring produces strong stratification, impeding vertical mixing during the spring-summer
transition (Rotermund et al., 2021; Williams et al., 2019). This strong stratification greatly limits
surface primary production during spring and summer (Back et al. 2021; this study). Although, the
fall bloom’s production in Back et al. (2021) was minor in comparison to the main summer bloom,
primary production was concentrated in the upper 10-m water column during fall. In 2019, the
late-summer surface chl-a accumulation was of similar magnitude as that of the under-ice bloom,
yet occurring over five times the duration. It is likely that the sustained winds enhanced nutrient
supply from below the mixed layer to promote an extended bloom observed here, supporting the

importance of wind-mixing on primary production in the local system.

The normalized MODIS chl-a concentration products verified the late summer surface
bloom event with its peak values being similar to the NDI-derived chl-a concentration. The fact

that the hyperspectral radiometer was based on transmitted light and the MODIS sensor is based
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on reflectance at the water surface, indicates that the radiometer could likely detect the bloom
lower in the water column prior to the satellite sensor. However, cloud cover was also a limitation
on the optical satellite sensor time series as well as the 4-km data product resolution. Regardless,
the earlier increase in the NDI-derived time series suggests that the bloom was influenced not only
by mixing nutrients, but by the presence of an SCM. This suggestion provides further insight on
how wind-induced blooms can develop in polar seas. Observations and projections of sea ice
retreat and consequent lengthening of open water periods suggest increased atmospheric-ocean
coupling (Barber et al., 2015; Crawford et al., 2021; Mioduszewski et al., 2018; Stroeve & Notz,
2018; Williams & Carmack, 2015), potentially leading to an intensification of wind-induced
blooms. Accordingly, it is concluded that the application of in situ transmitted spectral irradiance
data provides strong promise to enhance surface observations of the Arctic Ocean and can be used

in conjunction with other remote sensing techniques to support studies on bloom phenology.
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Figure S1. Time series of bloom search intervals for LOESS fitted median chl-a concentration and their
upper and lower quartiles for 2017 (a) and 2019 (b), with associated first-derivatives of chl-a concentration
(c, d). Gray-shaded areas are identified bloom period. Horizontal gray line is the threshold for positive
growth rate. Dashed green lines are dates of full/new moon phases.
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Chapter 4 | Conclusions and Recommendations

4.1. Conclusions

This thesis focuses on a study conducted in Dease Strait, which connects Coronation Gulf
in the east and Queen Maud Gulf to the west within the Kitikmeot Sea. The Kitikmeot Sea has a
unique physical oceanographic setting in the Canadian Arctic, characterized by substantial summer
freshwater influx due to terrestrial runoff and sea ice melt, and dense saline Pacific-water inflows
across its shallow bounding sills, forming an estuarine-like environment (Williams et al., 2019).
These distinct water masses produce a strong seasonal stratification with limited vertical mixing
of nutrients, except by reported under-ice currents through narrow straits (Dalman et al., 2019), or
wind-driven mixing (Back et al., 2021). With very little dissolved inorganic nitrogen available in
the stratified surface waters, ice algal (Campbell et al., 2016; Kim et al., 2020) and phytoplankton
(Back et al. 2021) production are strongly nutrient limited in Dease Strait, noted to be among the

lowest reported for the Arctic Ocean.

This thesis examined, for the first time, surface bloom phenology from winter-spring (ice-
covered) through summer-fall (open water) in a landfast sea ice environment in relation to snow-
ice melt state and light availability over two years of a subsurface-taut oceanographic mooring
deployment. Satellite SAR products combined with nearby meteorological observations enabled
the determination of surface melt states of the snow-/melt pond-covered sea ice. It was noted that
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ice algal bloom start times were similar for both years and contingent on snow depth controlling
light transmission. The ice algal blooms had similar rates of accumulation and their ends coincided
with snow melt onset. However, the 2019 algal bloom lasted 15 days longer than the one observed
in 2017, which was linked to a deeper snow cover in 2019. Due to co-limitation of light and
nutrients on ice algal growth (Campbell et al. 2016), the deeper snow cover was suggested
beneficial to the ice algal community, slowing melt progression and thus, permitting a greater
biomass accumulation in the sea ice that likely utilized more of the limited surface nutrient pool.
Therefore, as snow accumulation rates decrease over the Arctic Ocean (Webster et al., 2014), a
negative impact on ice algal phenology (i.e., earlier bloom termination) can be expected,

exacerbating the existing trend towards earlier ice melt (Stroeve & Notz, 2018).

Between snowmelt to ice-free conditions, a 100-fold increase in light transmittance was
observed. Of the three melt phases identified, the transition from melt to pond onset encapsulated
the most rapid increase in transmitted PAR to the under-ice water column, while the transition
from pond onset to open water saw the greatest absolute increase in transmitted irradiance.
Interestingly, estimated PUR:PAR ratios revealed that the highest quality of light for
photosynthesis occurred in winter just before onset of the ice algal bloom, and gradually
diminished throughout the year due to ice algal and phytoplankton accumulation in the upper
ocean. During the latter transition was a brief and relatively minor under-ice phytoplankton bloom
that occurred close after pond onset, lasting 6-7 days. The carbon net accumulation estimate during
the 2019 under-ice bloom (UIB) was lower than that in 2017, surmised to be associated with greater

nutrient limitation caused by the extended ice algae bloom.

The UIB ended well before ice break-up, implying that surface nutrients were rapidly

exhausted. Ice break-up occurred in early and late July in 2017 and 2019, respectively, causing the
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greatest penetration of irradiance into the water column to occur after the summer solstice when
insolation was seasonally decreasing. This fact implied that phytoplankton phenology is still
limited by light availability with the potential to shift earlier as climate warming causes an earlier
melt (Stroeve et al., 2021). In 2019, sustained wind-driven mixing generated a prolonged 31-day
late-summer surface phytoplankton bloom that was verified using ocean colour satellite products.
It was likely that this bloom was influenced by mixing of a sub-surface chl-a maximum (SCM)
below our surface observations provided the euphotic zone was estimated to be 39-51 m deep
during the period. However, the consistent increase in chl-a concentration during the bloom did
suggest new nutrients were mixed into the surface layer to support the greater accumulation rates.
This conclusion highlights the importance of wind-mixing on phytoplankton production in the
system. As the open water period increases with current climate change trends (Barber et al., 2015;
Crawford et al., 2021; Stroeve & Notz, 2018), greater atmosphere-ocean coupling can be expected
(Liang & Losch, 2018; Mioduszewski et al., 2018; Williams & Carmack, 2015) and thus enhance

phytoplankton production in the region.

4.2. Recommendations

The research presented in this thesis builds upon a biological oceanography baseline for
Dease Strait first reported by Campbell et al. (2016), and is an important step in developing long-
term monitoring capabilities of primary producer responses to physical variables, owing to sensor
technological advances. It also has the potential to contribute to monitoring in the region as
Cambridge Bay is home to the Canadian High Arctic Research Station (CHARS) and the
Kitikmeot Sea Science Study (KsS) mooring program supported in part by Fisheries and Oceans
Canada. The accumulation of long-term Arctic observations is crucial in discerning the effects of

climate change on the region. Responses and impacts of primary production blooms extend to

85



higher trophic levels and subsequently affect northern inhabitants. Given the duration of the study,
no larger climate change trends can be elucidated. Yet, this research is indicative of synthesizing
remote sensing methods when extended fieldwork is not feasible as the 2019 mooring-derived chl-
a concentration time series represents a true non-invasive estimation of surface primary producer

phenology.

To further explore the capabilities of the method described in this research, several

considerations and recommendations are proposed:

1) The main sensors aboard the annual oceanographic mooring used in this research were
a surface-facing hyperspectral radiometer and a chl-a fluorometer positioned 8.5 m
below surface. Lowering the sensors to a deeper location along the mooring line could
capture an extended potential phytoplankton bloom; however, as light increasingly
attenuates with water depth, the determination of bloom initiation would be impacted,
particularly for ice algae. Adding additional hyperspectral sensors at greater depths
would solve this problem; however, cost of additional sensors would provide a new
limitation. Incorporating other sensors could also provide valuable information about
bloom characteristics. For example, an Acoustic Doppler Current Profiler (ADCP)
could measure current velocity to assess the influence of tides and winds on surface
mixing and subsequent nutrient supply. Variability in water circulation could indicate
under-ice phytoplankton movement throughout the bloom and reveal late-summer/fall
bloom origins. Additionally, Nelson et al. (2019) observed zooplankton in Dease Strait
using ADCP data, suggesting that these data could be used to examine top-down
control of grazing on primary production in the region. Another sensor example is a

nitrate sensor (Mayot et al., 2020), which would offer insights into nutrient utilization
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2)

3)

by primary producers and the impact of ice algal nutrient draw-down on under-ice
phytoplankton production rates.

Deploying similar moorings in other settings within the region, or multiple
deployments, would facilitate further testing and validation. Dease Strait is considered
nutrient-deplete due to the effects of seasonal stratification. Placing the mooring
outside of the Dolphin Union Strait bounding sill could provide contextual information
on how Pacific waters with lower runoff influence affects primary production.
Conversely, positioning a mooring in a shallow coastal portion of Coronation Gulf,
where the Coppermine, Burnside, and Ellice Rivers flow, would likely see higher levels
of terrestrial nutrients mixing with nutrient-dense Pacific waters during in the open
water period, potentially lead to higher production estimates. Beyond the Kitikmeot
Sea, deploying moorings in landfast ice regions, and buoys in pack-ice (Hill et al.,
2018), with hyperspectral sensors across the Arctic Ocean, presents an opportunity to
gather a pan-Arctic perspective of long-term primary producer phenology. This
suggestion serves as a partial substitute for the BIO-Argo float network in polar waters
due to float damage caused by sea ice (André et al., 2020; Klatt et al., 2007).

All NDI calibrations to date have been done with ice algae due to easier access with ice
cores, control over sampling protocols, and seasonal predictability of collecting
samples over an extended duration. Future research should investigate calibrating to
phytoplankton for a true measure of phytoplankton bloom magnitude and its impact on
the region. Additionally, this research utilized MODIS-derived optical ocean colour
products to obtain surface phytoplankton chl-a measurements, with a 4-km data

product resolution. As the radiometer has a footprint of approximately 15 m, future
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4)

work would benefit from utilizing chlorophyll retrieval algorithms developed for the
MultiSpectral Instrument (MSI) aboard Sentinel-2 (S2; launched in 2015) with its
spatial resolution of 10-20 m. Although much of the chlorophyll data retrieved using
S2 have taken place in subarctic regions (Aranha et al., 2022; Cazzaniga et al., 2019;
Lietal., 2021), recent research by Asim et al. (2021) was conducted in the Barents Sea.
Additionally, the increased spatial resolution would potentially increase the number of
cloud-free S2 images for analysis.

Another vital recommendation arising from this research is the necessity of funding
and establishing a permanent long-term mooring with regular maintenance under the
auspices of KsS. A mooring extending at least 5-10 years is essential for discerning
trends in primary production in relation to physical variables. The two years of data in
this research have a one-year data gap between them. Real-time monitoring could also
offer a viable solution to this issue with continuous assessment of sensor functionality
and bloom activity. One possible approach is integrating a hyperspectral radiometer
into Ocean Network Canada’s observatory platform, which is already equipped with a
fluorometer. Alternatively, adopting the methodology employed by the Barrow Strait
Real Time Observatory (BSRTO), a cabled underwater ocean observatory operated by
Fisheries and Oceans Canada could be beneficial (Richards et al., 2017). Mooring data
on this system is acoustically transmitted to a data node, which is then transferred via
submarine cable to a station for subsequent data transmission by Iridium satellite for

web access.
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