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The evolution of light and vertical mixing across a
phytoplankton ice-edge bloom

Achim Randelhoff™, Laurent Oziel"™*, Philippe Massicotte", Guislain Bécu™f, Marti
Gali**, Léo Lacour™!, Dany Dumonts$, Anda Vladoiul, Claudie Marec"*¥, Flavienne
Bruyant®!, Marie-Noélle Houssais!, Jean-Eric Tremblay*t, Gabriéle Deslongchamps®t
and Marcel Babin™

During summer, phytoplankton can bloom in the Arctic Ocean, both in open water and under ice, often
strongly linked to the retreating ice edge. There, the surface ocean responds to steep lateral gradients in
ice melt, mixing, and light input, shaping the Arctic ecosystem in unique ways not found in other regions
of the world ocean. In 2016, we sampled a high-resolution grid of 135 hydrographic stations in Baffin
Bay as part of the Green Edge project to study the ice-edge bloom, including turbulent vertical mixing,
the under-ice light field, concentrations of inorganic nutrients, and phytoplankton biomass. We found
pronounced differences between an Atlantic sector dominated by the warm West Greenland Current and
an Arctic sector with surface waters originating from the Canadian archipelago. Winter overturning and
thus nutrient replenishment was hampered by strong haline stratification in the Arctic domain, whereas
close to the West Greenland shelf, weak stratification permitted winter mixing with high-nitrate Atlantic-
derived waters. Using a space-for-time approach, we linked upper ocean dynamics to the phytoplankton
bloom trailing the retreating ice edge. In a band of 60 km (or 15 days) around the ice edge, the upper
ocean was especially affected by a freshened surface layer. Light climate, as evidenced by deep 0.415 mol
m-2d™" isolumes, and vertical mixing, as quantified by shallow mixing layer depths, should have permitted
significant net phytoplankton growth more than 100 km into the pack ice at ice concentrations close to
100%. Yet, under-ice biomass was relatively low at 20 mg chlorophyll-a m? and depth-integrated total
chlorophyll-a (0-80 m) peaked at an average value of 75 mg chlorophyll-a m= only around 10 days after ice
retreat. This phenological peak may hence have been the delayed result of much earlier bloom initiation and
demonstrates the importance of temporal dynamics for constraints of Arctic marine primary production.
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Introduction

Every year in summer, the Arctic ice edge retreats hun-
dreds of kilometers from its mid-March maximum extent
to its mid-September minimal extent. The retreat is not
evenly distributed: in some places like Fram Strait it lin-
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gers for most of the year because of dominant ice-drift
patterns; in others, such as off Siberia, it retreats rapidly
from the shallow shelves into the central Arctic basin
(Steele and Ermold, 2015). Phytoplankton blooms trailing
these ice edges are a dominant feature in the Arctic Ocean
(Perrette et al., 2011).

The overall phenology of these blooms is now fairly
well documented (see, e.g., Sakshaug, 2004; Carmack and
Wassmann, 2006; Wassmann and Reigstad, 2011). With the
return of the sun in Arctic spring, ice melts quickly in the
marginal ice zone (MIZ). Around the ice edge, pelagic phy-
toplankton can bloom until either nutrients are depleted,
which seems to be the case in most scenarios studied in
the Arctic (e.g., Sakshaug, 2004), or until the grazing pres-
sure becomes too high as zooplankton resurface from their
deeper overwintering habitat to feed and reproduce. During
the bloom, primary and secondary producers awaken rap-
idly, consuming the available inorganic nutrients and even-
tually switching from an autotrophic to a heterotrophic or
mixotrophic food web, concurrent with the development
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of a subsurface chlorophyll-a (chl-a) maximum as a compro-
mise between nutrient and light availability.

An important recognition in the last two decades has
been that even small leads, cracks, melt ponds or thin ice
without snow can in fact let enough light pass to permit
pelagic blooms in ice-covered areas (e.g., Fortier et al., 2002;
Mundy et al., 2009; Arrigo et al., 2014; Lowry et al., 2014;
Assmy et al., 2017). Whether or not these blooms are more
vigorous than the ones in open water depends strongly on
the light transmittance and nutrient availability (Arrigo et
al,, 2014; Assmy et al., 2017), but in general they will con-
sume nutrients, which modifies the dissolved nutrient pool
and potentially alters the community composition later in
the season and downstream of the MIZ (Sakshaug, 2004).

There are a number of hypotheses about the conditions
necessary or sufficient for triggering the phytoplankton
spring bloom (e.g., Behrenfeld and Boss, 2017, and references
therein), at least as far as the global ocean goes. These hypoth-
eses usually relate to critical levels or penetration depths
of light, turbulence or distribution of grazers (see also e.g.
Behrenfeld, 2010; Franks, 2015). All of these factors are inter-
related by vertical mixing of plankton within (and potentially
out of) the photic zone. Crucially, mixing is suppressed dur-
ing and after the winter-spring restratification of the upper
ocean, and in the MIZ due to strong ice melt (McPhee and
Kantha, 1989; Randelhoff et al., 2017; Cole et al., 2018).

In the Arctic Ocean in particular, however, ice melt
and ice retreat are often strongly correlated when newly
exposed water is rapidly heated by the sun in spring and
summer (Steele and Ermold, 2015), and so both stratifi-
cation and increased light input are temporally linked
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to the spring bloom. The picture becomes less clear the
more closely one examines the problem, as the case of
under-ice blooms has demonstrated. Does the onset of
these blooms rely on the developing stratification that
reduces the intensity and depth of vertical mixing below
an ice cover that is just starting to melt, or is the light
that passes through the optically thinner ice, whether
through leads or a melting snow cover, sufficient alone?
Part of the answer certainly requires detailed physiological
studies of the blooming phytoplankton species, but the
vertical extents of light penetration and mixing, in con-
junction with nutrient loading, can inform of important
constraints on the overall occurrence of ice-edge blooms.

Baffin Bay replicates the large-scale gradients of the
pan-arctic regime, with a more temperate current from
the North Atlantic and a colder one of Arctic origin (e.g.,
Tang et al., 2004; Curry et al., 2014). The Arctic current,
being derived from Pacific water, is light enough to pass
over the shallow sills of the Canadian Archipelago north
of Baffin Bay, flowing southward along the western shelf
and becoming progressively diluted (Fissel et al., 1982).
The West Greenland Current carries mostly nutrient-richer
Atlantic water, and a smaller amount of Arctic water on
top originating in Fram Strait and carried south by the East
Greenland current (Torres-Valdés et al., 2013). The West
Greenland Current is therefore much saltier and heavier;
it cannot pass over the sills in the north and recirculates
south after subducting under (and mixing with) the Arctic
current (Figure 1; see also Miinchow et al., 2015).

In addition, the ice edge in Baffin Bay usually retreats
evenly and features a predictable spring bloom (Perrette
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Figure 1: Map of Baffin Bay. Baffin Bay, located between Baffin Island, Greenland, and the Arctic and North Atlantic
oceans. Sampling locations are colour-coded for doy, the “(decimal) day of the year” (doy 160 = 8 June, doy 190 = 8
July); bathymetry is indicated as greyscale shading (Jakobsson et al., 2012). The yellow star indicates the location of
the ice camps in 2015 and 2016 (Oziel et al., 2019). The red arrow represents the Atlantic-derived West Greenland
Current; the blue one the Arctic-derived Baffin Island Current. DOI: https://doi.org/10.1525/elementa.357.f1
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et al., 2011). Baffin Bay is thus a good model system to
study the roles of biogeochemistry, hydrography and
optical properties in and around Arctic ice-edge blooms.
The data collected during the Green Edge campaign (see
Special Feature overview) showcase the spatial variation
along east—west gradients in the large-scale hydrographic
background as well as how mixing, stratification, and light
climate influence nutrient and phytoplankton dynamics.

Methods

The CCGS Amundsen 2016 expedition and Green Edge
project in Baffin Bay

Sampling aboard the CCGS Amundsen during the Green
Edge campaign extended from 09 June to 10 July 2016.
The sampling locations were distributed along seven lon-
gitudinal transects across the ice edge, each at a different
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latitude (Figure 2). The total data set comprises around
135 sampling stations. For an impression of the general
region, additional maps can be found in the supplemental
material (Figures S1.1-S1.4).

Hydrographic sampling

At each hydrographic station, vertical profiles of water
column properties were made using a Conductivity-
Temperature-Depth sensor system (CTD, Seabird SBE-911
plus), installed onboard the CCGS Amundsen which also
included a Seapoint SCF Fluorometer for detection of chl-
a, and a WetLabs C-Star transmissometer to measure beam
attenuation as an indicator of biomass. In total, over all
135 sampling stations, 200 CTD casts were conducted.
CTD data processing was done by the Amundsen Science
Team following standard procedures (Guillot, 2016).
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Figure 2: Evolution of the ice cover through summer. A: Location of the ice edge at a given doy. B, C, D, E: Ice con-
centrations at doy 160, 175, 190 and 195, respectively. Note the non-linear color scale for the ice concentration. For
reference, panels B to E also show the hydrographic station grid. Grey lines indicate isobaths at 250 and 500 m; see
Figure 1 for more information on the bathymetry. The yellow star indicates the location of the 2015/2016 ice camps.
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For the purpose of this study, temperatures are always
given as conservative temperature, T, defined according
to the TEOS-10 standard (IOC, SCOR, IAPSO, 2010); the
same applies to the use of S, for absolute salinity.

The maximum temperature of each vertical profile is a
reliable tracer for water masses of Atlantic origin (Tang et
al., 2004). It was extracted for each hydrographic station,
making sure that the CTD profile had passed through the
core by requiring that temperature was decreasing below
the maximum (not all profiles were sampled deeper than
that maximum).

We also used the temperature minimum in order to
determine water column overturning during the previous
winters following the reasoning of Rudels et al., (1996).
These calculations require more consideration due to
peculiarities of the regional water mass distribution and
are properly discussed in the next section together with
the large-scale hydrography.

A “mixed layer” depth is often used by oceanogra-
phers to describe vertical scales in the surface layer. This
well-mixed layer is in contact with the atmosphere and
separated from deeper waters by a sharp density gradi-
ent (Schmidtko et al., 2013; Peralta-Ferriz and Woodgate,
2015). Even beyond the caveat that being “well-mixed”
does not necessarily imply “actively mixing” (Brainerd and
Gregg, 1995), density profiles in the rapidly melting MIZ
often do neither exhibit a well-mixed surface layer nor a
clear density step below, making it impossible to relate
either to the turbulence (Morison et al., 1987; Randelhoff
et al.,, 2017; Dewey et al., 2017) because such a traditional
“mixed layer” depth is often <10 m (Figure S2.1).

Instead, we make reference to the “equivalent mixed
layer depth” h,, a metric previously developed by
Randelhoff et al. (2017) for strongly meltwater-influ-
enced surface waters in the MIZ. Equivalent mixed layer
depth is defined as h,, = BD/Ac,, where BD is the ver-
tically integrated buoyancy deficit compared to a refer-
ence state, taken to be the shallowest depth that is not
affected by seasonal density variations, and Ao, is the dif-
ference between densities at that reference depth and the
surface, usually an average over the upper meters. Those
authors found that the equivalent mixed layer depth A,
constrained the extent of vertical mixing well. The same
will be shown to hold for the present data set which also
includes vertical profiles of turbulent mixing.

Turbulence and vertical mixing

Turbulent microstructure in the upper 100 m was sam-
pled at stations selected to represent the entire spectrum
of ice and stratification conditions using a “Self-Contained
Autonomous MicroProfiler” (SCAMP, Precision Meas-
urement Engineering, California, USA). The SCAMP was
deployed from a small craft approximately 1 nautical mile
from the vessel to avoid noise contamination, free falling
at approximately 10 cm s and with up to 5-6 repeat
casts at each station.

The dissipation rate of turbulent kinetic energy ¢ was
obtained from fitting the theoretical Batchelor spectrum
to the temperature gradient microstructure spectrum
using the modified maximum likelihood method of
Ruddick et al. (2000). More details concerning the method
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can be found in Cuypers et al. (2012). The diapycnal dif-
fusivity K was parameterized using Osborn’s formulation
(Osborn, 1980). It has been argued that a constant mixing
efficiency I' = 0.2 may overestimate the vertical diffusivity
at high turbulence intensities, e.g. at weak stratification
(Shih et al., 2005; Bouffard and Boegman, 2013). For typi-
cal ranges of oceanic turbulence, I' = 0.2 fits in situ data
and agrees with proposed alternative parameterizations
(e.g., Bouffard and Boegman, 2013, in particular their
Figure 8c), and so we chose " = 0.2 for consistency with
results reported earlier (Gregg et al., 2018).

In keeping with Brainerd and Gregg (1995), we defined
a mixing layer depth h_as the depth where & drops below
5.10°W kg, which is well below values observed in the
surface layer, but larger than the background dissipation
rate measured below the pycnocline, both in their study
and in our data.

Inorganic nutrients

Water samples were collected at each hydrographic sta-
tion for determination of inorganic nutrients (nitrate NO3,
nitrite NO;, phosphate PO}, and silicic acid Si (OH),). Sam-
ples from Niskin bottles on the CTD rosette were pre-fil-
tered through a GF/F filter and stored in acid-washed and
sample-rinsed 15-ml polyethylene tubes. These samples
were then either stored at most a few hours at 4°C in the
dark or analyzed immediately on a Bran+Luebbe Autoana-
lyzer 3 using standard colorimetric methods (Grasshoff et
al., 1999). Analytical detection limits are: 0.02 pmol I! for
NO;, 0.03 umol I for NO3, 0.05 umol I-* for PO} and 0.1
umol 7! for Si.

We derived a “nitracline depth” as the shallowest depth
where NO; concentration exceeded 1uM, based on a lin-
ear interpolation from the 10 m vertical resolution in the
relevant depth range to a vertical spacing of 1 m.

We refined the discussion of the water masses beyond
their temperature-salinity properties by additionally tak-
ing their phosphate and nitrate signatures into account.
Following Newton et al. (2013), we calculated the “Arctic
N-P relationship” (ANP). Essentially, ANP = O means the
NO; -P0; pairs fall on the regression line for Atlantic Water,
whereas for ANP = 1 they fall on the regression line
for Pacific-derived water. In this study, we used the N-P
regression lines by Jones et al. (1998) which according to
Tremblay et al. (2015, their Figure 1) also hold in north-
western Baffin Bay, the source of the waters observed in
the western ends of the Green Edge transects.

Clustering stations into Arctic and Atlantic water

To subsume and visualize the pervasive east—west gradi-
ent of hydrographic variables that will be apparent across
the station grid, and circumvent the limitations of water
masses that are traditionally only defined in terms of
salinity and temperature, we used a fuzzy c-means clus-
tering algorithm (Section S5) to cluster hydrographic vari-
ables, including nutrient tracers, into two lateral domains:
Arctic and Atlantic.

The following properties were included to define two
clusters, centered and normalized: (1) maximum tempera-
ture in the AW layer, (2) salinity at the estimated convec-
tion depth, and (3) ANP at 20-m depth. These properties
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summarize the strength of Atlantic inflow and the result-
ing hydrography and nutrient composition.

Wind velocities

We used the CCMP V2.0 wind vector analysis product
(Atlas et al., 2011), downloaded from http://www.remss.
com/measurements/ccmp, to extract the 10-m surface
wind field for our study area.

Sea ice cover

We defined the ice edge as the contour line where the ice
concentration ¢ was 15%, as given by AMSR2 sea ice con-
centration data on the 3.125-km grid (Spreen et al., 2008),
downloaded from http://www.iup.uni-bremen.de:8084/
amsr2data/asi_daygrid_swath/n3125/.

For each hydrographic station, we calculated an “open
water days” (OWD) parameter based on how long it had
been ice-free or how long it took to become ice-free, as
quantified by the days of ¢ < 15% since day of year (doy) 120
(April 29) or the days with ¢ > 15% until doy 210 (July 28),
respectively. For more detail, see the supplemental material.

Light
A photosynthetically available radiation (PAR; mol pho-
tons m2d") level of 0.415 mol m=d-! has been found
to bound the lower extent of the vertical phytoplankton
distribution in the North Pacific subtropical gyre (Letelier
et al., 2004) and has been used in the North Atlantic for
the same purpose (Boss and Behrenfeld, 2010). To assess
the underwater light climate, we computed the depth of
this isolume by combining 1) 40 profiles of multispectral
underwater irradiance using a “Compact Optical Profiling
System” (C-OPS, Biospherical Instruments, Inc.) and 2) a
composite dataset of daily above-surface irradiance, PAR%.
Lacour et al. (2017) derived a lower value of 0.1 mol m
d-! for the lower extent of possible phytoplankton growth
for the subpolar North Atlantic. Qualitatively, the two cri-
teria agree, with isolumes at the 0.1 consistently around 15
m deeper than at the 0.415-mol m=d" level (Figure $4.3).
However, choosing such an isolume level is somewhat
arbitrary when applied in the field, being the mean over
a set of different species in different conditions, not rep-
resenting hard limits for any given species as they would
for laboratory studies Geider et al., 1986). For this study,
we chose the 0.415-mol m=>d™" threshold, firstly because
it is the value commonly applied at lower latitudes and
hence less subjective, and because it is a conservative
value. Hence, in the following, “isolume” always refers to
the 0.415 mol m>d"-level, unless explicitly stated.
Letelier et al. (2004) originally measured scalar irradi-
ance (E) using a spherical sensor, whereas the C-OPS used
in this study measures planar irradiance (E,). Modelling by
Pavlov et al. (2017, their Figure 9) in and around an under-
ice phytoplankton bloom indicates that the ratio E : E, is
within the range of 1.3—1.6, meaning that by using E,, we
underestimate the depth of any isolume by a factor of at
most approximately log (E, /E,)/K, (PAR) =~ 1-7 m, where
K, (PAR) ~ 0.07-0.25 m™" is the diffuse attenuation coef-
ficient of PAR as observed in our dataset. Again, this analy-
sis serves to show that the isolume depths discussed in
this paper are conservative.
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Additional caveats include that the light field under
a heterogeneous cover of ponded ice floes and leads
between them is notoriously difficult to parameterize
(Massicotte et al., 2018), with spatial heterogeneity of the
ice cover Frey et al.,, 2011; katlein et al., 2015) and hori-
zontal spreading of light under the ice (Ehn et al., 2011)
being major issues. Nor is it clear whether the physiologi-
cal response of the phytoplankton is governed by the daily
average light field or by sub-daily variations, e.g., through
exploitation of or disruption by peak irradiance in leads.

In summary, the isolume depths computed in this paper
should be seen as indicative of the depth range where
growth definitely was possible, rather than the physiologi-
cal maximum.

Incoming above-surface irradiance

PAR just above the sea surface was estimated using both
(1) in situ data recorded on the ship meteorological tower
(Kipp & Zonen PAR Lite; sampling frequency 1 min-') and
(2) an atmospheric radiative transfer model (SBDART,
Ricchiazzi et al., 1998). SBDART was first validated against
in situ measurements (Figure S4.5), and then used to
derive 24-hour mean irradiance at a given location
before the hydrographic station. SBDART yields more reli-
able results for these daily irradiances because the in situ
measurements were likely strongly affected by changing
ice albedo and fog conditions as the CCGS Amundsen tra-
versed back and forth across the MIZ.

SBDART was implemented using precomputed lookup
tables as described by Laliberté et al. (2016). Briefly, spec-
tral downwelling irradiance at wavelengths of 290-700
nm (5-nm intervals) was estimated with 1-hour resolution
as a function of solar zenith angle, surface albedo, cloud
optical thickness (COT), total ozone column (O,), and
cloud fraction (CF). COT, O, and CF were obtained from
MODIS atmosphere (https://modis-atmosphere.gsfc.nasa.
gov/) Collection 6. Surface albedo was estimated from
sea ice concentration as retrieved by the AMSR2 micro-
wave satellite sensor (see above) based on Perovich and
Polashenski (2012).

Underwater irradiance
The C-OPS was deployed either from small craft, or
through a hole in the ice when it was thick enough to per-
mit working on it. Vertical profiles of downwelling irradi-
ance were measured down to 100 m depth. Concurrently,
above-surface downwelling irradiance (PAR’") was meas-
ured using another sensor which serves as a reference to
calculate the transmittance of PAR in the water column
as the ratio between the in- and the above-water meas-
urements (also called the PAR percentage below). More
details can be found in the supplemental material.
Multiplying daily above-surface irradiance PAR% by the
PAR percentage gives a vertical profile of the daily PAR.
In order to correct for variable sea ice concentration (and
the fact that not all ice-covered stations could be sampled
from the sea ice), a composite under-ice (under-water)
profile was constructed using the closest available meas-
urement of ice (water surface) transmittance (Figure 3B)
for each station sampled from open water (ice, respec-
tively). Weighting the water and ice profiles according to
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Figure 3: The underwater light field. A: The depth of the 0.415 mol m=2d" isolume as a function of water-column
PAR attenuation e-folding scale (1/K ); ice concentration inferred from AMSR2 as color shading. B: Ratio between
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approximation of the combined ice+snow transmittance; see Figure S4.2 for a map. DOI: https://doi.org/10.1525/
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the AMSR2-derived sea ice concentration, we calculated a
vertical PAR profile, to which the 0.415 mol m=d-" crite-
rion was applied to derive the isolume depth.

Chlorophyll-a

For detection of the chla maximum concentration
along the vertical profile, we used output from the
rosette-mounted Seapoint Fluorometer. CTD processing
includes the manufacturer calibration against biomass in
laboratory cultures, but was not corrected for in situ flu-
orescence-biomass relationships. Because of the possibil-
ity of quenching during daytime, we also assessed beam
attenuation as measured by a transmissometer as a proxy
for biomass and derived the depth of its maximum value
for each profile.

For more detailed comparison with phytoplankton bio-
mass, we used total chlorophyll-a (TChl-a) concentrations
calculated from photosynthetic pigment measurements at
a total of 41 stations. The analytical procedure is described
by Ras et al. (2008). Briefly filters were extracted for two
hours in 100% methanol, disrupted by sonication and
clarified by filtration (GF/F Whatman, then 0.2 m polyte-
trafluoroethylene filter). The samples were analyzed using
high-performance liquid chromatography (HPLC) the
same day, using an Agilent Technologies HPLC 1200. A C8
guard column was installed before the analytical column.

Results and Discussion, part 1: The large-scale
hydrography of southern Baffin Bay

Ice edge retreat

Until approximately doy 160, the ice edge lingered over
the West Greenland shelf break and extended onto the
shelf. Around doy 165, retreat started from the north and
by doy 190, one month later, the ice edge was rapidly
approaching the Baffin Island shelf break (Figure 2A).
The ice edge moved on average 9 km from day to day, but

the overall net westward displacement was somewhat
slower at 3.5 km d-! (Figure 4A).

We also used OWD, just like the spatial distance from
the ice edge, to position hydrographic stations relative
to the ice cover; the two quantities were well correlated
(Figure 5) with a slope of 4 km d', reasonably close to
the net westward displacement, and even better so when
local variations were taken into account (ice edge retreat
covered a larger distance further north).

The interior ice pack away from the ice edge was
rather compact with concentrations upwards of 95% in
most places (Figure 2B-D), up until around doy 190
(July 8), when the Green Edge campaign ended. After
that, the ice cover deteriorated quickly from doy 195
with ice concentrations dropping below 75% in most
places even hundreds of kilometers beyond the ice edge
(Figure 2E); the entire study grid was ice-free by doy 210
(July 28; not shown). Specific events such as the rather
large fluctuation of the ice-edge position between doys
165—-170 (Figure 4B) may have influenced the overall
deterioration of the ice cover, but there is little evidence
that general patterns in wind or incident solar radiation
(Figure 4C) drove ice retreat and melt. In particular,
the retreat averaged over the study area seemed to be
mostly due to ice melt because there were no persistent
easterlies during the cruise that could have pushed the
ice west.

Water masses

Temperature-salinity plots (Figure 6) showed the presence
of warm Atlantic-derived water to the east of the station
grid (Figure 7), a bend at salinities just below 34 g kg™,
and a ‘“cold halocline’-like layer extending to the surface.
Warmed surface water was also present at very variable
temperatures and salinities; it was mostly located in the
eastern half where the ice had retreated earliest.
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Figure 4: Dynamics of the ice edge retreat. A: Ice retreat speed. Mean distance between ice edges on consecutive
days (black); day-to-day displacement of average ice-edge position westward (green), i.e., positive numbers are
westward, negative eastward. B: Wind vectors averaged over the study area. C: Daily incoming surface irradiance
averaged over the study area. DOI: https://doi.org/10.1525/elementa.357.f4
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Figure 5: Distance from the ice edge as a function of open water days. The color scale indicates bottom depth,
thus implicitly hydrographic regime, and shows that an even better one-to-one correspondence is reached when
considering geographical subsets of the relation. The slope of the regression is another way of examining the ice edge
retreat speed, which can also be inferred from the average westward displacement of the ice edge, see Figure 4A.
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Figure 6: Water masses as determined from salinity, temperature, and nutrient concentrations. T-S plots with
absolute salinity and conservative temperature; o, isolines in gray, freezing point relation at 0 dbar as thick, black
line. A: Color scale indicates water depth of measurement. B: The shaded areas represent water mass definitions; Arw:
Arctic Water, AW: Atlantic Water, WAW: Winter Atlantic Water. The color scale indicates ANP following Newton et al.
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The studies by Tang et al. (2004) and Zweng and
Miinchow (2006) represent the most recent large efforts
to synthesize data on Baffin Bay hydrography; the former
is ambiguous, however, on the exact definitions of the
water masses, giving a qualitative rather than quantitative
picture (see their Figure 14). The latter is more explicit,
but still lacks tracers other than temperature and salin-
ity. We have chosen to modify and align their definitions,
but retain the general water masses (though Baffin Bay
Deep Water at depths below 800 m is not treated here).
Our definitions are as follows.

(1) An Atlantic-derived water mass with T. > 1°C
and S, > 34.0 g kg!, from here on called Atlantic
Water (AW). In the literature, this has also been
called, inter alia, “West Greenland Intermediate
Water”, “Baffin Bay Intermediate”, “Atlantic Inter-
mediate”, and “Arctic Intermediate” (according to
Tang et al. (2004)). Such nuances are not needed
here as the study area is well-confined; hence we
chose the simplest term. In addition, the N-P rela-
tion in this water mass is within ANP < 0.1 of the
one derived by Jones et al.(1998) for AW.

(2) Arctic Water (ArW) with T_.<-1°Cand S, <33.5¢g
kg'. In this water, we observed an N-P signature
of ANP > 0.2 but well within 0.6. Note that the
Pacific nutrient signature of Jones et al. (1998),
while fully present in northwestern Baffin Bay
(Tremblay et al., 2015), is strongly diluted by At-
lantic Water, in a ratio of approximately 1:1, in
the Green Edge area. Comprised in this ArW is a
layer similar to the Cold Halocline Layer (CHL) of
the Arctic Ocean proper, a salinity-stratified but
homogeneously cold layer of water.

(3) Winter Atlantic Water (WAW) with T_ < —1°C and
335gkg'<S, <34.0 gkg, which represents the
temperature-minimum bend in the T-S diagrams
that occurred in most profiles apart from the ones
sampled closest to the Arctic current. Notably, this
water mass was not present in the observations
made at the ice camp (Oziel et al., 2019), meaning
it likely originated from the Atlantic rather than
the Arctic sector (see next section on convection).

ANP showed a clear east—west gradient that reflects the dif-
ferences between the two main water masses (Figure 6B).
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The highest ANP value observed in the Amundsen station
grid in 2016 was just short of 0.7, with more usual val-
ues typically around 0.5 inside the core of what we have
defined as the Arctic Water mass (ArW). These values
indicate a 50-50% dilution of the Pacific Water coming
from northwestern Baffin Bay, reflecting a strong inflow
of Atlantic Water in this area. However, the 2016 CCGS
Amundsen station grid probably did not capture the core
of the southward current, most of which we would expect
to be over the Baffin Island shelf slope. In fact, at the ice
camp, just next to the coast, ANP values in excess of 0.8
were sometimes observed in the upper 60 m (Oziel et al.,
2019), an overwhelming Pacific signature. However, the
mean of the entire 2016 ice camp period was similar if
somewhat higher (0.6) to that of the closest station in the
CCGS Amundsen station grid (Figure 8E).

Convection and the pre-bloom nutrient inventory
Water that results from wintertime cooling and
possibly brine rejection is close to the freezing point,
whereas the Atlantic Water below is warmer, as is the
surface water warmed by solar radiation in summer.
Identifying the temperature minimum in a relevant
depth range helps to locate the overturning depth
of the previous winter (Rudels et al., 1996). However,
strictly speaking, this minimum represents a water
mass that at some point must have been ventilated
during winter; it thus represents an upper bound on
the overturning depth only. In the following, we dis-
tinguish between the absolute temperature minimum
of a CTD profile as a water-mass marker, and local
temperature minima as indicators of recent winter
overturning.
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Figure 8: Key hydrographic properties across the station grid. A: Maximum AW temperature, a proxy for inflow
from the south. B: Depth of the estimated winter overturning depth. C: Salinity at this estimated overturning depth.
D: Depth of the 33.5 g kg' isohaline, the lower extent of what is classified as ArW. E: The ANP tracer (see text) at 20-m
depth. F: Classification of the Atlantic and Arctic Domains, based on fuzzy clustering of maximum temperature in
the AW layer, ANP at 20-m depth, and salinity at the estimated convection depth (see text). Selected cluster-averaged
values are listed in Table 1. Where applicable, the corresponding values sampled at the 2016 ice camp are shown for
reference (Oziel et al., 2019). In grey: Isobaths at 250 and 500 m. Similar figures for other parameters are shown in

the supplemental material, see Figures S2.1 to $2.10. DOI

Winter Atlantic water and the temperature minimum

In the western part of the station grid, absolute tem-
perature minima ranged between 100 and 150 m, con-
sistent with Tang et al. (2004). However, it is unlikely
that these depths actually represent local convection.
For instance, one notes that the sharp bend at salinities
of 33.5-34.0 g kg! is eroded in the western transects
(Figure 6A) and in particular at the ice camp (Oziel et
al., 2019). Also, ANP values (the Pacific contribution to
these waters) at the depth of the absolute temperature
minimum are usually close to O (Figure 6B). Both of
these facts indicate that the source of these occasion-
ally occurring intrusions of minimal temperature lies
in the eastern parts of the Basin; we hypothesize that
the intermediate water at 33.5-34.0 g kg' represents
the remnant of previously convecting Atlantic-derived

- https://doi.org/10.1525/elementa.357.f8

water that was subsequently subducted under ArW and
isolated from convection (and hence we called it WAW,
Winter Atlantic Water), rather similar to the formation
mechanism of the Lower Cold Halocline in the Arctic
Ocean proper as proposed by (Rudels et al. (1996); see
also Woodgate et al. (2005). Our data set does not permit
further corroboration of this hypothesis; more detailed
investigation awaits future studies, likely involving other
chemical tracers.

Winter mixed layer depths, convection, and local

temperature minima

To find arecent overturning depth and with it the pre-bloom
surface nutrient concentration, more care is required. Many
of the temperature profiles exhibit local extrema, meaning
that the shallowest of the local minima likely represents
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recent convection or winter mixing. One may have reser-
vations about this method in the case of very shallow (to
a few tens of meters) temperature minima, given the fast
dynamics of the surface layer that may distort temperature
profiles between winter and summer. However, this reason-
ing is the best approximation that is available to us using
data only sampled during summer and should ultimately
be replaced by wintertime measurements.

We chose the shallowest local minimum (over a window
of 20 m) of freezing point deviation not exceeding 0.3°C,
but the conclusions are not sensitive to the exact thresh-
old; however, these criteria were chosen after visual
inspection of the collected profiles and do not represent a
globally valid method (Figures $6.1 and $6.2).

Estimated winter mixing layer depths ranged between 10
and 90 m, or salinities of 32.3 to 33.8 g kg™', the shallowest
and freshest of these being closest to the Baffin Island shelf
(Figure 8B, C), which is consistent with the hydrographic
profiles sampled at the ice camp itself (Oziel et al., 2019).
The sometimes large variability between neighboring sta-
tions reflects to some extent the arbitrariness in selecting
the overturning depth, but also the hydrographic variabil-
ity with frequent interleaving of water masses evident in
the CTD profiles (Figure S6.2). Here we are interested in
the regional averages of the overturning depth, not the
overturning depth at particular stations.

Arctic and Atlantic domains in Baffin Bay

The overwhelming majority of hydrographic variables
showed a clear east-west gradient, such as the maxi-
mum temperature, its depth, the depth of the 33.5 g kg™
isohaline, and nutrient concentrations (Figure 8). The
fuzzy clustering (see Methods) reproduced as expected
the longitudinal gradient present in virtually all variables
(Figure 8F). Estimated convection depths for Arctic and
Atlantic domains lie around the 33.0 and 33.7 g kg™' iso-
halines, respectively (Table 1). The estimated salinity at
the base of the winter mixed layer in the Arctic domain
(33.0 g kg™ falls around halfway between the Atlantic
domain and =32.5 g kg, which was observed both at
the 2016 ice camp and the southwestern extreme of the
Amundsen sampling grid.

Table 1: Physical and biogeochemical characteristics of the
Arctic and Atlantic domains. Domains determined by the
clustering as described in the text (see also Figure 8; thresh-
olds for the membership function <0.1 and >0.9, respec-
tively). DOL: https://doi.org/10.1525/elementa.357.t1

Parameter Arctic  Atlantic
T, max. (°C) 2.1 33
Depth of winter overturning (m) 34 50
NO, at winter overturning depth (uM) 6.5 8*

S, at winter overturning depth (g kg™') 330 337

Ice concentration (%) 75 35
Depth of S, 33.5 g kg™ isohaline (m) 81 24

* Likely reduced by nitracline deepening (see text).
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While nitrate consumption in the western part had not
generally reached that overturning depth (nitrate uptake
had just started at the surface; see Figure 7), most profiles
sampled in the eastern part exhibited a well-delineated
deep chl-a maximum (Figure 9E). In particular, in the
Atlantic sector, the winter overturning depth was located
well inside the WAW and thus likely tapped into the
Atlantic nutrient pool of relatively high nitrate (around 10
M), while for the Arctic domain, a more likely pre-bloom
nitrate concentration was 6 uM (Figure S2.15). At the ice
camp, maximum winter concentrations of NO; were 4-5
uM (Oziel et al., 2019), consistent with the lower surface
concentrations observed in the southwesternmost part of
the station grid.

What we call here “Arctic” and “Atlantic” is to be
understood only relative to the context of the Green
Edge CCGS Amundsen data set — the clustering includes
no external information about what constitutes either of
those categories, even though it reproduces them well. In
particular, the southwesternmost stations (located closest
to the ice camp) are much more similar to the ice camp
in terms of hydrographic variables than most of what we
have classified as the Arctic domain (Oziel et al., 2019).
This similarity is a matter of the point of reference; most
of the CCGS Amundsen station grid presented in this arti-
cle did not capture the core of the southward flowing
current of Arctic water.

Results and Discussion, part 2: Surface layer
dynamics and light climate

Upper ocean dynamics in the context of the large-
scale hydrography

Water column stratification differed markedly between
the Arctic and Atlantic (or, western and eastern) domains
that we delineated above, which reproduced the overall
pattern between different areas of the Arctic Ocean. On
one hand, those areas dominated by the weakly thermally
stratified inflow of Atlantic Water, where winter convec-
tion often reaches far into the deeper nutrient-rich waters
and leads to high upward nutrient fluxes (e.g., Carmack,
2007; Randelhoff et al., 2015).

On the other hand, other areas feature a strong haline
stratification, such that not even wintertime brine rejec-
tion leads to overturning beyond the photic zone. This is
the case in the strongly Pacific-influenced Chukchi and
southern Beaufort seas, where density mixed layers only
reach 20-40 m in depth (Peralta-Ferriz and Woodgate,
2015). We observed similar depths in the southwestern
end of the Green Edge station grid (Figure 8B), where
strongly stratified Arctic water capped the upper 40-50
m. At the ice camp, winter overturning reached to around
40-m depth, but the corresponding salinities and thus
nutrient concentrations agreed well between the ice camp
and the closest CCGS Amundsen stations (Figure 8B, C;
Oziel et al., 2019).

Winter overturning (or the lack thereof) determines
the inorganic nutrient pool and stratification for the next
spring. The following section focuses on the upper ocean
dynamics, mostly forced by gradients in the ice cover. The
longitudinal gradient in the ice cover, however, will be par-
tially confounded with the overall regional (non-seasonal)
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isolume. The estimated depth of winter overturning is shown for reference. Shaded areas and error bars show 25 and
75% quantiles. DOI: https://doi.org/10.1525/elementa.357.f9

water mass dynamics in the west where winter overturn-
ing does not reach deeper than the typical extent of the
summertime meltwater-stratified ice-ocean boundary
layer of around 40-m depth (Randelhoff et al., 2017).

Vertical scales in the surface layer

Irradiance and isolume depth

Isolume depths defined at the 0.415 mol m=d-' level
displayed a large range from 15 to 55 m. This variability
was caused almost completely by variations in attenua-
tion of incident surface PAR (sea ice concentration and
K) rather than variations in surface irradiance, as is
evidenced by a tight correspondence between isolume
depth and euphotic zone depth Z  (Figures 3A, S4.1);
in fact, the 0.415 mol m=d' isolume depth and the

euphotic zone depth were not significantly different. Z_
was defined as the depth to which 1% of surface irradi-
ance was transmitted, based on the observed underwater
irradiance (C-OPS) profiles. Whereas the clearest waters
(1/K,= 13 m) at open water sampling sites had isolume
depths in excess of 50 m, a shoaling to around 20 m was
observed by either a 50% reduction in 1/K, or going
from 0 to 100% ice cover.

Combined ice+snow transmittance was for the most
part <0.3 (Figure 3B) and smallest (0.05-0.2) for the
thickest ice (Figure S4.2). However, transmittances were
evidently large enough that even at ice concentrations
close to 100%, isolumes between 15 and 30 m were
observed (Figure 3A), covering most of the surface layer
defined by h, .
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A composite cross-ice-edge transect

Because the summer ice edge retreat in Baffin Bay was
so steady, the usual problem of confounding time and
space variability was tractable in our dataset. In essence,
open water days (OWD) and the distance from the ice
edge were well correlated. Having binned and averaged all
hydrographic stations according to their OWD value, we
can consider representative cross-ice-edge transects.

Freshening by ice meltwater was most pronounced
in a £15 day (or 60 km) window around the ice edge
(Figure 9). A slight warming of the surface ocean started
already at a similar distance into the ice, but picked up
rapidly only once low ice concentrations of around 15%
were reached. The equivalent mixed layer depth, h,, first
shoaled from about 25 m at OWD<<0 to 15 m at OWD =0
days, and deepened again once the ice had disappeared.
This pattern reproduced the findings of Randelhoff et al.
(2017) for the Barents Sea MIZ.

Surface nitrate concentrations decreased simultane-
ously (Figure 9C), and the surface layer was already
NO;-depleted in parts as early as OWD~ —15 days, as
evidenced by the fact that the average nitracline was no
longer at the surface. Whether this consumption was due
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to ice algae or phytoplankton is not clear, but the latter
seems more likely in view of the timing of the ice-algal
and pelagic bloom at the ice camp (Oziel et al., 2019), and
the presence of a standing stock of phytoplankton. Only
after considerable nitrate depletion in the surface layer
did the subsurface chl-a maximum deepen (starting from
about from OWD = 0 days). Although a subsurface maxi-
mum of chl-a fluorescence appeared throughout the time
series, for OWD < —10 days it was very weak, likely repre-
senting mostly photoacclimation (more chl-a per biomass
in deeper cells) or daytime chlorophyll quenching instead
of a subsurface biomass maximum, as indicated by the
fact that the beam attenuation maximum was only half as
deep during that time.

The strong surface stratification, implied by shallow
equivalent mixed layer depths h,, also inhibited mixing
(Figure 10) and consequently upward fluxes of nutrients
(Randelhoff et al., 2016). However, only when the nitracline
deepened below the surface layer defined by h,, and con-
sequently decoupled from most of the wind-driven mixing
(Randelhoff et al., 2017), was the surface layer productivity
restricted by the upward turbulent flux of nitrate. The chl-a
maximum responded to this nutrient depletion by staying
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Figure 10: Turbulent mixing observed in the surface ocean. A: Dissipation rate of turbulent kinetic energy (&) over
the upper water column. Black line: Median dissipation profile. Note that this median represents the “most often
occuring” profile, not the mean dissipation; the latter is hard to compute as dissipation values are likely sampled from
different distributions (owing to different environmental forcing) for different profiles. Vertical grey line: 5.10°W

kg cutoff for the computation of the mixing layer depth h . B: 5-25 m averaged K as a function of h
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mixed layer depth). C: Ratio of h, to mixing layer depth h_as a function of wind speed. In panels B and C, the black
squares and error bars indicate bin-wise 25, 50, and 75% percentiles. DOI: https://doi.org/10.1525/elementa.357.f10
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below the nitracline (see also Figure S6.5). The nitracline,
h,,, isolume, and chl-a maximum were all in the 20-40
m depth range at approximately OWD = 10 days. Later,
at OWD>>10 days, the deep chl-a maximum was perched
between the nitracline and the 0.415 mol m=2d-" isolume:
phytoplankton likely accumulated where the compromise

between availability of nutrients and sunlight was optimal.

Biomass accumulation

TChl-a was integrated to 80 m depth, to the 0.415-mol
m~d-" isolume, and to the equivalent mixed layer depth
h,, (Figure 9D). The integration depth of 80 m was cho-
sen because at that depth, chl-a concentrations in almost
all profiles had come sufficiently close to 0 mg chl-a m=
that no significant biomass was missed below (Figure $8.1,
$8.2). It therefore represented the total biomass accumula-
tion. As a considerable fraction of this biomass was located
below the 0.415-mol m=2d~' isolume, not all of this bio-
mass would contribute equally to primary production.

The phytoplankton TChl-a standing stock, whether inte-
grated down to 80 m depth or the 0.415 isolume, peaked
on average within 5-15 days of ice retreat at around 75
and 45 mg chl-a m™, respectively; the highest integrated
biomass (0—-80 m) encountered during the expedition was
approximately 160 mg chl-a m= in ice-free waters (Figure
S2.11). However, even at OWD = —20, 80-m integrated bio-
mass was non-negligible at 40 mg chl-a m=. The under-
ice TChl-a standing stock was thus below what has been
measured in under-ice phytoplankton blooms by e.g,
Assmy et al. (2017, 110-230 mg chl-a m™) or Arrigo et al.
(2014, 300-1300 mg chl-a m).

For hydrography and timing of biomass accumula-
tion, our observations are largely consistent with the
extensive literature on the physical and biological envi-
ronment of the ice edge (e.g., Alexander and Niebauer,
1981; Sakshaug, 2004; Carmack and Wassmann, 2006;
Wassmann and Reigstad, 2011) in two important regards:
first, the MIZ, or transition from dense pack ice to open
water, was rather narrow with high melt rates and low sur-
face salinities leading to a shoaling of the mixing depth
which coincided with increasing phytoplankton biomass;
and second, the “bloom” (here, peak biomass) was a band
of several kilometers width (Sakshaug et al., 1994) that
followed the retreating ice edge on the open water side.
Where these observations deviate from the classical pic-
ture is that neither the light field nor the vertical mixing
seem to have prevented the bloom from starting much
earlier, when the water was still ice-covered.

What constrained the under-ice bloom?

Euphotic zone and mixing depth

Our data indicate that light, amply sufficient for photo-
synthesis, penetrated the ice cover, and that stratification
was not particularly weak; vertical mixing was presumably
slow enough that the accumulation of biomass was not
interrupted. With the euphotic zone extending below h,,
the growth of phytoplankton cannot be expected to be
disrupted by mixing out of the euphotic zone.
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In addition, the biomass observed more than 50 km into
the pack ice, at over 90% ice concentration, was unlikely
to have been advected from more distant, less ice-covered
waters. A quick dimensional analysis explains why. With
open-ocean horizontal diffusivities typically of an order
of magnitude around O(1 m?s') (Manucharyan and
Timmermans, 2013, chose 2 m*s~' to study frontal dynam-
ics), mixing over one day can be expected to occur at most
on a scale of \/k /1d ~0(100m). Because the ice retreated
faster than that and only occasionally returned to a loca-
tion where it had been a few days before (Figure S3.1), we
can safely assume that the water sampled a few tens of
kilometers into the MIZ was not advected from the ice-
free side of the ice edge.

As all of our transects crossed between the Atlantic
and Arctic domains, we consequently observed a deep-
ening of the winter overturning depth towards larger
OWD (Figure 9). Hence, the estimated pre-bloom sur-
face nitrate concentration increased for OWD > —10,
from around 5-6 uM to around 10 uM (Figures S6.1,
S6.4). However, nitrate had not become limiting during
our under-ice observations, and so we do not expect that
the pre-bloom nitrate concentration explains the larger
biomass in open water, even though we cannot exclude
the possibility that the winter nutrient concentrations
slightly modulated the observed phytoplankton stand-
ing stock.

Bloom timing

The above analysis means that some other factor or factors
must have constrained the accumulation of under-ice bio-
mass. Zooplankton grazing, viral lysis, and sinking may all
have affected phytoplankton growth and thus limited the
biomass accumulated under the ice, but these processes
are beyond the scope of the current study. An inverse food
web model suggests that in the western half of the station
grid, 60—-80% of NPP was grazed by secondary producers
(B. Saint-Béat, personal communication), but we cannot
say how this consumption may have been coupled tempo-
rally to phytoplankton growth.

Whatever the details of these phytoplankton loss
terms, the bloom studied in this paper likely had been
initiated at ice concentrations upward of 90%, more than
ten days before the ice cover was gone. Bloom initiation
would then have to be understood sensu Behrenfeld et
al. (2017) as when phytoplankton growth exceeds loss
terms due to an increase in light (with sufficient nutri-
ent concentrations). In this scenario, phytoplankton
loss terms could have lagged the increasing cell division
rates, permitting biomass to accumulate until cell divi-
sion rates peaked and loss terms caught up. Indeed, we
observed that vertically integrated biomass increased
in concert with the 3-m PAR irradiance, and reached
its maximum when 3-m PAR irradiance plateaued from
OWD > 5 (Figure 9C and D), after which nitrate deple-
tion probably played a role in limiting phytoplankton
growth. These issues deserve a follow-up study and more
detailed treatment than can be given here.
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Summary and Perspectives

In line with earlier investigations, we found Baffin Bay
to be strongly segregated into two regimes which are
mostly defined by the competing inflows of Atlantic and
Arctic water masses. Winter overturning penetrated into
the Atlantic water high-nutrient reservoir in the Atlantic
sector, whereas in the Arctic sector it only reached the
much less saline and hence nutrient-poorer Arctic waters
that arrive from the Pacific Arctic through the Canadian
Archipelago.

Because of the steady westward retreat of the ice edge
through the study period, we could readily define and
analyze the underwater light climate, vertical mixing, nutri-
ent loading and chl-a distributions using a space-for-time
approach, where the retreat speed served to link the number
of open water days (OWD) to the distance from the moving
ice edge. The timing and distribution of ice melt crucially
influenced how the surface layer dynamics evolved.

Even at 90% ice cover and more than 10 days before the
retreat of the ice from a given location, we observed all
of the following (Figure 9): (1) nutrients were being con-
sumed, as evidenced by the reduced, albeit not necessarily
depleted, NO; concentrations; (2) phytoplankton was grow-
ing, as evidenced by accumulating biomass; and (3) the
euphotic zone extended below the surface layer defined by
h,., i.e. the maximum extent of the mixing layer; vertical
mixing did not likely constrain phytoplankton growth.

Wassmann (2011) depicted the ice-edge bloom in the
“present” scenario as a highly localized feature that only
appears once the optically impenetrable ice breaks apart.
Our measurements of the rather deep 0.415 mol m=d™'
isolume, shallow vertical mixing, and considerable under-
ice biomass indicate that the ice edge bloom was more
spread out in time, congruent with the proposed “future”
scenario (Wassmann, 2011, his Figures 6C and 7C). A pos-
sible reason might be that the ice cover in Baffin Bay is
predominantly seasonal, even over the strongly stratified
Arctic Water (Tang et al., 2004), and hence much closer to
the future seasonally ice covered Arctic Ocean than, e.g.,
the Barents Sea is (Loeng, 1991). Owing to phytoplankton
growth under dense pack ice, the bloom studied in this
paper may well have been initiated more than ten days
before the ice cover retreated. In line with Behrenfeld et
al.(2017), this early start could have happened by increases
in irradiance, not necessarily the amount of irradiance, but
further investigations are needed.

The phenological peak of the bloom (i.e., biomass
accumulation) was not apparent until ten days after ice
retreat. Although helpful for observing phytoplankton
biomass and possibly primary production from space, this
phenomenon might lead to incorrect conclusions about
timing and constraining factors of the bloom when only
the biomass peak is considered. As the Arctic sea ice cover
becomes thinner (Kwok and Rothrock, 2009), entailing
higher PAR transmittance (Nicolaus et al., 2012), higher
melt rates and an earlier ice retreat, larger swaths of
the Arctic Ocean may permit under-ice phytoplankton
blooms, but as Lowry et al., 2014), suggested, these blooms
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might just have gone undetected for a much longer time
before their relatively recent appraisal (see also Matrai and
Apollonio, 2013). Our findings clearly demonstrate that in
order to understand dynamics and constraints of Arctic ice
edge blooms, we need to consider not only the in situ con-
ditions sample by sample, but also the temporal coupling
between them.
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