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Arctic sea ice is experiencing a shorter growth season and an earlier ice melt onset. The significance of
spring microalgal blooms taking place prior to sea ice breakup is the subject of ongoing scientific debate.
During the Green Edge project, unique time-series data were collected during two field campaigns held in
spring 2015 and 2016, which documented for the first time the concomitant temporal evolution of the
sea ice algal and phytoplankton blooms in and beneath the landfast sea ice in western Baffin Bay. Sea ice
algal and phytoplankton blooms were negatively correlated and respectively reached 26 (6) and 152 (182)
mg of chlorophyll @ per m? in 2015 (2016). Here, we describe and compare the seasonal evolutions of a
wide variety of physical forcings, particularly key components of the atmosphere-snow-ice-ocean system,
that influenced microalgal growth during both years. Ice algal growth was observed under low-light condi-
tions before the snow melt period and was much higher in 2015 due to less snowfall. By increasing light
availability and water column stratification, the snow melt onset marked the initiation of the phytoplank-
ton bloom and, concomitantly, the termination of the ice algal bloom. This study therefore underlines the
major role of snow on the seasonal dynamics of microalgae in western Baffin Bay. The under-ice water col-
umn was dominated by Arctic Waters. Just before the sea ice broke up, phytoplankton had consumed most
of the nutrients in the surface layer. A subsurface chlorophyll maximum appeared and deepened, favored
by spring tide-induced mixing, reaching the best compromise between light and nutrient availability. This
deepening evidenced the importance of upper ocean tidal dynamics for shaping vertical development of
the under-ice phytoplankton bloom, a major biological event along the western coast of Baffin Bay, which
reached similar magnitude to the offshore ice-edge bloom.

Keywords: Under-ice bloom; Phytoplankton and sea ice algae; Arctic Ocean; Baffin Bay; Environmental
conditions; Light and mixing

1. Introduction

During the last four decades, the Arctic Ocean’s climate
has undergone rapid changes clearly evidenced by the
spectacular decline in sea ice extent and thickness, as well
as the length of the ice season (Kwok, 2018; Stroeve and
Notz, 2018; Serreze and Meier, 2019). Sea ice is an impor-
tant driver of marine primary production and consequently
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the whole ecosystem (Post et al., 2013; Meier, 2016). First,
the sea ice matrix provides a habitat for microalgae which
are incorporated into brine channels during freezing in fall
(Arrigo, 2017). Second, sea ice with its snow cover controls
the amount of light that penetrates into the underlying
water column (e.g., Mundy et al., 2007; Frey et al.,, 2011;
Assmy et al., 2017), and thus the potential photosynthetic
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activity of microalgae (Leu et al., 2015). Sea ice growth and
melt affect the processes responsible for the supply of nutri-
ents to the upper ocean by influencing stratification and
mixing (Randelhoff et al., 2017). Recently, the importance
of how the changing sea ice affects the under-ice dynamics
of microalgae has been recognized in other regions; how-
ever, little is known about Baffin Bay (Figure 1).

Low-light conditions are recognized to sustain ice algal
growth (Leu et al., 2015; Lacour et al., 2017; Hancke et al.,
2018). Although contributions of ice algae to the annual
primary production remain highly variable, depending on
the season and the region (<1 to 60%; e.g., Loose et al.,
2011; Dupont, 2012; Fernandez-Méndez et al., 2015), they
are a critical food source for the marine food web espe-
cially during the winter (Sereide et al., 2010). The seasonal
increase in solar radiation and the subsequent snow and
sea ice melt lead to the termination of the ice algal bloom
and to an increase in transmitted light and stratification
underneath the sea ice (Mundy et al., 2014). This com-
bined effect favors high phytoplankton growth in ice-cov-
ered waters as previously documented in the Arctic Ocean
(e.g., Fortier et al., 2002; Mundy et al., 2009; Assmy et al.,
2017). Under-ice phytoplankton blooms can reach mag-
nitudes similar to or even greater than those observed in
the open ocean with carbon fixation rates exceeding 30 g
Cm~2d"in one documented instance (Arrigo et al., 2014),
and are thought to account for more than half of the net
algal community production in the Canadian Archipelago
(Matrai and Apollonio, 2013).

The Western coast of Baffin Bay in the Canadian Arctic
is an Arctic Ocean outflow shelf (Figure 1, Tang et al.,
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2004; Carmack and Wassmann, 2006). A stable landfast
sea ice cover forms along the coast and creates a boundary
against the offshore mobile ice pack. The static landfast
sea ice has a relatively homogeneous thickness compared
to pack ice, favoring the spreading of meltwater on the
surface after the onset of snow melt in late spring and the
formation of high melt pond coverage (Landy et al., 2015).
The presence of melt ponds on the ice surface increases
the transmission of light through the sea ice, which can
trigger under-ice phytoplankton blooms (Mundy et al.,
2009; Ehnetal., 2011; Frey et al., 2011; Arrigo et al., 2012).
As part of the Green Edge project, this paper presents a
comprehensive and unique time series of physical, chemi-
cal and biological parameters collected during two con-
secutive years, 2015 and 2016, in western Baffin Bay. The
study objectives are to describe the physical processes at
play, from the atmosphere, the snow, and the sea ice to
the upper ocean, and to identify their roles in modulat-
ing the ice algal and phytoplankton spring bloom. While
this paper focuses on the temporal variability beneath
the landfast sea ice, an additional paper will investigate
the physical processes controlling the bloom in time
and space in the Baffin Bay marginal ice zone during the
Canadian Coast Guard Ship (CCGS) Amundsen cruise in
2016 (Randelhoff et al., 2019).

2. Materials and methods

The study site was located near the community of
Qikiqtarjuaq, south of Qikiqgtarjuaq Island, along the east-
ern coast of Baffin Island (67.48 N, 63.79 W, 350-m water
depth), and tightly connected with the Baffin Bay through

&
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Figure 1: Maps of Baffin Bay, surrounding seas and study site. Baffin Bay and its general surface circulation in the
Eastern Canadian Arctic Ocean under Atlantic (red) or Pacific (blue) water influence. The study site (ICE CAMP), south
of Qikigtarjuaq Island, is indicated by a red dot. The green cross indicates station 403, the nearest station sampled
by the CCGS Amundsen off the continental slope in 2016. Dashed and solid lines represent the variance ellipses of
the predicted tidal currents and the daily mean velocities (m s'), respectively. The arrows show the direction and
magnitude of the mean velocity fields at 10 m over the full period (2015 in black, 2016 in red). The camera pictogram
indicates the position where the time-lapse pictures were taken. Abbreviations: Baffin Island Current (B.I.C.), Baffin
Bay (B.B.), East Greenland Current (E.G.C.), Labrador Current (L.C.), Labrador Sea (L.S.), North Atlantic Current (N.A.C.),
West Greenland Current (W.G.C.). DOI: https://doi.org/10.1525/elementa.372.f1
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a 600-m deep trough (Gilbert, 1982) (Figure 1). The sam-
pling was conducted during two consecutive years: from
28 March to 14 July 2015, and from 27 April to 22 July
2016. Sampling ended for the 2015 expedition on 14 July
because the melting of sea ice close to the shore created
dangerous conditions for snowmobile driving. However,
in 2016, the use of an airboat on the fragile sea ice after
11 July allowed the extension our time series until 22 July
2016.

2.1. Snow and sea ice data
Every 2-3 days a sample site was chosen at an undis-
turbed location randomly selected within a 1.2-km radius
throughout the project. At the sample site, 5-8 snow
depth measurements were made with a metal ruler. A min-
imum of four ice cores were collected using an ice corer
(2015: Kovacs Mark V 14-cm diameter corer for nutrients
and algal biomass, Kovacs Mark IV 9-cm diameter corer
for temperature and salinity; 2016: Kovacs Mark IV 9-cm
diameter corer). The sea ice thickness and freeboard, i.e.,
the height of the sea ice surface from the sea surface, were
measured through the ice core holes using a thickness
gauge (Kovacs Enterprise). Two full ice cores were sampled
as described in Miller et al. (2015) to measure vertical pro-
files of temperature and bulk salinity. Ice temperature was
measured at 10-cm intervals using a high-precision ther-
mometer (Testo 720; £0.1°C). For ice salinity, the ice was
cut with a handsaw into 10-cm sections, which were stored
in plastic containers (Whirl-Pak bags) and later melted at
room temperature. Bulk salinity of the melted ice sections
was determined using a conductivity probe (2015: WTW
330i handheld conductivity meter; 2016: Thermo Scien-
tific Orion portable salinometer model WP-84TPS) that
was calibrated every sampling day with seawater stand-
ard (35) and MilliQ water (0). Brine volume fraction (%),
a controlling factor for ice permeability, and brine salinity
were calculated for each 10-cm section using the ice tem-
perature and bulk salinity following Cox and Weeks (1983)
and Leppdranta and Manninen (1988); see Gourdal et al.
(2019) for a more detailed description of the method. For
the biological and chemical analyses, at least two bottom
10-cm sections (0-3 cm and 3-10 cm layers) of ice cores
were pooled in a 20-L dark isothermal container, with 10
volumes (ice/water ratio = 1/10) of filtered seawater (0.22
um polyvinylidene fluoride filter, PVDF, Thermo Fisher Sci-
entific) added to minimize osmotic stress on microalgae
cells, and melted overnight (Bates and Cota, 1986; Garrison
and Buck, 1986). Analyses (described in Section 2.4) were
performed as soon as the ice had melted, or within 24 h,
at room temperature (~15°C). The nutrients present in the
filtered surface seawater were measured separately and
corrected for final estimation of nutrient concentrations
in the sea ice sections. In 2016, the filtered seawater was
replaced by artificial seawater (MiliQ water with 35 g of
Suprapur© NaCl) which did not contain nutrients.
Continuous measurements of wind speed and air tem-
perature were recorded with a meteorological station
positioned near (<100 m) the center of the 1.2-km radius
(Automated Meteo Mat equipped with temperature
(HC2S3) and wind (05305-L) sensors, Campbell Scientific).
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The day of the snow melt onset was identified as the date
after which the snow thickness stopped increasing and
when the air temperature approached 0°C during the day.
A positive air temperature was associated with a strong
decrease in the near-infrared (1000 nm) albedo (measured
every sampling day with a custom-built radiometer, Solalb,
LGGE), making it a good indicator for snow melt onset in
our case (see Verin et al., 2019, for more details). Sea ice
concentration was inferred from the satellite AMSR2 radi-
ometer dataset on a 3.125-km grid (Spreen et al., 2008).
The closest pixel of sea ice concentration was less than
500 m from the study site. The sea ice breakup was deter-
mined as the date when the sea ice concentration was
below 80% and when major cracks appeared around the
study site, i.e., when the sea ice at the study site detached
from the landfast ice (Figures S1, S2). Melt ponding onset
and ice breakup were determined visually in the field and
cross-checked using: 1) a time-lapse camera installed on
Qikiqtarjuaq Island at 300 m above sea level and aimed
south (Figure 1), 2) pictures taken of the study site from
an unmanned aerial vehicle (UAV) almost every sam-
pling day, and 3) satellite data (‘true color’ images from
Landsat-8 and Sentinel-2, Figures S1 and S2).

2.2. Optical measurements

In-water multispectral radiometric data were acquired
every 2—3 days using an underwater spectroradiometer
(IcePRO, Biospherical Instrument Inc.). The IcePRO is a
modified version of the C-OPS made by the same manu-
facturer (Compact Optical Profiling System; Hooker et al.,
2013) to measure downwelling irradiance (E (z))) and
upwelling radiance (L (zA)) under the ice to a depth z of
up to 100 m, together with above surface downwelling
irradiance E (0*,1). Photosynthetically available radiation
(PAR) at each depth (PAR(z), mol photons m= s7') was cal-
culated as follows:

PaR(z)=[" £, (2,2)d2

Daily photosynthetically available radiation (PAR,, (z), mol
photons m= d™') in the water column was calculated by
multiplying surface PAR,,(0") by the instantaneous trans-
mittance, t(z), profile calculated from the C-OPS as follows:

PARy4,(2) = PARy,, (0+) x £(2)

where t(z) = PAR(z)/PAR(0*). In 2015, downwelling
shortwave irradiance K (W m=) was acquired using a
pyranometer (CNR4, Kipp and Zonen) between 300 nm
and 2800 nm. We then calculated PAR using the follow-
ing formula

fract x K x cf x10°
N,

PAR =

where ¢f = 2.77 10" photon s' W-! (Morel and Smith,
1974), N, is Avogadro’s number, and the factor of 10° is
used to convert from mol photons to pmol photons. The
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PAR fraction, fract, was modulated by a function of the
solar zenith angle following Kirk (2011) and references
therein. In 2016, downwelling PAR was directly measured
using a LI-190SA instrument (Li-COR). On regular occa-
sions, instrument failure resulted in missing PAR,,(0")
measurements (24 d in 2015 and 5 d in 2016). For these
days, PAR,,,(0*) was computed every 3 h using the Santa
Barbara DISORT Atmospheric Radiative Transfer model
(SBDART, Ricchiazzi et al., 1998) as described in Bélanger
et al. (2013) and Laliberté et al. (2016).

Under a spatially heterogeneous surface of sea ice and
snow, measuring a representative attenuation coefficient
over a given large area is challenging because the profiles
are characterized by subsurface light maxima occurring
between depths of 5 and 10 m. To reduce the effect of
sea ice surface heterogeneity on irradiance measurements
(e.g., Ehnetal, 2011, Frey et al., 2011; Katlein et al., 2015),
the vertical attenuation coefficients of PAR, K (PAR), were
calculated by fitting a single exponential function on PAR
profiles between 10 and 50 m. Then, estimated K (PAR)
was used to estimate PAR at 1.3 m (PAR(1.3m), for more
details, see Massicotte et al., 2018). Note that 1.3 m corre-
sponds to the average ice thickness measured during the
field campaign and thus to the first measure under the
ice.

In the present study, the euphotic zone is defined as the
layer between the surface and the depth where PAR, ,(z)
= 0.415 mol photons m™ d™', denoted Z_, .. We prefer to
define the euphotic zone in absolute rather than relative
terms (cf. the usual 1% depth) because of large seasonal
variations in incident irradiance at high latitudes, as well
as sustained low levels even during the summer due to
sea ice. The threshold adopted here was found to match
the 1% depth in the subtropical North Pacific by Letelier
et al. (2004), and was later used by Boss and Behrenfeld
(2010). Lacour et al. (2015) used a lower threshold of
0.1 mol photons m= d-' for the North Atlantic. Letelier
et al. (2004) measured scalar irradiance using a spheri-
cal sensor, while the C-OPS used in this study measures
planar irradiance. Field measurements at the study site
(Matthes et al., 2019) indicate that the conversion from
planar to scalar irradiance relies on a multiplying fac-
tor of ~1.4 within the upper 20 m of the water column.
With the companion paper (Randelhoff et al., 2019), we
estimated that by using planar irradiance, the isolume
depths are underestimated by approximately 1-7 m. The
isolume depths in this study are thus conservative and
indicate the depth range at which microalgal growth is
greatly favored, but they are not based on a physiological
response.

2.3. Hydrographical data and methods

Conductivity, temperature and depth (CTD) profiles were
collected using a Sea-Bird Electronics 19plus V2 CTD sys-
tem (factory calibrated prior to the expedition) deployed
from a 1-m? hole in the ice under a tent (Polarhaven,
Weatherhaven) from the surface water down to 350 m.
The data were post-processed according to the standard
procedures recommended by the manufacturer and aver-
aged into 1-m vertical bins. Ocean current profiles in the
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water column were measured using a downward looking
300 kHz Sentinel Workhorse Acoustic Doppler Current
Profiler (ADCP) by RDI Teledyne mounted just beneath
the sea ice bottom through a 25-cm auger hole. The
first valid bin was located at a depth of about 4 m; sub-
sequent bins were spaced with a 2-m vertical resolution
and data were collected every 30 min. Flagged data due to
large tilt angles as well as data associated with estimated
errors (percentage of the signal variance) above 50% were
rejected, which led us to consider only the data from
depths between 7 and 40 m. Data were also corrected
for the magnetic declination. Mean current velocities
(\Ja*+v?) were obtained by daily averaging.

To identify the origins of the water masses in 2015
and 2016, we derived the “Arctic N-P relationship” (ANP;
Jones et al., 1998; Newton et al., 2013), which basically
distinguishes between waters with Atlantic (ANP = 0) and
Pacific (ANP = 1) signatures based on the [NO,] vs [PO,]
relationship (Figure S3). More details on this method are
described in Newton et al. (2013) and Randelhoff et al.
(2019).

We derived a winter mixed layer depth (MLD; Rudels
et al., 1996) “baseline” for the study (Figure S4) based on
late April measurements. MLD is the bottom of the den-
sity mixed layer, which is defined as the shallowest depth
at which the density exceeds a critical density difference
(Ao = 0.1 kg m~3; see Peralta-Ferriz and Woodgate, 2015),
relative to the surface density. Such a conventional MLD
algorithm is less useful later in the year due to strong sur-
face stratification. Most profiles included in our study do
not have such a surface mixed layer. Therefore, we also
calculated an equivalent mixed layer depth h, or depth
of the “buoyancy deficit” as described in Randelhoff et al.
(2017), which is more adapted for describing a seasonal
freshening and continuous vertical density structure. The
h, shoals when the seasonal stratification increases, and
it defines the area where mixing is possible. For this study,
the h,, was derived with a density reference at a depth
of 50 m (see Randelhoff et al., 2017) based on the MLD
found in late April.

Vertical profiles of water column turbulence were
measured on 23 June 2016 during a 13-h period. We
used a self-contained autonomous microprofiler (SCAMP,
Precision Measurement Engineering, California, US.A.)
falling freely at roughly 0.1 m s down to a maximum
depth of 100 m. The dissipation rate of turbulent kinetic
energy (¢) was obtained from fitting the theoretical
Batchelor spectrum to the SCAMP inferred microstruc-
ture temperature gradient spectrum using the modified
maximum likelihood method from Ruddick et al. (2000)
over 1-m deep segments. More details about the method
can be found in Cuypers et al. (2012). The diapycnal dif-
fusivity (K ) was parameterized as a function of turbulence
intensity (buoyancy Reynolds number Re,) for different
turbulence regimes (Bouffard and Boegman, 2013). As
opposed to the Osborn (1980) formulation, which uses a
constant mixing efficiency that overestimates K at high
Re,, this parameterization accounts for the variability in
the mixing efficiency depending on the intensity of the
turbulence.
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2.4. Nutrients and chlorophyll a

To measure inorganic nutrients, nitrate (NO,"), nitrite
(NO,"), phosphate (PO,*) and silicate (Si(OH),), seawater
and melted sea ice samples were filtered through GF/F
filters and poured into 20-mL sterile polyethylene flasks.
Thereafter, the samples were poisoned with 100 pL of
mercuric chloride (600 mg per 100 ml) and stored in the
dark until analyses in the laboratory using an automated
colorimetric procedure (Aminot and Kerouel, 2007). A
nitracline depth was defined as the shallowest depth
where NO,” concentration exceeded 1 uM, based on
depth-interpolated profiles of NO,~ concentrations.

Every second day, seawater samples were collected
through the 1-m? hole under the tent at eight depths
(among the ice-water interface, 1.5, 5, 10, 20, 40, 60, and
75 m) using Niskin bottles. The concentrations of total
chlorophyll a (TChla, the sum of chlorophyll a, divinyl-
chlorophyll a and chlorophyllide a) in seawater (TChla,)
and melted sea ice samples (TChla, , ) were measured by
high performance liquid chromatography (HPLC, Agilent
Technologies 1200). Particle samples, collected on GF/F
filters, were kept frozen at —80°C until analysis in the labo-
ratory, as per the protocol described by Ras et al. (2008).
Fluorescence profiles, a proxy of chlorophyll a concentra-
tion, were also estimated with a CTD-mounted chloro-
phyll a fluorometer down to 350 m (Wetlabs ECO-FLRT
s/n FLRT-3385).

3. Results

3.1. Weather conditions

The late autumn/early winter (October to December) of
2014-2015 was slightly warmer than the same period
in 2015-2016 (Figure S5A, Qikiqtarjuaq airport). In
December 2014, the monthly average air temperature
was about —20°C, while it was —24°C in December 2015, a
month of intense sea ice formation. In both years, strong
winds were observed in late autumn. For example, a daily
averaged wind speed exceeding 15 km h~! persisted over
nine consecutive days between 9 and 17 November 2014.
The following year, a storm was detected with a rather
short duration of 3 days (24-26 December 2015), but
stronger intensity with a daily averaged wind speed of 37
km h' (red vertical lines, Figure S5B).

During the winter (from January to March), tempera-
tures were lower in 2015 than in 2016, with a monthly
mean air temperature minimum of —36°C in February
2015 compared to —28°C in February 2016. The winter in
2015 was one of the coldest of the last 35 years for north-
ern Canada (Figure S6). Weather conditions prior to the
field campaigns (from the freezing onset in November to
April) were also different in terms of total precipitation (in
equivalent water) with values 5 times lower in 2014-2015
compared to 2015-2016 (6.3 mm and 34.2 mm, respec-
tively) (Figure S5D).

At the end of April, the air temperature was lower in
2015 compared to 2016 (—15°C and —10°C respectively;
Figure 2A); the year 2016 also experienced warm events
(>0°C) in early May. Sea ice thickness was about 1.2 m
in both years, but the snow cover was initially thinner
in 2015 than in 2016 (~20 cm and 40 cm, respectively;
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Figure 2D). However, more snowfall events occurred in
mid-May 2015 compared to the same time period in 2016
(Figure S5D) leading to a thicker snow layer (~40 cm and
30 cm, respectively).

By the end of May, snow/ice thickness ranged around
15-40 cm/110-135 cm in 2015 and 20-50 cm/115-150
cm in 2016 (Figure 2D). Sea ice was much colder and
saltier in May 2015, with ice temperatures below —3°C
(Figure 3A) and bulk salinity reaching 12 throughout
most of the ice thickness (Figure 3B) compared to barely
—1.5°C and 6, respectively, in May 2016. In 2015, the sea
ice started to warm and freshen slightly after the air tem-
perature first reached 0°C, as well as during the rest of
the snow melt period (Figures 2A, 3A). In comparison, in
2016, bulk salinity was very low and homogeneous from
May to July, and the ice temperature increased as soon as
the air temperature hit 0°C. In May 2015, the brine volume
was about 50% greater than that observed in 2016 (ver-
tical average of 15% and 10%, respectively; Figure 3C).
During both years, the seasonal variation of the depth-
averaged brine volume in the sea ice increased with time
(Figure 3C) ranging from about 6 to 35% in 2015 and
from 7 to 25% in 2016. The proportion of brine volume in
the bottom 10 cm of the sea ice cores was twice as high in
2015 as in 2016 (24.4 + 8.5% and 12 * 3.1%, respectively;
significantly different: t-test, p-value = 1.9 x 1079).

3.2. Light transmission

Light transmittance through the snow and sea ice covers
differed between the two years (Figures 2E, S8). At the
beginning of May 2015, about twice as much light was
transmitted as at the same time in 2016. Later on, the
situation reversed. Under-ice PAR at 1.3 m (PAR(1.3m))
decreased by a factor of 3.6 in 2015 (0.12 to about 0.033
mol photons m= d-'), while it increased by a factor of 3.2
in 2016 (0.05 to about 0.16 mol photons m= d-'). By the
end of May, PAR(1.3m) was on average three times higher
in 2016 compared to 2015.

In 2015, the snow thickness started to decrease and the
temperature rose above 0°C five days later than in 2016
(8 and 3 June, respectively; Figure 2A, D). These dates
marked the snow melt onset (Figure 2D). During the
snow melt period (~2 weeks), PAR(1.3m) increased signifi-
cantly by about a factor of 10 in 2015 (from 0.1 to 1 mol
photons m~ d') and by a factor of 17 in 2016 (from 0.2
to 3.4 mol photons m=2 d-'). PAR(1.3m) started exceeding
the 0.415 mol photons m= d-' threshold one week after
the onset of the snow melt in both years (Figure 2E). Once
the snow depth was <10 cm, i.e,, in an advanced melting
stage, melt ponds started to form on 22 June 2015 and 15
June 2016 (Figure 2D). The melt ponds appeared concom-
itantly with further warming and freshening of the sea ice
(Figure 3). During this melt pond period, PAR(1.3m) con-
tinued to increase and reached values three times higher
(from 1 to 3.4 mol photons m= d-" in 2015 and from 3.6
to 10 mol photons m=d~"in 2016). By mid-July, PAR(1.3m)
had increased by about three orders of magnitude from
late April.

PAR(0*)(atmospheric reference above sea ice) decreased
by a factor of two (from 62 to 29 mol photons m= d')
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Figure 2: Temporal evolution of the environmental conditions in the air-snow-ice-ocean system. Time series of
daily averaged environmental conditions for 2015 (left) and 2016 (right) of A, B: air temperature (°C) and C, D: wind
speed (km h™') from the meteorological station with standard deviation in gray; E, F: remotely sensed sea ice con-
centration (%) from the AMSR-2 satellite; G, H: in situ snow and sea ice thickness (m), with melt ponds qualitatively
illustrated in deep blue; I, J: in situ PAR(0*) above surface in gray with modeled values in black dots, underwater PAR
at 1.3 min black solid line, and at 20 m in dashed black line. Horizontal thin lines represent the 0.415 isolume thresh-
olds from Letelier et al. (2004). Data in G, H,  and ] are collected at the center of the sampling circle of 1.2-km radius
every 2—3 days. Vertical dotted lines with triangle indicators on top chronologically represent snow melt initiation,
melt pond initiation and sea ice breakup. The red dashed line indicates the date when turbulence was measured over
a 13-h period. Dates are month/day. DOI: https://doi.org/10.1525/elementa.372.f2

due to increasing cloudiness from 19 to 25 June 2016. The  Tang et al., 2004). We offer these precise definitions of
same factor of two applied to PAR(1.3m) underneath the water masses observed at the study site and for the closest
seaice (3.4 to 1.6 mol photons m2d"). In 2015, PAR meas-  sampled station during the 2016 CCGS Amundsen cam-
urements were not conducted until the ice breakup (22  paign in the same period (see station 403 in Figure 1):
July 2015), but the 2016 field study shows that PAR(1.3m)

reached values (18 mol photons m= d™'), of about the 1. Atlantic Waters (AW). These waters are more spe-
same order of magnitude as the above surface PAR(0") cifically an Atlantic-derived water mass (Figure 4)
(~55 mol photons m= d™') just before the breakup on 18 defined by a conservative temperature ® > 1°C and
July 2016. In contrast, PAR(20m) decreased by a factor of absolute salinity S, > 34 (g kg™'), because they are
three in 2015 and seven in 2016 during the melt pond colder and fresher than original Atlantic waters. AW
period until the ice breakup. were found generally deeper than 300 m, and only

partially captured in 2016. Samples at depth at the
3.3. Water masses and currents study site were actually thermocline water, and nu-
The conservative temperature-absolute salinity diagram trient sampling did not extend deeply enough to
(Figure 4) and the ANP relationship (Figure S3) allowed characterize ANP for this water mass. However, off-

us to update the estimates found in the literature (i.e., shore measurements made in 2016 from the CCGS
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Figure 3: Temporal evolution of sea ice properties. Time series for 2015 (left) and 2016 (right) of A, B: sea ice
temperature; C, D: bulk salinity; and E, F: brine volumes as a function of depth (with sea ice thickness in light grey
background). Vertical dotted lines chronologically represent snow melt initiation and melt pond initiation. The red
dashed line indicates the date when turbulence was measured over a 13-h period. Dates are month/day. DOI: https://

doi.org/10.1525/elementa.372.f3
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Amundsen research icebreaker showed ANP < 0.1
(Randelhoff et al., 2019). In the literature, this wa-
ter mass has also been referred to as West Greenland
Intermediate Waters, West Greenland Current Water
or Baffin Bay Intermediate Water (Tang et al., 2004;
Miinchow et al., 2015).

2. Arctic Waters (ArW). These waters are defined by
®<-1°Cand S, < 33.5 g kg' (Figure 4). ArW were
the main water masses found at the study site. The
range of ArW ANP was 0.4-0.6 from April to June
2015, and 0.6-0.8 during the same time period in
2016. The average was 0.51 in 2015, and increased to
0.62 in 2016. These ArW ANP values are higher than
those reported offshore from the CCGS Amundsen
cruise (Randelhoff et al., 2019).

3. Surface Meltwaters. These waters form from ice
melt in spring. They remain mainly near the surface
and increase in temperature due to contact with the
atmosphere and radiative heating, which leads to a
very wide range of temperature and salinity. How-
ever, they are generally fresher and warmer than the

Oziel et al: Environmental factors influencing the seasonal dynamics of spring algal blooms in
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The surface signature of the ArW in the top 150 m
remained very similar to that of Station 403 of the CCGS
Amundsen station grid (Figure 4), which suggests that the
study site is representative of offshore sites in terms of
hydrography.

In late April, before summer stratification, the MLD was
about 55 and 58 m deep for 2015 and 2016, respectively
(Figure S4). The depth of the MLD coincided well with the
depth of the winter overturning (i.e., the depth of the min-
imum temperature; Figure 4) which ranged from ~ 40 m
in 2015 to 70 m in 2016. In both years, the melt pond
onset coincided with a decrease in surface salinity in the
first 5 m (from 32.5 to 28 g kg™' in 2015 and from 32.2
to 30.6 g kg™' in 2016; Figure 5C) and an increase in the
surface temperature (from —1.6 to —0.45 °C in 2015 and
from —1.6 to —0.9°C in 2016; Figure 5B).

Whereas in winter the water column was stratified only
by salinity gradients (Turner angle < —45°; Figure S9), the
melt pond period was always characterized by a combined
effect of temperature and salinity on stratification (—45° <
Turner angle < 0°; Figure S9). Increases in meltwater and

ArWw. solar radiation made the surface water both fresher and
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Figure 5: Hydrographic temporal evolution of the water column. Time series for the years 2015 (left) and 2016
(right) of A, B: in situ absolute current velocities at 10-m depth in black and predicted from a harmonic analysis in
red; C, D: conservative temperature © (°C) and E, F: absolute salinity S, (g kg™') fields (color bars), with superimposed
isopycnals of potential density anomaly lines; and G, H: Brunt-Vdiséla frequency N (s™?) (gray-scale bar) with the h,
is in red line. Vertical dotted lines chronologically represent snow melt initiation, melt pond initiation and sea ice
breakup. The red dashed line indicates the date when turbulence was measured over a 13-h period. Dates are month/

day. DOLI: https://doi.org/10.1525/elementa.372.f5
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warmer, which increased surface stratification by a factor
of 10 (Brunt-Vdisdla frequency 10 m N? > 10~* s~ against
values of < 10~ s~ before the melt pond onset, 1.5-5 m)
in early July (Figure 5D). The meltwater accumulation is
also illustrated by the shoaling of the h, from 25-30 m to
about 5-20 m (Figure 5D).

This association between sea ice melt and upper ocean
stratification seemed to be timed with maximal current
speed fields in early July in both years. This timing cor-
responded to a spring tide cycle (Figure 5A) with maxi-
mum current velocities of about 0.25 m s™' in 2015 and
0.45 m s7' in 2016 recorded between 3 and 11 July. This
period also corresponded to maximum mean current
speed (~0.12 m s™' in 2015; ~0.2 m s~' in 2016; Figure 6A)
concomitant with a local isopycnal deepening. The daily
mean kinetic energy (KE = 1/2 [u*+ v?], at 10 m) was 3-5
times higher on average during the spring tides compared
to the neap tides (~55 cm? s vs < 15 cm? s in 2015 and
~150 cm? 52 vs < 30 cm? s in 2016).

The water-column profiles of temperature, salinity
and density were highly modulated by this spring-neap
tidal cycle, resulting in periodic shoaling and deepen-
ing of isolines (Figure 5; see Figure S9 for the entire
water-column profile). The amplitude of the isopycnal
oscillations reached several tens of meters (~20-30 m)
indicating important baroclinic motions. The semi-diur-
nal signal was aliased by the daily sampling so that the
observed spring tide amplitude lagged and was always
weaker than the real one, but the apparent periodicity
is equal to the spring-neap cycle modulation duration
(~4 days). We used a harmonic analysis (Pawlowicz et al.,
2002) to derive predicted tides on each valid bin (from
10 to 40 m). As expected, the tide was found to be the
main driver of local currents explaining about 70% of
their variance, and it was dominated by the semi-diurnal
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component M2 (Figure S10). The predicted tidal currents
correlated significantly with the total observed ones (r =
0.60, p < 10™), but the prediction underestimated the
magnitude of the tidal component of the observed cur-
rent. The tidal current appears to have about the same
direction and magnitude between 10 m and 40 m (Figure
S11), and was roughly aligned with the 350-m isobath
(Figure 1). The amplitude of the tidal currents was about
half as large in 2015 than in 2016, which is more likely
to happen with baroclinic currents that are very sensitive
to stratification. Modelled tidal currents from a 2-D baro-
tropic model (WEBTIDE v0.7.1; Collins et al. 2011) gave
similar results (spring tide velocity ~ 4 cm s™') for both
2015 and 2016.

We also recorded a residual signal (total measured —
tidal prediction — mean current) with a 12.5-h period. This
signal may be typical of internal waves, especially when
measured on the shelf break of a narrow fjord, where a
tidal signal may be modulated on a M2 period (Morozov
and Paka, 2010) and result in an isopycnal oscillation such
as the one observed at the study site. The rest of the sig-
nal can be attributed to a weak mean current (Figure 6).
Averaged over the whole time series, the intensity of the
mean current peaked at 0.06 ms™'in 2015and at 0.1 ms™'
in 2016 with respective averages of about 0.03 m s' and
0.045 m s7'. In 2015, the velocity field pointed East in
2015 from late April until mid-May. It then shifted North,
and finally, after mid-June, it pointed West (in-fjord). In
2016, the velocity field was much more stable, almost con-
stantly facing West.

3.4. Mixing and turbulence over one M2 tidal cycle (13 h)
The median profile of the rate of dissipation of turbulent
kinetic energy () over the entire 13-h deployment period
shows a 20-25 m thick top layer of elevated dissipation

Depth (m)

Depth (m)

B A A G P P Y <A a AP L Lt LT R

2016

Mean current velocity (m 5‘1)

o
Mean current direction (deg)

Figure 6: Temporal evolution of the mean ocean current profiles. Time series for 2015 (left) and 2016 (right)
of daily mean of A, B: current velocity (m s', grey-scale bar); and C, D: current direction (0° = northward, color
bar). Red indicates an out-fjord/eastward direction, while blue represents an in-fjord/westward direction. Dates are
month/day. DOI: https://doi.org/10.1525/elementa.372.f6
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rate with values above 10 W kg' (Figure 7). Deeper, in
the more stratified layer, an alternation of low and high ¢
was observed, suggesting internal wave-breaking events.

An overview of the ¢ profiles over the 13-h high-fre-
quency sampling period reveals that higher dissipation
occurred during the first half of the sampling period when
currents were stronger (Figure 8). As the tides dominate
the current and the SCAMP sampling was taken at spring
tide, spanning a complete tidal cycle, we assume that the
mean dissipation rate in Figure 7 is representative of an
upper bound for the 2016 period during an early stratifi-
cation stage. Dissipation was likely lower in 2015 due to
weaker currents.

Oziel et al: Environmental factors influencing the seasonal dynamics of spring algal blooms in
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The mean (time-averaged over the 13-h period) mixing
coefficient K, also called turbulent or eddy diffusivity,
indicates the capability of the flow to mix tracers like heat,
salt, nutrients, or algae. K reveals a complex vertical struc-
ture. A very thin ice meltwater layer had started to form
a few days prior to the SCAMP deployment, and it drove
a marked reduction in K in the first few meters because
strong stratification inhibits vertical mixing. Nonetheless,
K was more elevated in the mixing layer (3.4 x 10 m*s™")
and weaker below (2.1 x 10* m? s7!). Therefore, a parcel
located in the mixing layer could be vertically mixed and
transported over a length scale of about 1.2 m every day,
simply based on the dimensional argument that diffusivity

Depth (m)

104
Kz(m2s1)

Figure 7: Averaged turbulence profile during a tidal cycle. Time-averaged mean (thin, solid) and median (thick,
dashed) dissipation rate of turbulent kinetic energy () on the left and time-averaged mean (thin, solid) and median
(thick, dashed) vertical turbulent diffusivity (K)) on the right, sampled using the SCAMP during a 13-h period over a
tidal cycle in 2016. The grey shading indicates the 95% confidence limits (calculated as || ¢ || + 1.96c/+/n, where s is the
standard deviation of the log-transformed data and n is the number of samples in each bin) and the grey dots are all
data points. Insets in the right panel provide the mean K as arithmetic means of the overall data points in the two
indicated depth intervals, plus/minus one standard dev1at10n DOI: https://doi.org/10.1525/elementa.372.f7
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isalength scale squared divided by a timescale (K = H*/dt).
This number falls to 0.7 m d-' below the mixing layer.

Note that the values measured by the SCAMP below
the thin meltwater layer are representative of well-mixed
conditions in the upper 20 m (see Figure 5D). Following
the SCAMP deployment, the upper 20 m progressively re-
stratified and we expect K to decrease there.

3.5. Inorganic nutrients and algal biomass

The bulk concentration of nitrate + nitrite in the bot-
tom 10-cm segments of the sea ice, [NO,”+ NO, ] .
differed between the two years (Figure 9B). In 2015,
[NO,”+ NO, 7, ,,., increased from 1-9 pumol L™ to almost
30 umol L', then collapsed to ~0 umol L' three days after
snow melt onset (8 June). In 2016, [NO,”+ NO, ], . Was
much lower, starting at 3-5 pmol L' in early May, then
continuously decreasing until depletion on 27 June. Inte-
grated biomass in the bottom 0-3 cm of the sea ice,
TChla, , ,slightly increased until reaching a maximum just
before the snow melt onset (26 mg m~ on 27 May 2015; 6
mg m~ on 30 May 2016; Figure 9C). After the snow melt
onset, TChla, , decreased to values less than 10 mg m=in

2015 and less than 2 mg m~ in 2016. Overall, the averaged
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sea ice algal biomass was about four times lower in 2016
(1.95 + 1.45 mg m) than in 2015 (8.33 £ 5.88 mg m™).
Following the same pattern as that of TChla, , ,
nitrate+nitrite concentration [NO,”+ NO, ] in the surface
layer of the water column (see [PO,*] and [Si(OH),] in
Figure S12) increased slightly until reaching a maximum
just before snow melt onset (5.4 umol L~" in 2015 and 5.2
umol L' in 2016 at 1.5 m; Figure 9D). The water-column
integrated biomass TChla, (Figure 9C) was negatively
correlated with ice algal TChla, , (r = -0.54, p = 10
in 2015; r = -0.60, p = 8 10 in 2016) and with [NO, +
NO,] (r=-0.91 in 2015; r = -0.84 in 2016, at 5 m, p <
10*). For example, TChla, decreased locally between 27
May and 3 June 2015 while TChla, , increased. In con-
trast, TChla increased as soon as TChla, , decreased in
early June in both years. After melt pond onset, TChla,
rapidly increased to reach a similar maximum in both
years: about 152 mg m~on 12 July 2015 and 182 mg m~?
on the same date in 2016. Nutrients also decreased faster,
and were almost completely depleted by 10 July 2016 in
the surface layer. While nutrients were also depleted at
depth in 2016, [NO, + NO, | remained almost unchanged

at 40 m deep (~5 pmol L") in 2015. The average under-ice
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Figure 9: Temporal evolution of biogeochemical properties in sea ice and seawater. Time series for 2015 (left)
and 2016 (right) of A, B: depth-averaged and bottom sea ice brine volumes; C, D: nitrate and nitrite concentration

[NO,+NO, ] in the bottom 0-10 cm of the sea ice; E, F: integrated TChla,

concentration in the bottom 0-3 cm of

—3cm

the sea ice in black and in the water column in gray (note the log scale); and G, H: [NO,+NO, | in the water column
at several depths. Vertical dotted lines chronologically represent snow melt initiation, melt pond initiation and sea
ice breakup. The red dashed line indicates the date when turbulence was measured over a 13-h period. Dates are
month/day. DOI: https://doi.org/10.1525/elementa.372.f9
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phytoplankton biomass was similar in both years when
derived over the same period (30.4 £ 41.4 mg m~in 2015
and 37.6 £ 52.0 mg m~in 2016, between 27 April and 14
July).

Water column TChla, was depth-integrated down to
the deepest measurement, but the resulting values could
be underestimates, as non-negligible [TChla, ] could exist
at greater depth where no measurements were available.
Using smoothed [TChla,] profiles (a 5-point running
median filter followed by a 7-point running mean filter)
measured with the fluorometer, we were able to quantify
this underestimation: it ranged from 5 to 60% in 2015
and from 2 to 50% in 2016 (Figure S13). On average,
depth-integrated TChla, was underestimated by 28% in
2015 and by 18% in 2016. The high underestimate of 60%
was found on 2 May 2015, and 50% on the same date in
2016, but these underestimations only affect profiles with
very low TChla, (6 mg m™and 2.5 mg m™?, respectively).

4. Discussion

4.1. Ocean dynamics

4.1.1. Advection

The study site was representative of the upper open ocean
of western Baffin Bay in terms of water masses (Tang et al.,
2004; Curry et al., 2014; Randelhoff et al., 2019), which
are strongly influenced by ArW flowing southward from
the northern passages (from North to South: Nares, Jones,
and Lancaster straits with respective sills about 250, 120
and 125 m deep; see Figure 1 in Wu et al., 2012) and car-
rying with them a Pacific-origin signature (Tremblay et al.,
2015). This fresh, cold ArW mass meets and overlies the
re-circulating AW from the West Greenland Current that
have been thoroughly modified and altered since their
departure from the North Atlantic. The Pacific influence
seems to have been more pronounced in 2016 (higher
ANP values), and may be responsible for the greater sub-
surface stratification (40 m and below). The ArW gener-
ally carry their strong stratification throughout the winter
(i.e., they are rarely homogenized), as evidenced by strong
subsurface stratification long before the onset of the melt
period at depth (100-200 m; Figure S9). The increased
subsurface stratification and mean currents in 2016
appear to be linked through the large-scale circulation in
Baffin Bay (Figure S14).

To understand whether the phytoplankton biomass
observed at the study site (here dominated by diatoms; P-L
Grondin, personal communication) may have been pro-
duced beyond the ice edge in open waters and then trans-
ported to the study site, we can consider the following
simple calculations. A maximum mean velocity of about
0.045 m s7' means that water from the ice edge, which
was located more than 200 km away before July of both
years (Figure S15), would have been in transit for a mini-
mum of 52 d to reach the study site. In early July, the dis-
tance from the ice edge to the study site decreased to less
than 100 km decreasing by a factor of two the minimum
travel time needed for a water parcel to move from one
place to the other. Therefore, with a typical diatom sinking
rate of 1 m d' (Riebesell, 1989), a diatom cell located at
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the ice edge before July would sink to a depth of >52 m
by the time it arrived at the sampling site. Following the
same calculations in early July, a diatom cell would have
sunk by at least 26 m, and therefore out of the mixing
layer. However, we suspect the downward sinking would
be much greater because the calculation assumes a spa-
tially uniform, maximum and linear current extending all
the way from the ice edge in the basin into the fjord, a
rather unrealistic condition. At the study site, most phyto-
plankton biomass was found above 30 m. In other words,
our back-of-the-envelope calculations serve to show that
our measurements at the study site were not subject to a
highly advective regime and that the observed under-ice
phytoplankton bloom is produced locally.

4.1.2. Tides and mixing

Using a harmonic analysis, we showed that current veloci-
ties were dominated largely by tides. This idea was further
corroborated by the tidal modulation of the dissipation
of turbulent kinetic energy and isopycnal depths. A par-
cel located at the study site was likely to move around a
perimeter of 1 to 2.7 km, oscillating on a M2 tidal cycle
period (12.42 h, averaged velocities = 0.045-0.12 m s7').
While the stronger mean current in 2016 may have been
influenced by a large-scale circulation intensification, the
stronger tides were probably due to a constructive interfer-
ence between tidal components and/or variations in the
internal wave field (sensitive to stratification; e.g., Morozov
and Paka, 2010). Our data set does not give us the means
to solve this puzzle; we assume resolving it would neces-
sitate large-scale modelling of Baffin Bay hydrography and
currents. In any case, the year 2016 was more energetic
with faster mean, tidal and residual currents velocities.
We suggest that the spring-tidal energy, in particular, may
have contributed to the deepening of the surface strati-
fied layer by mixing the melt layer with the underlying
ArW to about 25 m in 2016. This layer corresponded to
the mixing layer, where active turbulent mixing occurred
as a result of surface processes leading to the injection of
turbulent kinetic energy (Brainerd and Michael, 1995).
The more energetic currents in 2016 (faster mean, tidal
and residual currents velocities) led to deeper mixing as
illustrated by the deeper meltwater distribution starting
in late June 2016 (Figure 5). In contrast, in 2015 the melt-
water layer was shallower and its freshening and warming
were more abrupt and intense. If the stronger sub-surface
stratification in 2016 presumably led to reduced vertical
mixing below 40 m, in the ice-ocean boundary itself, the
stronger currents must have led to greater shear at the
surface, producing even more vertical mixing.

During strong mixing conditions (i.e., spring tidal cycle
in the mixing layer, K = 3.4 10*m? s, H (mixing layer
depth) = 20 m), the turbulent mixing timescale would be
about 1d (T  =H?/K =213 h) which is about the same
order of magnitude as phytoplankton photoacclimation
(1-2 d; Cullen and Lewis, 1988) and cell division time
(>1.6 d; Lacour et al., 2017; these estimations are based on
algal culture under nutrient-replete conditions and may
be overestimated when compared to field conditions).
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During lower mixing conditions (i.e., neap tidal cycle),
turbulent mixing remains on the same timescale but
increased by 50% (T .= 35 h ~ 1.5 d). Therefore, during
spring tides, mixing occurs with a time scale equal to or
shorter than photoacclimation and cell division time, and
the mixing layer is homogenized. On the contrary, if the
timescale for the response is shorter (which is likely dur-
ing a neap tidal cycle), phytoplankton in a mixed layer
may exhibit a vertical gradient associated with adaptation
to ambient light intensities.

4.2. Sea ice history and brine volumes

Brine volumes were 50% larger in 2015 than in 2016. This
difference was due mainly to large brine volumes at the
bottom of the ice in 2015 (>20%), whereas 2016 vertical
profiles were surprisingly almost homogeneous. Brine vol-
ume is basically a function of both sea ice bulk salinity and
temperature (Petrich and Eicken, 2010, 2017), but a clear
offset in bulk salinity was observed between the two years,
as illustrated in Figure S16. In 2015, the bottom sea ice was
about two times as saline, which explained the greater brine
volume in the bottom part of the sea ice. Rapid growth
results in more salt entrapment (Cox and Weeks, 1983).
Therefore, brine volume (i.e., bulk salinity) differences may
find an answer in sea ice thermodynamic history. Colder
winter air temperatures, shorter freezing period, lower
autumnal snowfall (less insulation) and colder sea ice tem-
peratures are factors that all converge toward a possible
faster ice growth rate in 2015 compared to 2016.

The thermodynamic growth of sea ice slows down,
however, as the ice thickens, which results in bulk salin-
ity increasing towards the top of the sea ice. The very low
and homogeneous brine volumes observed in 2016 thus
exclude the ice growth rate as the only explanation. A thin
layer of dry snow laid over a thick layer of already wet
snow (Verin et al., 2019) in 2016 by the time the camp was
set up. The presence of wet snow indicated that episodic
melt events had already occurred. The ice was also warmer
(i.e., more permeable) than in 2015. Brine convection over
the depth of the sea ice can yield significant desalination
well before summer (Jardon et al., 2013), but lack of evi-
dence about the sea ice history (i.e., winter sea ice sam-
pling) hinders robust interpretation of brine volume in
this study. Slower ice growth and more extensive brine
drainage due to warmer ice, however, could explain the
low bulk salinity observed that year. Ice algae, in response
to a warming (Campbell et al., 2014) and desalination of
the ice cover (Mundy et al., 2005), have been shown to
slough from the ice bottom. Thus, an early drainage event
could have caused a sloughing event of ice algal biomass
prior to the commencement of our study in 2016, poten-
tially influencing the low biomass accumulation observed
in 2016.

4.3. The roles of clouds, snow, melt ponds and ice
algae on light availability

Light availability below landfast sea ice is driven by the
properties of 1) the incident light field that results from
celestial mechanics, cloudiness, and cloud optical thick-
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ness; 2) sea ice surface conditions (e.g., snow, melt pond,
white or bare ice); and 3) sea ice properties (e.g., thick-
ness, brine volume, ice algae concentration) (Petrich and
Eicken, 2017). Here we briefly discuss the relative contri-
butions of cloud, snow and ice algae in driving under-ice
light availability in 2015 and 2016.

The month of May 2015 provided an excellent case
study for estimating the relative impacts of snow and
ice algae on light availability. Indeed, we observed a
decrease in transmittance at 1.3 m concomitantly with
snowfalls (Figure 2D, E) and an increase in TChla, ,
(Figure 8). At the beginning of May 2015, before snow
melt onset, sea ice transmittance was about 0.2%. By
mid-May, snowfalls had added >10 cm to the snowpack,
reducing the transmittance to a minimum of 0.06%. The
new snow corresponded to a decrease in transmittance
by a factor of 3.3, while TChla, , remained roughly
constant around 6.9 + 2.6 mg m=. Over the season,
the transmittance was significantly negatively corre-
lated with snow thickness (r = —0.74, p < 10* in 2015;
r=-0.78, p< 10*in 2016).

By the end of May 2015, TChla, , _increased from about
6.9 to 26 mg m~, while snow thickness averaged around
35 + 5 cm. Based on the relationship between K (PAR)
and TChla ., in Ehn and Mundy (2013), we calculated
a transmittance of T = 0.65% (6.9 mg m~2) and T = 0.41%
(26 mg m~2) for the bottom ice algae layer (3 cm). Such an
increase in ice algae biomass in the bottom sea ice layer
would thus account for a decrease in transmittance by a
factor of 1.6, half the decrease due to snowfall.

During the 2015 (2016) snow melt period, transmit-
tance increased by a factor of 25 (20) from about 0.18%
(0.3%) to more than 4.6% (6%). During the melt pond
period, transmittance increased by a factor of 1.6 (4.3)
up to 7.5% (26%). The lower 2015 values are due to sam-
pling ending before the ice breakup. Melt ponds form-
ing over sea ice increased the light transmittance in the
water column, in agreement with Nicolaus et al. (2012)
but at a slower rate compared to the snow melt period.
Additionally, we showed that an increase in cloud cover
can decrease both PAR(0*) and under-ice PAR(1.3m) by a
factor of two (Section 3.1).

In summary, our findings demonstrate that the snow
thickness had the most significant attenuation contri-
bution and largely controlled the spring under-ice light
availability, in agreement with literature (i.e., Mundy et al.,
2005; Leu et al., 2015; Hancke et al., 2018).

4.4. Bloom dynamics: from environmental conditions
to algal biomass

Here we discuss the environmental conditions that likely
controlled the algal bloom dynamics. The ice algal and
phytoplankton phenology seemed similar for both years
and can be divided into three main phases, but contrast-
ing environmental conditions between 2015 and 2016
might explain the differences in the bloom magnitude
and distribution. An illustration of the main environmen-
tal factors driving the evolution of the phytoplankton
bloom is shown in Figure 10.
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Figure 10: Representation of the algal bloom dynamics. The top panels illustrate for 2015 (left) and 2016 (right) the
snow and sea ice evolution with vertically integrated ice algal (0—3 cm, blue background) and phytoplankton (surface
to deepest measurement, white background) biomass in a green palette. Light blue areas correspond to periods with
no data on sea ice. The bottom panels show the temporal evolution in the water column: the 32.2 isohaline, a proxy

for freshwater, is a dashed black line; the equivalent mixed layer depth h, is in red; the euphotic depth Z

0415 is repre-

sented by the isolume 0.415 mol photons m= d-' in blue; the nitrate concentration of 1 umol L' isoline (nitracline)
is in magenta; the subsurface chlorophyll maximum (SCM) and corresponding [TChla | (mg m™) are in green. The
mixing layer inferred from the SCAMP sampling during a 13-h period (vertical red dashed line) is represented by the
yellow arrow. Vertical dotted lines chronologically represent snow melt initiation, melt pond initiation and sea ice
breakup. Dates are month/day. DOI: https://doi.org/10.1525/elementa.372.f10

Snow-covered period. Moderate TChla, , values
around 4-10 mg m~ were observed in April 2015,
when winter conditions still prevailed. This finding
agrees with recent results from Hancke et al. (2018)
who observed ice algal accumulation in low-light
conditions and thick snow cover (>15 cm). The ice
algal bloom reached a maximum of 26 mg m= in
2015 and 6 mg m~ in 2016 in late May. The aver-
age ice algal biomass was about four times higher in
2015, which was likely due to better light conditions
(thinner snow cover until mid-May) in 2015 and, po-
tentially, an early sloughing event prior to the com-
mencement of observations in 2016. This result con-
firms the negative relationship between snow depth
and ice algae biomass during its early development
phase found by Campbell et al. (2015). In 2015, bulk
ice nutrient concentrations correlated with ice algal
biomass (TChla, ,_ ; rnos+no, = 0.8; Mo = 0.74,
Iisiony, = 0.47; p < 107) and showed elevated con-
centrations in the ice bottom relative to those in the
interface water, suggesting that a nutrient ‘concen-
tration mechanism’ was at play in sea ice. Similar ob-
servations have been made previously and have been
suggested to be associated with a release of intracel-
lular pools due to osmotic shock during ice melt pro-
cessing (Cota et al., 1990, 2009; Harrison et al., 1990;
Pineault et al., 2013; Torstensson et al., 2019) or via
production of biofilms by sea ice diatoms and bac-
teria that potentially trap nutrients (Krembs et al.,
2002, 2011; Steele et al., 2014). Bacterial activity may

also have played a role through nutrient reminerali-
zation (Fripiat et al. 2014, 2017; Firth et al., 2016).
By reducing the light transmitted to the upper water
column, the snowfall in mid-May constrained phyto-
plankton growth to the very surface. For both years,
the pre-bloom period was characterized by a much
deeper h,, (~30 m) than Z that was located close
to the surface. In those conditions, vertical mixing
could potentially export phytoplankton out of the
euphotic layer and disrupt phytoplankton growth
(Behrenfeld and Boss, 2018). In general, we observed
low biomass (<0.5 mg m~3) in both years, with a max-
imum at the surface.

Snow melt period. This period was characterized by
a rapid snow melt that led to the near-disappearance
of the snow on the sea ice surface. The progression
strongly increased the amount of light transmitted
to the upper water column by more than one or-
der of magnitude and significantly deepened Z, ,
(Figure 10) demonstrating the major role of snow
on light transmission (Mundy et al., 2005; Leu et al.,
2015). For example, in 2016, the greater amount of
winter precipitation, warmer air temperatures, and
the earlier melt onset led to a more pronounced and
earlier deepening of Z_, .. In line with previous stud-
ies in Resolute Passage (Fortier et al., 2002; Galindo
et al., 2014; Mundy et al., 2014), on Green Edge data
(Galindo et al., 2017) or at pan-Arctic scale (Leu et
al., 2015), the snow melt onset also coincided with
the effective end of the ice algal bloom, possibly be-
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cause of a brine flushing as indicated by the decrease
in brine salinity resulting in an ablation of ice algal
habitat. The ice algae then sloughed from the sea
ice into the underlying water column. The concur-
rent increase in phytoplankton [TChla ] in surface
water at that specific time may have resulted from
this release of ice algae. The possible seeding of the
phytoplankton spring bloom by ice algae (e.g., Olsen
et al., 2017; van Leeuwe et al., 2018; Selz et al., 2018)
is beyond the scope of the present paper (but see
Grondin, 2019). Freshwater from snow and ice melt
started to accumulate at the ocean surface by the
end of the period, and was subsequently warmed by
solar radiation. About one week later, phytoplank-
ton biomass started to accumulate in the upper wa-
ter column, which was newly stratified as evidenced
by the shoaling of h, .

Melt pond period. Melt ponds started to form from
snow meltwater around the summer solstice. Conse-
quently, this period was characterized by a continu-
ous increase in transmitted PAR(1.3m) (Figure 2E),
and a deep Z, ,, which reached a maximum of about
30 m in mid-June. Some cloudy periods, demonstrat-
ed by a local decrease in PAR(0*) during the second
half of June 2016, may have temporarily dampened
this shoaling of Z_, .. After June, Z . shoaled to 20
m because of the phytoplankton accumulation that
increased seawater light attenuation. The sea ice
melting rate accelerated the freshening of the ocean
surface layer. As meltwaters accumulated increas-
ingly in the surface layer, stratification increased and
the h, shoaled from 20-30 m to about 10-20 m at
about the same depthas Z ..

The surface layer stratified by meltwater seemed
to provide sufficient stability on average for phy-
toplankton growth and blooming in the euphotic
zone, which rapidly consumed most of the nutri-
ents. Increasing stratification in the euphotic zone
could also prevent the supply of nutrient-rich
deeper water (Randelhoff et al.,, 2016). A subsurface
chlorophyll maximum (SCM) formed at the base of
the surface mixed layer, corresponding to the best
compromise between light and nutrient availabil-
ity (McLaughlin and Carmack, 2010; Martin et al.,
2012). Over time, the SCM progressively deepened
while nutrients were consumed down to 20-40 m,
following the top of the nitracline and the euphotic
depth pattern until the ice breakup (Figure 10).
Both the SCM and nitracline deepened earlier to a
greater depth in 2016 than in 2015, which may be
attributed to a larger spring tide-induced vertical
mixing (Mundy et al., 2014) and to an earlier phy-
toplankton bloom initiation (earlier Z , . deepening
and stratification). In this context, phytoplankton
were able to reach a greater depth and a larger nu-
trient reservoir in 2016.

For both years, the concomitant increase in strati-
fication (by two orders of magnitude) and irradiance
(by three orders of magnitude) seemed to control
the timing of phytoplankton bloom initiation (i.e.,
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positive biomass accumulation rate, sensu Boss
and Behrenfeld, 2010; Figure S17). The phytoplank-
ton bloom seemed to be triggered earlier in 2016
(Figure S17). The differences between 2015 and
2016 must be considered carefully, as the sampling
periods were different between years. In both years,
the blooms peaked at about the same time and mag-
nitude (152 mg TChla, m~ on 12 July 2015 and 182
mg TChla, m™ on 13 July 2016), and showed quasi-
similar biomass when averaged over the same period
(~30 and 38 mg TChla, m™, respectively).

The significant phytoplankton blooms largely dominated
the ice algal blooms in terms of maximum integrated bio-
mass, reaching about 6-30 times the magnitude of the ice
algal blooms. This work confirms previous estimations of
the moderate contribution of sea ice algae in seasonally
ice-covered water (e.g., Michel et al., 2006; Loose et al.,
2011; Mundy et al., 2014) and contributes to the under-
standing of under-ice phytoplankton spring blooms as
major and regular events under landfast sea ice in Baf-
fin Bay (Wassmann and Reigstad, 2011; Leu et al., 2015;
Horvat et al., 2017). Previous studies have documented
similar magnitudes of ice algal blooms (~5-40 mg Chla
m~% Mundy et al., 2014; Leu et al., 2015) and phytoplank-
ton blooms (~400-500 mg Chla m~?; Fortier et al., 2002;
Mundy et al., 2014) in the Canadian Arctic Archipelago.
Based on results of the companion article (Randelhoff et
al,, 2019), the ice-edge bloom located farther east in the
marginal ice zone in 2016 reached ~70 mg TChla, m,
less than half of the amount measured in this study (182
mg TChla m™), therefore corroborating previous estima-
tions that under-ice and ice-edge blooms can have compa-
rable magnitudes (Mayot et al., 2018). Also possible is that
the large amount of biomass accumulated at the study
site may be attributed to low or mismatched secondary
production.

5. Summary and Conclusions
During the Green Edge expeditions, we documented for
the first time the temporal evolution of environmental
factors driving the microalgal bloom in the sea ice-covered
western Baffin Bay subject to rapid seasonal and interan-
nual changes. Sampling a wide range of physical, chemi-
cal and biological parameters during the two contrasting
years of 2015 and 2016 offered a unique opportunity to
compare the succession of events that led to the under-ice
algal spring blooms. The contrasting seasonal progression
led to the different timing and magnitude of the blooms.
First of all, the atmospheric forcings during the pre-
ceding winters pre-conditioned the sea ice algal bloom
differently for each year. The winter of 2014-2015 was
colder with less snowfall than the 2015-2016 winter. As
a consequence, twice the amount of light was transmit-
ted to the bottom ice and the average ice algal biomass in
2015 was more than four times higher than in 2016. Our
findings illustrate the critical need for year-round in situ
sampling, especially to get a better understanding of the
incorporation of sea ice algae into the sea ice during its
formation and possible early brine drainage at the end of
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winter, and the impact of these physical processes on ice
algal development.

Beneath the sea ice, the water at the study site displayed
characteristics that, as expected, were representative of
the hydrological conditions in offshore western Baffin Bay.
The water column was largely influenced by the inflowing
ArW modulated by spring-neap tidal currents. We observed
differences between years: in 2016, the water column was
more influenced by Pacific Waters and experienced more
than 30% faster current velocities compared with 2015.
The snow melt onset marked the termination of the ice
algal bloom (likely sloughed in the water column) and a
concomitant phytoplankton bloom initiation in the sur-
face of the water column, typically linked to an increase
in both stratification and light availability. Whereas more
PAR penetrated the sea ice immediately after the onset of
snow melt, biomass did not accumulate significantly until
the onset of haline stratification and hence the reduction
of mixing (i.e., melt pond period). This study underlines
the major role of snow in vertical light attenuation com-
pared to that of the sea ice, melt ponds, or even the ice
algae themselves in the landfast sea ice of western Baffin
Bay. Strong stratification due to meltwater accumula-
tion was found to inhibit the supply of nutrients to the
surface water layer, which became depleted in nutrients
about two weeks after the snow melt onset. Spring tides
enhanced the mixing of meltwaters with underlying ArW,
resulting in a deeper surface layer reaching 40 m in 2016.
The phytoplankton then developed at sub-surface follow-
ing the best compromise between light and nutrient avail-
ability. Once the ice broke up at the end of the sampling
period in July, the depth of the sub-surface chlorophyll
maximum further deepened in the marginal ice zone,
while meltwaters accumulated in the surface layer (see
Randelhoff et al., 2019).

The significant phytoplankton blooms largely domi-
nated the ice algal blooms in terms of maximum inte-
grated biomass. This study also illustrates that under-ice
phytoplankton blooms can reach similar or even greater
magnitude than ice-edge blooms in marginal ice zones,
contributing to the understanding of under-ice phy-
toplankton spring blooms as major and regular events
under landfast sea ice in Baffin Bay. With the ongoing
warming climate in the Arctic, the general trend toward
thinner sea ice, longer open-water periods (Stroeve and
Notz, 2018) and less snowfall (Bintanja, 2018) would dras-
tically increase the availability of light and affect microal-
gal growth beneath the Baffin Bay sea ice cover. We can
expect that an earlier onset of ice melt may shorten the
sea ice algal growth season yet increase the potential for
under-ice phytoplankton blooms in Baffin Bay.
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