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Abstract Climate model projections suggest a substantial decrease of sea ice export into the outflow
areas of the Arctic Ocean over the 21st century. Fram Strait, located in the Greenland Sea sector, is the
principal gateway for ice export from the Arctic Ocean. The consequences of lower sea ice flux through Fram
Strait on ocean dynamics and primary production in the Greenland Sea remain unknown. By using the
most recent 16 years (2003-2018) of satellite imagery available and hydrographic in situ observations,

the role of exported Arctic sea ice on water column stratification and phytoplankton production in the
Greenland Sea is evaluated. Years with high Arctic sea ice flux through Fram Strait resulted in high sea ice
concentration in the Greenland Sea, stronger water column stratification, and an earlier spring
phytoplankton bloom associated with high primary production levels. Similarly, years with low Fram Strait
ice flux were associated with a weak water column stratification and a delayed phytoplankton spring
bloom. This work emphasizes that sea ice and phytoplankton production in subarctic “outflow seas” can be
strongly influenced by changes occurring in the Arctic Ocean.

Plain Language Summary As the Arctic atmosphere and ocean warm, Arctic sea ice continues
to decline. The Greenland Sea (to the east of Greenland) is heavily influenced by sea ice leaving the
Arctic Ocean. In this study, we address the impacts of sea ice exiting the Arctic on the development of
free-floating microscopic algae in the Greenland Sea. For this, we analyzed 16 years of data from satellite
images and autonomous ocean robots. Our results reveal that changes in the quantity of sea ice leaving the
Arctic Ocean in spring modify the environment and development of microscopic algae. These algae are
important because they capture carbon dioxide and support ocean life; this paper can help to predict how
they will respond to the ongoing environmental changes occurring in the Arctic.

1. Introduction

Arctic marine ecosystems are particularly sensitive to climate change, facing a faster warming than some
other oceanic environments (Meredith et al.,, 2019; Osborne et al., 2018; Serreze & Barry, 2014).
Furthermore, since the 2000s, the rapid decline in sea ice and increase in liquid freshwater storage also mod-
ify the Arctic freshwater reservoirs (see reviews from Carmack et al., 2016; Haine et al., 2015 and references
therein). The projected climate changes for the Arctic in the 21st century will amplify the ongoing warming
and freshening of the Arctic Ocean and the shrinking and thinning of the Arctic sea ice during all seasons
(Haine et al., 2015). The growing concern about the observed and predicted modifications of the Arctic
Ocean has been extended to the outflow areas of the Arctic Ocean, due, in particular, to the potential reduc-
tion in sea ice export and increase in liquid freshwater export through Fram and Davis Straits (e.g.,
Vavrus et al., 2012).

These changes in the Arctic Ocean and Arctic outflows have several physical and biogeochemical conse-
quences (e.g., Carmack et al., 2016) that could, for example, reduce the deep convection in the Nordic
Seas and slow down the Atlantic Meridional Overturning Circulation during the 21st century (Arzel
et al., 2008; Brakstad et al., 2018; Jahn & Holland, 2013). Regarding phytoplankton, the long-term decline
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Figure 1. Nordic Seas bathymetry, with locations of the main currents, the Arctic front, the ice edge in April (15% of sea
ice concentration), and deep vertical mixing areas. The black box represents the location of the study area.

in phytoplankton productivity in the subarctic Atlantic Ocean (above 55°N) over the past two centuries may
be related to the freshening of the North Atlantic and reduction of the Atlantic Meridional Overturning
Circulation (Osman et al., 2019). Indeed, there is growing evidence showing connections between
phytoplankton dynamics on the west side of Greenland and in the northwest Atlantic Ocean, with the
freshwater coming from the Arctic Ocean and the Greenland ice sheet (e.g., Arrigo et al., 2017;
Frajka-Williams & Rhines, 2010; Greene & Pershing, 2007; Joli et al., 2018; Marchese et al., 2019).
Moreover, the sensitivity of phytoplankton ecology to the ongoing decline in Arctic sea ice within the
Arctic Ocean itself is well known (Carmack & Wassmann, 2006; Gradinger, 1995; Macias-Fauria &
Post, 2018; Wassmann et al., 2011). For example, some suggest and predict an increase in the total annual
phytoplankton production on the Arctic interior shelves (Arrigo et al., 2008; Arrigo & van Dijken, 2015;
Kahru et al., 2016; Slagstad et al., 2015) and under sea ice (Horvat et al., 2017), the occurrence of northern
and more productive spring blooms (Renaut et al., 2018), a change in the date of the production
maximum (Kahru et al., 2011), and the appearance of fall blooms in some regions (Ardyna et al., 2014).

North of the Arctic Circle (66°N), most phytoplankton production occurs in the Greenland and Barents Seas
sectors and not in the central Arctic Ocean (i.e., Eurasian and Amerasian basins) or Arctic interior shelves
(Pabi et al., 2008; Slagstad et al., 2015). Moreover, the Arctic seas are highly dynamic oceanic environments
with significant spatial and temporal variabilities in sea ice cover and primary production (Carmack &
Wassmann, 2006; Harrison et al., 2013; Skogen et al., 2007). Observational analyses are required to evaluate
key physical-biological coupling processes associated with dynamic Arctic seas environments, in order to
better quantify potential climate-related changes of the pan-Arctic Ocean biology and biogeochemistry in
the next decades and centuries.

The Greenland Sea sector of the pan-Arctic Ocean has very high total annual phytoplankton production, due
to its large permanently open water areas (Ardyna et al., 2013; Bélanger et al., 2013; Pabi et al., 2008;
Sakshaug, 2004). This Arctic sector, associated with Fram Strait, is also the most exposed region to the export
of Arctic sea ice and water masses (e.g., Carmack & Wassmann, 2006). The Greenland Sea, located in this
sector, is a spatially complex oceanic area, with wide shelves on its western side where the outflow of
Arctic waters and sea ice occurs, two basins (Greenland and Boreas Basins) at its center where deep convec-
tion processes take place, and a narrow shelf along western Svalbard (Figure 1, Longhurst, 1998). The
Greenland Sea is, in addition, highly temporally dynamic, with strong intraannual and interannual variabil-
ities in sea ice extent (e.g., Comiso et al., 2001; Germe et al., 2011) and a loitering of the ice edge during the
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sea ice retreat season (Steele & Ermold, 2015). In fact, it is believed that the sea ice along the Greenland coast
“extends patchily and irregularly” across the East Greenland Current and into the Greenland Sea open
ocean area (Johannessen et al., 1992; Longhurst, 1998). Correspondingly, salinity in the Greenland Basin
also shows such high interannual variability, even higher than the seasonal variability (Latarius &
Quadfasel, 2010).

In the Greenland Sea, the freshwater content of open ocean areas is dominated by the melting of sea ice
exported from the Arctic basin through Fram Strait (de Steur et al., 2015). Prior studies suggest that this sur-
face layer of meltwater in Greenland Sea open water is the result of locally melted sea ice (i.e., a loss of solid
sea ice from the East Greenland Current, Dodd et al., 2009, 2012). Even if no significant long-term trends
(reduction or increase since 1930s) in ice export fluxes have yet been seen in Fram Strait, it is highly probable
they will occur (e.g., Haine et al., 2015; Smedsrud et al., 2017). In fact, despite the suggested recent (since
1979) increase in Arctic sea ice export through Fram Strait (Smedsrud et al., 2017), most climatic model
results predict a strong reduction in export by the end of the 21st century (Haine et al., 2015; Vavrus
etal., 2012). Other studies suggest a future decrease in nutrient availability for the phytoplankton production
in the Greenland Sea, owing to increased thermal stratification (Slagstad et al., 2015) and enhanced nutrient
consumption upstream in the Arctic (Arrigo & van Dijken, 2015; Tremblay et al., 2015). However, less is
known regarding the variability in biogeochemical processes triggered by freshwater changes (oceanic
and sea ice), particularly in open ocean areas of the Greenland Sea (as opposed to coastal/fjord areas).
The large interannual variability of Fram Strait sea ice flux (e.g., Kwok et al., 2004; Smedsrud et al., 2017)
allows an examination of the potential coupling between ice export fluxes and physical-biogeochemical pro-
cesses in the Greenland Sea region.

The spring season plays a key role in the annual cycle of the phytoplankton production occurring in the
pan-Artic Ocean. Indeed, the timing, duration, and magnitude of springtime phytoplankton production
have significant implications for several biogeochemical cycles (e.g., carbon export and nitrogen cycling;
Tremblay et al., 2015) and the energy transfer in marine food webs with, for example, direct consequences
for pan-Arctic marine ecosystems (e.g., Sereide et al., 2010). Ecologically, the Greenland Sea, together with
the Irminger and Labrador Seas, forms the “Atlantic Arctic Province” of Longhurst (1998). This is the site of
a very productive spring phytoplankton bloom that is generally followed by population increases of
large copepods.

This study is focused on the following question: Does the interannual variability of the exported Arctic sea
ice flux influence both the physical environment and phytoplankton dynamics (i.e., phenology and produc-
tion) during spring in the Greenland Basin? We answer this question using both satellite and in situ biophy-
sical observations over the last 16 years (from 2003 to 2018).

2. Data and Methods
2.1. Sea Ice Distribution and Export

Daily estimates of sea ice concentration at a 25 X 25 km spatial resolution were downloaded from National
Snow and Ice Data Center/National Oceanic and Atmospheric Administration (NOAA) (https://doi.org/
10.7265/N59P2ZTG, Version 3; Peng et al., 2013). This product is a climate data record of sea ice concentra-
tion obtained from the Scanning Multichannel Microwave Radiometer onboard the Nimbus-7 satellite and
the Special Sensor Microwave Imager and Imager/Sounder onboard the Defense Meteorological Satellite
Program. Furthermore, in order to study the sea ice distribution at a high spatial resolution (1 km),
true-color satellite imagery from the National Aeronautics and Space Administration's (NASA) Moderate
Resolution Imaging Spectroradiometer (MODIS) was downloaded from the NASA Worldview application
(https://worldview.earthdata.nasa.gov). These images were produced with the corrected reflectance algo-
rithm of the NASA's Land, Atmosphere Near real-time Capability for Earth observing system that removes
gross atmospheric effects, such as Rayleigh scattering, from the visible bands.

To evaluate the relationship between the sea ice concentration distribution in the Greenland Sea and the
export of Arctic sea ice through Fram Strait, estimates of areal sea ice export at this strait were used. One
might also consider the use of volume sea ice export; however, consistent long-term time series of volume
export are not yet available (only up to 6 to 7 years, e.g., Ricker et al., 2018; Spreen et al., 2009). Monthly
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mean estimates of areal sea ice export through Fram Strait were obtained from Smedsrud et al. (2017), while
unpublished estimates after 2015 were furnished through the courtesy of Kjell Kloster and Stein Sandven;
see also Smedsrud et al. (2011). The uncertainty associated with this monthly data set is +5% (Smedsrud
etal., 2017). In brief, the sea ice export from the Arctic Ocean was calculated across the latitude 79°N by com-
bining sea ice concentration maps (from satellite passive-microwave observations) and ice displacement
vectors. Sea ice drift vectors were derived, before February 2004, from observed monthly mean sea level pres-
sures (from the Danish and Norwegian Meteorological Institutes, http://eklima.met.no and http://www.
dmi.dk/, respectively) and after February 2004, from Synthetic Aperture Radar (SAR) satellite sensors
(i.e., Envisat Advanced SAR, http://sat.nersc.no/archive; Radarsat-2, http://www.ksat.no; and Sentinel-1,
https://scihub.copernicus/dhus). To recall, this present study focuses on the period 2003-2018, the era when
mostly data from SAR satellite sensors are available to derive sea ice drift vectors.

2.2. Primary Production Estimates

The phytoplankton primary production (in gC m™2) was estimated with a light photosynthesis model
applied to satellite observations for the period 2003-2018. Our estimates are published and archived by
the NOAA National Centers for Environmental Information (https://accession.nodc.noaa.gov/0208234).
The model used, originally designed by Bélanger et al. (2013), is briefly described in the supporting informa-
tion. The model is generally in agreement with in situ measurements and shows consistent results when
used in high-latitude ocean waters (Lee et al., 2015). Water reflectance (R,s) and chlorophyll-a concentration
(Chla) required for the model were downloaded from GlobColour (http://hermes. acri.fr), which provides
merged observations from four satellite radiometers (SeaWiFs, MODIS Aqua, MERIS, and VIIRS) (Garver
& Siegel, 1997; Maritorena et al., 2002) and produces data sets with a spatiotemporal resolution of 8 days
and 25 km (~0.25°). Every pixel located in areas covered by more than 15% of sea ice concentration was dis-
carded to avoid sea ice contamination of ocean color products (Bélanger et al., 2007). To reduce the number
of missing values (i.e., due to cloud cover) in these data sets, a Data Interpolating Empirical Orthogonal
Functions method (DINEOF, Alvera-Azcarate et al., 2005, 2007, 2011; Beckers & Rixen, 2003) was applied
(more details in the supporting information). The DINEOF method has demonstrated effectiveness for fill-
ing spatial gaps in remote sensing datasets (see Taylor et al., 2013) and has recently been applied to phyto-
plankton phenology studies (e.g., Corredor-Acosta et al., 2015; Marchese et al., 2017; McGinty et al., 2016).
By identifying the dominant spatial and temporal patterns, this method allows a more accurate reconstruc-
tion of missing data without any a priori statistical information (Alvera-Azcarate et al., 2005).

Finally, the required photosynthetically available radiation beneath the sea surface (Arrigo et al.,
1998; Morel, 1978; Platt et al., 1980) was computed (Lee et al., 2002, 2005; Sathyendranath et al., 1989) using
atmospheric observations inputs (i.e., 0zone concentration, cloud fraction, and cloud optical thickness).
Atmospheric data were downloaded from the Atmosphere Archive and Distribution System (https://lads-
web.modaps.eosdis.nasa.gov) with a spatiotemporal resolution of 8 days and 100 km. Prior to running the
model, atmospheric observations were cropped to the study area and resampled to match the ocean color
spatial resolution of 25 km. Details on the satellite-based photosynthetically available radiation algorithm
and its performance can be found in Laliberté et al. (2016) and Somayajula et al. (2018).

2.3. Definition of the Phytoplankton Bloom Phenology

To study phytoplankton bloom phenology, the specific rate of change in phytoplankton biomass (7, e.g.,
Behrenfeld, 2010), which represents the imbalance between the phytoplankton division rate (i, day™")
and the loss rate (I, day™'; that includes mortality, grazing, and sinking, i.e., ¥ = u — [), was used. This
was estimated by using the 8-day (At) surface Chla data (as a proxy for the phytoplankton biomass) from
satellite (and after the DINEOF method had been applied),

r = In(Chlay, /Chla,, )/ At 1)

All annual time series of Chla were smoothed with a three-point centered moving average to reduce noise.
By combining phytoplankton primary production values with satellite particulate backscatter coefficient
(bpp) (Graff et al., 2015; Martinez-Vicente et al., 2013) data and mixed-layer depth estimates (Latarius &
Quadfasel, 2016), an estimate of the springtime mixed-layer phytoplankton division rate (x) (Behrenfeld &
Boss, 2014; Mignot et al., 2018) can be obtained (supporting information).
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Figure 2. Primary production patterns in the Greenland Sea. (a) Climatological map of the annual primary production.
Black lines represent the sea ice extent in April, based on 80% and 15% of sea ice concentration (i.e., Marginal Ice Zone)
from 16 years of satellite data (2003 to 2018). The thick black line represents the location of the arctic front. (b)
Climatological map of the month with the maximum standard deviation in daily primary production. (c) Climatological
map of the standard deviation values of daily primary production in May. (d) Climatological annual cycle (from

March to September) of primary production in the Greenland Basin (circled area in Figure 2a) with data from 2003 to 2018.
Black lines represent the daily primary production and the red ones the cumulative primary production. The thick
lines are the averages and the dashed ones the standard deviations. The box plot above represents the interannual
variability in the date of the yearly maximum in daily primary production.

The spring bloom phenology is described by the timing of three different spring bloom phases determined by
r values: the initiation (first time » > 0), the climax (time of the annual maximum value, r,.y), and the ter-
mination of the biomass increase (r = 0, timing of the annual Chla maximum) (e.g., Llort et al., 2015).

2.4. Argo Float Data and Proxies for Water Column Stratification

Argo floats are autonomous platforms equipped with conductivity-temperature-depth (CTD) sensors to
measure hydrographic profiles (salinity, temperature, and pressure) between 0 and 1,000 m every 10 days,
generally. Quality controlled data measured by Argo floats within the Greenland Basin in May (circled area
in Figure 2a) were downloaded from the Argo's Global Data Assembly Centers (http://doi.org/10.17882/
42182) Coriolis (ftp://ftp.ifremer.fr/ifremer/argo). On average, three to four Argo float CTD profiles were
available each year in May during the 2003-2018 period. Only data flagged “good” by the Argo quality con-
trol program (http://doi.org/10.13155/33951) were considered. By using the international thermodynamic
equation of seawater (TEOS-10, McDougall & Barker, 2011), estimates of potential temperature (6 in °C)
and density (o in kg m™>) were obtained.

To evaluate the strength of the water column stratification, two proxies derived from Argo float CTD
profile data were used. The first one is the potential density gradient measured between the surface and
50 m (Agy_sp). The second one is the maximum value of the buoyancy (Brunt-Vaisala) frequency squared
(N?, in s™2) between the surface and 50 m. Here, N* was determined by using the TEOS-10 expression
(McDougall & Barker, 2011) that uses the vertical gradients of temperature, N2 = ga(dT/dz), and salinity,
NZ% = gB(8S/0z), so that N> = N2 + N2, where g is the gravity, « is the thermal expansion coefficient, £ is
the haline contraction coefficient, T is the conservative temperature, and S is the absolute salinity.
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In addition, one biogeochemical Argo float deployed in August 2012 in the Greenland Sea provided an
annual cycle of temperature, salinity, Chla, nitrate concentration, and other variables for the Greenland
Basin in 2013; details are provided in Mayot et al. (2018).

2.5. Air-Sea Heat Flux and Surface Wind Speed

The net air-sea heat flux was generated from the surface flux products of the fifth generation of the European
Centre for Medium-Range Weather Forecasts atmospheric Re-Analysis of the global climate. Surface turbu-
lent (sensible and latent) and radiative (net solar and thermal) heat fluxes were downloaded with a spatial
resolution of 0.25° x 0.25° and a temporal resolution of 6 hr. Surface (10 m) wind speed data with the same
spatiotemporal resolution were also downloaded from fifth generation of the European Centre for
Medium-Range Weather Forecasts atmospheric Re-Analysis of the global climate. In order to be consistent
with the temporal resolution of the primary production estimates, the heat flux and wind speed data
obtained were averaged over 8 days.

3. Results
3.1. Springtime Phytoplankton Production Patterns, Exported Arctic Sea Ice, and Sea Ice Extent

Greenland Sea areas located on the western side of the polar front presented significantly higher annual pri-
mary production rates (74 [53-110] gC-m~2-year™!, median and interquartile range, Figure 2a) than areas
located at the same range of latitude on the eastern side of the polar front (64 [56-93] gC-m™*year™;
Mann-Whitney test, p value <0.001). In the Greenland Sea, the month of May presented the highest inter-
annual variability (i.e., standard deviation with 16 years of data) in daily primary production estimates
(Figure 2b). Moreover, the range of variability associated with this month was particularly high in the
Greenland basins and along the Marginal Ice Zone (MIZ; >0.4 gC-m~2-day*, Figure 2c). When focusing
on the Greenland Basin (circled area in Figure 2a), on average, the maximum positive rate of change in
primary production occurred just before 15 May (black line slope in Figure 2d), and 37% of the annual
primary production had already taken place by the end of May (red line in Figure 2d). The maximal value
of daily primary production was generally observed in June (box plot in Figure 2d). However, the annual
peak in primary production varied from May to July, which led to a strong variability in the percentage of
the annual primary production reached by the end of May: between one fourth and one half of the annual
primary production (i.e., 26% to 47%, red lines in Figure 2d). Therefore, the data analysis primarily focused
on understanding the variability during this key spring period (April-May).

Monthly estimates of Arctic sea ice exports through Fram Strait, from Smedsrud et al. (2017) extended to the
present, and satellite estimates of sea ice concentration were used to study the relationship between exported
Arctic sea ice and the sea ice distribution in the Greenland Sea. According to Smedsrud et al. (2017), the
mean southward ice drift speed is ~15 + 4 cm s in April at the latitude of Fram Strait (79°N), which means
that Arctic sea ice may reach the Greenland Sea basins (<76.5°N) in about 19 + 5 days. Therefore, estimates
of exported Arctic sea ice in April were used to study its relationship with the sea ice distribution observed in
May in the Greenland Sea basins.

On average, from 2003 to 2018, the amount of Arctic sea ice exported in April through Fram Strait was
100 x 10° + 25 x 10 km?, and it varied between 61 x 10* and 151 x 10 km? (Figure 3a). The April sea
ice export was lower than the average during the years 2004-20006, 2010, 2015-2016, and 2018
(Figure 3a). The mean sea ice concentration in May in the Greenland Sea basins was also lower than the
average during these 7 years (—2.5 [—12 to —0.3]% anomaly) and higher than the average during the other
11 years (+1.9 [+0.2 — +9.7]% anomaly, Figure 3b), with most of the values below (above) the first quartile
(third quartile) located along the continental slope. These results suggest two important points: first, a posi-
tive relationship in spring between the exported Arctic sea ice and the sea ice distribution in the Greenland
Sea basins, and second, a high interannual variability in the sea ice flux and distribution.

Primary production showed significant interannual variability in spring in the Greenland Basin, with years
of positive (e.g., 2007 and 2017), negative (e.g., 2006 and 2015), and neutral (e.g., 2009 and 2013) primary pro-
duction anomalies (Figure 4). These spatial anomalies of spring primary production in the Greenland Basin
can be examined as a function of spring sea ice export and distribution. First, the 7 years over 2004-2018 with
the lowest exported Arctic sea ice in April (Figure 3a) displayed negative anomalies of spring primary
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Figure 3. Relationship between the exported Arctic sea ice and the sea ice distribution in the Greenland Sea. (a) Estimates
of the exported Arctic sea ice in April through Fram Strait (79°N) between 2003 and 2018. (b) Mean anomaly of the

sea ice concentration in May, for the years with high (top, red arrows in Figure 3a) and low (bottom, blue arrows in
Figure 3a) exported Arctic sea ice.

production in the Greenland Basin (—0.21 [—0.32 to —0.08] gC-m™>-day ", Figure 4b), except for the year
2018 (Figure 4d). This exception will be separately discussed in the section 4.2. The reduced spring
primary production observed during these low sea ice export years was mainly located along the MIZ and
the northern part of the deep Greenland Basin (above 75°N). Second, 4 years with close (2003) or above
(2007, 2011, and 2017) average exported Arctic sea ice in April (Figure 3a) was the only ones to exhibit
coherent regions of positive high primary production anomalies in the Greenland Basin (+0.29
[+0.04 — +0.61] gC-m~*.day ™", Figure 4a). Finally, the remaining 5 years (2008, 2009, 2012, 2013, and
2014), also with above average exported Arctic sea ice (Figure 3a), displayed negative or low spring
primary production anomalies (—0.07 [—0.23 to —0.09] gC-m~2d ™", Figure 4c).

3.2. Springtime Water Column Stratification, Sea Ice Distribution, and Phytoplankton
Bloom Phenology

Hydrographic profiles from Argo floats were used to study the stratification regime of the water column in
spring in the Greenland Basin. The results presented here (Figure 5) focus on data collected in May. During
years associated with positive anomalies of spring phytoplankton production patterns and above average
exported Arctic sea ice, salinity profiles collected in the northern part of the deep basin (Figure 5a, data avail-
able in May 2003, 2011 and 2017) displayed low salinity values (as low as 34.23, Figure 5b) in surface layers
(above 50 m). The extreme eastward extension of the sea ice extent in the Greenland Basin in spring during
these years (Figure 3a) and the numerous mesoscale features observed at the ice-edge with the satellite
true-color imagery (e.g., in 2011 Figure 5c top) suggest that freshwater from melted sea ice might be the
cause of the measured low surface salinity. In fact, a strong stratification of the water column was observed
with high median values between the surface and 50 m of potential density gradient (Ac) and buoyancy fre-
quency squared (N?), Agy_so = 0.09 kg m ™ (0.05-0.36 kg m >, interquartile range) and N> = 7.73 x 10> s>
(2.73 x 107> - 22.18 x 10> s~2). Moreover, 77% of the Argo float profiles collected in May in the Greenland
Basin during these high ice export years showed a salinity-based stratification (N3>N2); however, most of
these profiles were located in the northern part of the Greenland basin (Figure 5d top). In contrast, during
years associated with negative anomalies of spring phytoplankton production patterns and low exported
Arctic sea ice, salinity profiles measured in the northern deep basin (Figure 5a middle, data available in
May 2006, 2015, and 2016) were mostly homogeneous from 0-200 m and the water column was weakly stra-
tified, Agg_so = 0.003 kg m™> (0.003-0.008 kg m™>) and N* = 0.24 x 107> s 2 (0.12 X 107> - 0.55 X 107> s72).
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Figure 4. Anomalies of the spring (in May) primary production. The three bigger maps on the left are averages of three groups of years: (a) 2003, 2007, 2011, and
2017; (b) 2004-2006, 2010, 2015, and 2016; (c) 2008, 2009, 2012, 2013, and 2014, with the year 2018 (d) being a special case. See the text for details in the
grouping. The black line in each annual map represents the location in May of the ice edge (sea ice concentration = 15%).

Even salinity profiles collected in the western part of the Greenland Basin, generally associated with the MIZ
(magenta points in Figure 5a middle), were homogeneous from 0-200 m and the estimated water column
stratification was low, Agy_so = 0.01 kg m™> (0.001-0.03 kg m™>) and N* = 0.57 x 107> s (0.21 x 10> -
1.45 x 107> s72). The sea ice extent barely reached this area of the Greenland Basin during these years
(Figures 3 and 5c bottom), with most of the sea ice located on the continental shelf. Therefore, in May during
these low ice export years and at the scale of the Greenland Basin, low N* values were generally observed and
most of the Argo float profiles (57%) showed a temperature-based stratification (N2>N3, Figure 5d middle).
In comparison, hydrographic profiles collected during the remaining years associated with above average
exported Arctic sea ice but neutral anomalies of primary production (i.e., 2008, 2009, 2012, 2013, and
2014) showed a heterogeneous spatial pattern: The western part of the Greenland Basin displayed low sali-
nity values in the surface layers and a strong water column stratification (Agy_so = 0.13 kg m™> [0.08-
0.21] kgm ™, N> =11.85x 10> s >[3.95 x 10> - 18.32 X 10~°] s %; Figure 5d bottom) similar to high pro-
ductive years (Figure 5d top), while the northern deep basin was characterized by homogeneous salinity
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Figure 5. Relationship between springtime salinity, sea ice distribution, and the strength of the water column stratification. (a) Locations of all single salinity
profiles (b) available in May between 2003 and 2018, in the northern part (gray, above 75.25°N) and western part (magenta: western basin) of the Greenland
Basin and divided into three groups of years: years of positive anomalies in spring primary production (top), years of negative anomalies in spring primary
production (middle), and all the other years (bottom). (c) Two MODIS corrected reflectance (True Color) images obtained in May, 2011 (top) and 2006 (bottom). The
yellow lines represent the bathymetry, and the blue line represents the ice edge (sea ice concentration = 15%). (d) Maximum values of N? between the surface
and 50 m for each Argo float profile available in the Greenland Basin. All N?values under 0.5 x 10> s~ are only represented by points. The blue (red) color of the
circles and points indicated that N2>N% (N2 < N32).

profiles and a weak water column stratification, Agy_so = 0.025 kg m~> (0.005-0.089 kg m~>) and
N =1.62 x 107> 572 (0.69 10> - 5.86 x 10~ s™% Figure 5d bottom) similar to low productive years
(Figure 5d middle). This translated into 62% of the Argo float profiles collected these years (mostly located
in the western part of the Greenland Basin) presenting a salinity-based stratification (N>NZ, Figure 5d).

Finally, observed spring anomalies in primary production appeared associated with different types of phyto-
plankton bloom phenology, such that both climatological means (Figures 6a and S1c) and individual annual
times series (Figure S2a) of the specific rate of change in phytoplankton biomass (r, from Chla data,
Figure 6a, or from by, data, Figure S1c) in the eastern deep Greenland Sea basin were different for groups
of years with low versus high phytoplankton production in spring. The spring bloom initiation (first time
r > 0) generally occurred in mid-April (Figure 6a). In the case of years associated with positive anomalies
of spring phytoplankton production (red lines in Figure 6), the bloom initiation was followed by an early
bloom climax occurring at the end of April to early May (i.e., quick and strong peak of r, with rypay > 0.1 day ™)
and a rapid bloom termination (r < 0) at the end of May (i.e., early decline of r). In contrast, the years
associated with negative anomalies of spring phytoplankton production (blue lines in Figure 6) showed
lower r values (<0.05 day ') with a bloom climax spread over a longer period, from mid-April to
mid-May (i.e., rmax = 0.05 day_l), and a late bloom termination at the end of June (r < 0).

4. Discussion
4.1. Springtime Exported Arctic Sea Ice and Regional Ocean Dynamics

One of the characteristics of the Greenland Sea is that its Seasonal Ice Zone and MIZ are longitudinal, with
the ice edge parallel to the east Greenland coast (Figures 1 and 2a) and strongly under the influence of
exported Arctic sea ice (Carmack & Wassmann, 2006). The location of the MIZ is especially important as
it is the boundary between ice-covered and ice-free environments. In fact, according to the pan-Arctic ocea-
nic typology of Carmack and Wassmann (2006), the subarctic Atlantic region is generally an a-ocean, mainly
stratified by a vertical temperature gradient (i.e., N3>N%), while the central Arctic Ocean is a f-ocean with its
upper layers mainly stratified by a vertical salinity gradient (i.e., N% < Né ). However, the geographical
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boundary between these two functionally different oceanic environments
is not fixed, subject to intraseasonal and interannual variabilities, like the
ice edge (Carmack & Wassmann, 2006). We found that S-ocean conditions
. of the central Arctic Ocean extended southward along the East Greenland
Current under the ice pack.
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In April, the export of Arctic sea ice through Fram Strait was particularly
crucial in shaping the distribution of the sea ice observed in the Greenland
Sea (Figure 3). At this time of the year, the growth of sea ice is limited
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(Serreze & Barry, 2014) and therefore most of the sea ice present in the
Greenland Basin area comes from exported Arctic Sea ice (Smedsrud
et al., 2017). A major consequence is that the springtime eastward extent

0.5 |
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of the MIZ in the Greenland Basin between 2003 and 2018 was particu-
_ larly limited (extensive) during years associated with low (high) exported

% T sea ice (Figures 3 and 4). The interannual variability in spring export of

Arctic sea ice (correlated with the export in April, Spearman's correlation
coefficient: r = 0.96, p value <0.001, n = 16; data not shown) has been
linked to the Arctic Dipole index, a measure of broader atmospheric
RS - patterns and the transpolar ice drift (Haine et al., 2015; Kwok et al., 2013;

Figure 6. Climatological annual phytoplankton cycles in the deep
Greenland Basin. Red line: years of positive anomalies in spring primary
production, blue line: years of negative anomalies in spring primary pro-
duction. (a) Climatological annual cycles of observed specific rate of change
in phytoplankton biomass. The arrows represent the time of three phyto-
plankton spring bloom phases (i.e., initiation: r > 0, climax: ry,x, and
termination: r < 0). (b) Climatological annual cycles of primary production
smoothed with a three-point centered moving average to reduce noise.
The thick lines are the averages and the dashed ones the standard
deviations. See Figures S2a and S2b for all individual annual time series.

Apr

Wu et al., 2006). However, an even better predictor of Fram Strait ice
export is the cross-strait sea level pressure and local wind patterns (e.g.,
Smedsrud et al., 2017).

In the Greenland Sea MIZ, the presence of freshwater in the surface layer
is a common feature, owing to melted sea ice and Arctic Water (Carmack
& Wassmann, 2006). However, most of the Arctic Water flows over the
Greenland Shelf and in the East Greenland Current located over the con-
tinental slope (1,000-m bathymetry, Longhurst, 1998), as demonstrated by
oxygen ratio measurements and nutrient data (de Steur et al., 2015). Thus,
the freshwater signal observed in the Greenland Basin (east of the East
Greenland Current) preferentially comes from locally melted sea ice (de
Steur et al., 2015; Dodd et al., 2009, 2012). Therefore, during years of low exported Arctic sea ice, the fresh-
water content in the Greenland Basin and the springtime vertical salinity-based stratification in this area
might be reduced (Figure 5), as well as the resulting springtime primary production (Figure 4; see next
Section 4.2).

On the other hand, there was not a strong statistical relationship in spring between a high sea ice export
through Fram Strait and a strong salinity-based water column stratification of the deep Greenland Basin.
In fact, local environmental conditions at the ice edge could be decisive for the lateral advection of fresh-
water from melted sea ice into the deepest area of the Greenland Basin. Johannessen et al. (1992) demon-
strate how, under low wind, mesoscale features at the ice edge can induce lateral transport of freshwater
offshore and vertical salinity stratification in this area, especially at the bathymetric discontinuity between
the Boreas and the Greenland basins. In our case, true-color imagery in early spring and during years with
a detected salinity-based stratification in the deep Greenland Basin (Figures 5a-5d top) suggested the pre-
sence of such mesoscale features at the ice edge. Moreover, Germe et al. (2011) propose that the prevalence
of a southerly wind along the East Greenland Coast during some winters can also induce an eastward sea ice
drift (i.e., expansion of the sea ice into the Greenland Basin). Recent observations in Fram Strait further sug-
gest that southerly winds in summer induced the eastward displacement of sea ice (Kowalczuk et al., 2019),
promoting a strong salinity-based stratification and enabling the establishment of the summer deep chloro-
phyll maximum. In the deep Greenland Basin, the late April 2011 period, for example, was particularly sub-
jected to southerly winds (Figure S2), which could have induced an extreme eastward transport of sea ice
(Figures 4a and 5c top) and freshwater (Figure 5b top) from melted sea ice, resulting in a strong positive pri-
mary production anomaly (Figure 4a). Another year, 2013, experienced the highest springtime sea ice export
at Fram Strait (Figure 3a); therefore, one might expect a strong positive primary production anomaly to fol-
low. However, among all years with an above average springtime export of sea ice, 2013 was also the year
with the strongest northerly winds during the last week of April that could compact the sea ice edge and
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was ultimately associated with a neutral primary production anomaly. In summary, mesoscale features at
the ice edge and wind patterns had a sufficiently strong temporal variability, from day-to-day to year-to-year
(e.g., Figure S3), which could offset an above average springtime export of sea ice and thus did not coincide
with a strong stratification of the deep Greenland Basin and a positive primary production anomaly
(Figure 4c).

Nonetheless, during such years of above average springtime export of sea ice and only neutral to positive pri-
mary production anomalies, the sea ice extended over the continental slope (thick black lines in Figure 4c)
and the western part of the Greenland Basin generally showed a strong salinity-based stratification
(Figure 5d bottom). Moreover, only years with a strong springtime salinity-based stratification of the deep
Greenland Basin corresponded to years with positive anomalies of springtime phytoplankton production
(except 2018, discussed in the next section). However, according to the climate model projections for the
Arctic, which predict a strong reduction in sea ice export through Fram Strait by the end of the 21st century
(Haine et al., 2015; Vavrus et al., 2012), these years with high springtime export of sea ice and strong
salinity-based stratification of the deep Greenland Basin will be less and less common.

4.2. Springtime Coupling Between Regional Physical Processes and Phytoplankton Production

According to the estimated annual cycles of specific rate of change in phytoplankton biomass (r, Figure 6a),
early and late spring bloom phenologies were associated with years of positive and negative spring primary
production anomalies (Figures 4a and 4b), respectively. In theory, interannual variability in the springtime
stratification process may delay or advance the occurrence of bloom phases (initiation, climax, and termina-
tion) and influence the springtime phytoplankton bloom production (Llort et al., 2015). Carmack and
Wassmann (2006) proposed that in the springtime MIZ, sea ice melting leaves an open ocean area that is
strongly stratified by salinity, so that rapid phytoplankton biomass accumulation and production can occur
until the surface nutrients are depleted. This has already been observed in situ in several Arctic seas (e.g.,
Barents Sea: Reigstad et al.,, 2002; Fram Strait: Cherkasheva et al., 2014; Smith et al., 1985). In the
Greenland Sea MIZ, phytoplankton biomass accumulation can even start early under the sea ice (Mayot
et al., 2018). In contrast, in subarctic Atlantic Ocean areas never covered by sea ice, the weak thermal
stratification should induce a deep mixed-layer that dilutes the springtime phytoplankton biomass but
ultimately may increase the nutrient availability and induce a higher integrated phytoplankton production
than in seasonally sea ice covered regions (Carmack & Wassmann, 2006). We will now discuss our results
within these theoretical frameworks of bloom phenology (i.e., early vs. late) and Arctic oceanic typology
(B-ocean vs. a-ocean, with associated stratification, ice flux, and extent) in light of the potential
consequences to the springtime phytoplankton production.

The spring bloom initiation (r > 0) occurs when the phytoplankton growth exceeds the phytoplankton losses
(e.g., Sverdrup, 1953). In the Nordic Seas, phytoplankton biomass may start to accumulate in early spring
and within a deep vertical mixed layer as soon as the light availability increases (e.g., Lacour et al., 2017
Mignot et al., 2016) and/or in response to a decrease in predation and nongrazing mortality rates (e.g.,
Banse, 1994; Behrenfeld, 2010). Focusing on the two groups of years displaying positives and negatives
anomalies of spring primary production in the Greenland Sea (Figure 4), r became positive around
mid-April for both groups (Figure 6a) when the heat flux switched from negative to positive (Figure Sle)
which may be linked to a reduction in vertical mixing (Ferrari et al., 2015). In situ data from a biogeochem-
ical Argo float that measured the vertical distribution of the Chla in the deep Greenland Basin over the year
2013 (Figure S3, Mayot et al., 2018) also suggested that r, estimated from vertically integrated Chla in the
mixed layer, became positive when the heat flux switched from negative to positive. Despite the ecological
significance of the bloom onset (thoroughly discussed for the Nordic Seas by Mignot et al., 2016), the primary
production level in the Greenland Basin between the bloom onset and climax remained low
(<0.5 gC-m~>.day ™", Figure 6b).

The primary production significantly increased between the following bloom climax (r,,x) and termination
(r £0) phases (ranging 0.5-1.40 gC-m_2~day_1, Figure 6), which should correspond, in theory, to the time of
the year with the highest growth rate for the phytoplankton population (e.g., Behrenfeld et al., 2016). In the
Greenland Basin, because the bloom onset had a low interannual variability (Figure 6a), the timing of these
latter two phases (i.e., climax and termination) could be better used to describe the bloom phenology as early
or late. Theoretically, in the case of an early bloom there would be an early bloom climax and termination
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(i-e., an early rm,x followed by a sudden drop in r, Llort et al., 2015). This framework matches the phyto-
plankton bloom characteristics assigned to the theoretical S-ocean environment of Carmack and
Wassmann (2006). In view of the annual cycles of r associated with the springtime primary production
anomalies observed (Figures 6a and Slc), years associated with positive (negative) anomalies of spring
primary production displayed an early (delayed) bloom phenology.

The stratification process influences the predator-prey interactions and the light-mixing regime that have
long been considered the primary drivers of the bloom phenology and the subject of much discussion
(e.g., from Sverdrup, 1953 to Llort et al., 2015; Janout et al., 2016 and Lowry et al., 2018 for the
Arctic). In our case, years associated with strong springtime salinity-based stratification of the
Greenland Basin, which correspond to f-type oceans with high sea ice flux and extent, could be related
to an early bloom and a high primary production level in May. In this case, the springtime strong vertical
stratification of the surface layers probably provided the optimal growth conditions to the phytoplankton
cells to consume the available nutrients, thus inducing early bloom climax and termination phases. The
availability of nutrients at the bloom climax in the deep Greenland Basin was supported by the biogeo-
chemical Argo float measurements in 2013 (Figure S4b), with around 12 umol kg™ of nitrate available at
the time of the bloom climax.

At the pan-Arctic scale, the interannual variability in sea ice extent (or ice-free area) influences the inter-
annual variability in total annual Arctic phytoplankton production (without considering the under-ice
phytoplankton production, e.g., Arrigo et al., 2008; Arrigo & van Dijken, 2015), with the nutrient avail-
ability setting an upper limit for the overall values reached (e.g., Codispoti et al., 2013; Tremblay
et al., 2015). Regarding the interannual variability in the seasonal pan-Arctic phytoplankton biomass,
Behrenfeld et al. (2016) suggest that the variability in mixed layer growth conditions has a stronger influ-
ence than the variability in sea ice extent (as opposed to its influence on an annual scale). However, in
our case and at the regional scale of the Greenland Sea, it was possible to detect an influence of the
interannual variability in seasonal sea ice flux and extent on the seasonal stratification regime (influen-
cing the mixed layer growth conditions) and on a seasonal ecological event, such as the phytoplankton
spring bloom. Behrenfeld et al. (2016) analysis, carried over the whole pan-Arctic, probably does not hold
when focusing at regional scales. Results here further highlighted the particularity of the Greenland Sea,
compared to the rest of the pan-Arctic, of being strongly influenced by the export of Arctic sea ice. It also
emphasized the ecological link that exists between the Arctic Ocean and the subarctic Atlantic Ocean. In
contrast to the Labrador Sea, where the annual cycle of phytoplankton biomass has been related to the
advection of freshwater originating from both the Arctic Ocean and the Greenland ice sheet runoff (e.g.,
Lacour et al., 2015), the phytoplankton production in the Greenland Sea is under the influence of sea ice
discharge through Fram Strait.

The year 2018 showed low export of Arctic sea ice in April with a subsequent low sea ice extent in May
(Figures 3a and 4d), usually associated with an a-type ocean, but the springtime phytoplankton production
anomaly in the Greenland Basin was neutral and even positive in its deeper northern part (Figure 4d).
Although a weak temperature-based stratification would be expected due to the observed low sea ice condi-
tions, the spring-summer temperatures in the pan-Arctic area in 2018 were exceptionally warm; for example,
May 2018 set a record, being the warmest May of all regular Svalbard meteorological stations since 1898 (sur-
face air temperature, Osborne et al., 2018). In the Greenland Basin, the heat flux was particularly intense,
reaching 118 W m™2 in early May, the highest value recorded between 2003 and 2018 (Figure S2ee). The
temperature-based stratification may have thus been particularly strong and could have driven an early
bloom and higher spring primary production in May in the Greenland Basin. During this exceptionally
warm year, the phytoplankton bloom phenology and production manifested characteristics normally asso-
ciated with f-ocean environments, rather than the ones expected for a-type ocean in this region at this time
of the year. The frequency of such exceptionally warm years will probably increase (Collins et al., 2019),
while the export of sea ice will decrease and the export of freshwater increase (Haine et al., 2015; Vavrus
et al., 2012). Assuming that Arctic water remains within the East Greenland Current as at present (Dodd
et al., 2009, 2012), such changes could induce the Greenland Sea, east of the East Greenland Current, to
become only an a-type ocean with an early phytoplankton bloom. However, such stronger warming events
of the Greenland Sea and the predicted increase in liquid freshwater export may have other unexpected con-
sequences, not assessed in this study, on the planktonic ecosystem structure (e.g., shift in plankton
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communities) and biogeochemical processes in this North Atlantic transition zone (e.g., Carmack et al., 2016;
Carmack & Wassmann, 2006; Engel et al., 2019).

5. Conclusions

Results from this study provided evidences that Fram Strait sea ice outflow, by affecting the water column
stability, influenced the phytoplankton production in the Greenland Sea. Overall, a high springtime
Arctic ice export through Fram Strait can lead to a strong salinity-based stratification and an early phyto-
plankton bloom in the Greenland Basin. On the contrary, in case of a reduction in ice export, as climate mod-
els predict, a weak water column stratification of the Greenland Basin led to delayed phytoplankton spring
blooms. Such variability in the phytoplankton bloom occurrence, driven by the Arctic ice flux, may have
substantial consequences on the timing and quantity of biological carbon export and the production of
higher trophic levels. Furthermore, the unexpected results associated with the exceptional warm year 2018
(i.e., a year with low ice export but an early phytoplankton bloom driven by thermal stratification) demon-
strated the nonlinearity between the ice export through Fram Strait and the phytoplankton bloom timing in
the Greenland Sea. Summing up, these findings clearly show how phytoplankton phenology and production
in the subarctic Atlantic (above 55°N) can be strongly influenced by the ongoing changes in the Arctic
Ocean. In view of this, the subarctic Atlantic appears as a crucial transitional area (i.e., connecting the
Arctic and Atlantic Oceans) where continuing to investigate key physical and biogeochemical processes
influencing the pelagic environment will reveal potential future ecosystem shifts in response to
climate change.
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