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Abstract Globally, mesoscale processes create a rich and filamented pattern in biological productivity.
Despite of remoteness and a harsh environment, observations likewise show an impact of mesoscale
processes on phytoplankton growth in the Arctic. Observations of sufficiently high resolution are,
however, difficult to carry out. Large-scale models are another way to gain knowledge about the system.
In the current study, we use a global sea ice-ocean biogeochemical model, which is eddy resolving in
Fram Strait, to show that the mesoscale dynamics has a strong effect on shaping phytoplankton growth.
For the year 2009, we demonstrate that the growth season in the West Spitzbergen Current can be divided
into two regimes; during Regime I, which takes place in May and June before and during the spring
bloom, high chlorophyll concentrations are associated with areas of positive vorticity and a shallow
mixed layer, pointing toward light limitation controlling growth. During Regime II, which occurs after the
bloom from mid-July to late August, the highest chlorophyll concentration is found in areas of negative
vorticity. Here, upwelling of nutrient-rich water occurs, through doming isopycnals, acting to raise the
nutricline, may also play a role in alleviating nutrient limitation in the surface water. The study suggests
that the mesoscale eddy environment locally modulates the seasonal cycle of light and nutrient limitation.
Knowledge of the eddy field should be taken into consideration for making conclusions from point-wise
measurements in Fram Strait.
Plain Language Summary

Fram Strait is the main gateway to the Arctic Ocean, where
cold and fresh Arctic water meets warm and salty Atlantic water. Eddies are continuously generated in
the area, producing a swirling pattern, and stirring of water masses. In this study, we use a global model
with high resolution in Fram Strait, including sea ice, ocean, and biology. We show that phytoplankton
is strongly dependent on the rotating motion of the surface water, creating a rich imprint of rotation
on the phytoplankton concentration. Further, we show that this dependence changes through summer.
Before and during the spring bloom, filaments with a shallow mixed layer have the highest chlorophyll
concentration, pointing toward alleviation of light limitation being important for phytoplankton
growth. In late summer, when nutrients are limiting productivity in the surface water, the chlorophyll
concentration is elevated in areas where nutrients are brought upwards from deeper water. The alleviation
of light and nutrient limitation occurs through different processes, making the phytoplankton growth shift
from one type of rotating filament to another as the summer progresses. The study tells us that knowledge
about the horizontal patchiness of phytoplankton should be taken into consideration for analyses of insitu data in Fram Strait.

1. Introduction
© 2021 The Authors.
This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided
the original work is properly cited and
is not used for commercial purposes.
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Being the main oceanographic gateway to the Arctic Ocean, Fram Strait has been the site of continuous
monitoring of physical and biological parameters for more than 20 years in the form of scientific cruises and
permanent mooring stations (e.g., Nöthig et al., 2020; Soltwedel et al., 2016). The area is highly dynamical,
with the topographically steered, northward flowing, West Spitzbergen Current (WSC) transporting relatively warm and salty Atlantic Water into the Arctic Ocean (Beszczynska-Moller et al., 2012). Conversely,
the East Greenland Current (EGC), which is covered by a semipermanent ice tongue, brings colder and
fresher Polar Water southward in western Fram Strait (de Steur et al., 2009), thereby creating a strong zonal gradient of properties across the strait. Despite of challenging conditions with regards to for example,
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weather and ice, eddies have been found to be ubiquitous across the Arctic Ocean (e.g., Carpenter & Timmermans, 2012; Kozlov et al., 2019; Pnyushkov et al., 2018), and are thought to be significant in shaping
the general circulation (Timmermans & Marshall, 2020). In Fram Strait, mesoscale eddies have been observed in the open water as well as the marginal ice zone since the 1980s (Gascard et al., 1988; Johannessen
et al., 1987). Eddies are shed from the WSC, and facilitate mixing between the water masses of the WSC and
the EGC, as they transport properties of the WSC northwestward across Fram Strait. Using numerical linear
stability analysis of a mooring array in the WSC, Teigen et al. (2010, 2011) showed that the instabilities are
especially strong during late winter and spring. Data from these moorings confirmed that the eddy kinetic
energy (EKE) is three times stronger in late winter compared to late summer (von Appen et al., 2016).
Knowledge of mesoscale control of biology in the Arctic Ocean is, however, lacking, though an increasing
number of studies suggest that small-scale processes indeed are important drivers for biological productivity (Frajka-Williams et al., 2009; Marchese, 2018; Nishino et al., 2018), in line with studies from other world
oceans (e.g., Mahadevan et al., 2012; Uchida et al., 2020). High-resolution satellite-based chlorophyll images
(Liu et al., 2018) and model runs (Schourup-Kristensen et al., 2018) show a variable and filamentous imprint on the spatial chlorophyll distribution in Fram Strait. Additionally, despite of logistical challenges, in
situ observations likewise indicate that the complex frontal dynamics shapes the distribution of biological
properties in Fram Strait (Fadeev et al., 2021; Wulff et al., 2016). A filamented pattern of biological properties, created by mesoscale ocean dynamics, has been observed across the global ocean in, for example, ocean
color images (e.g., Gaube et al., 2013; Mahadevan et al., 2012; McGillicuddy, 2016), and in ocean-scale model runs (e.g., Lévy et al., 2014). Depending on local conditions, such as nutrient availability, light levels, and
ecosystem composition, this spatial imprint can occur due to localized nutrient pulses to a nutrient depleted
euphotic zone, driven by strong vertical velocities along mesoscale fronts (Ramachandran et al., 2014; Uchida et al., 2020). Another mechanism is localized shoaling or deepening of the mixed layer, contributing to
modulating the depth of the euphotic zone and thus affecting for instance the timing of the spring bloom
(Brody et al., 2016; Mahadevan et al., 2012; Olita et al., 2014). Subduction of particulate organic matter is
a third mechanism, which has been suggested in model studies to affect the biological properties in the
ocean (Omand et al., 2015; Watanabe et al., 2014). Cyclonic/anti-cyclonic eddies, characterized by a core of
positive and negative vorticity, respectively, and anti-clockwise/clockwise rotation (Northern Hemisphere),
affect the vertical nutrient supply through for example, down- and upwelling (Martin & Richards, 2001) and
upward/downward displacement of the pycnocline resulting in shallow/deep anomalies of the mixed layer
(Dufois et al., 2014; Hausmann et al., 2017).
A common trait of these mechanisms is that they occur in a three-dimensional domain. This, combined
with their transient nature, makes it complicated to sample in the field and it makes it difficult to quantify
the processes driving the interactions between physics and biology.
Productivity in Fram Strait is predominantly light limited early in the year, with phytoplankton growth
being induced in late spring, when ice melt and solar heating act to stratify the upper water column (Cherkasheva et al., 2014; Rey et al., 2000). The bloom maximum occurs in June (Nöthig et al., 2015). As the nutrients in the surface water become depleted, the phytoplankton growth follows the downward movement
of the nutricline, and a subsurface chlorophyll maximum develops (Cherkasheva et al., 2013). The growth
season lasts for a total of ∼120 days (Nöthig et al., 2015). The complex physical environment of Fram Strait,
combined with the northerly location, leads to large variability of biological properties in space and time
(e.g., Fadeev et al., 2021; von Appen et al., 2018; Wulff et al., 2016). But, so far, it has not been possible to
carry out studies on the scale necessary to assess the physical mechanisms driving the variability, neither
with in situ observations, ocean color measurements or model calculations.
A number of eddy permitting model studies of the Arctic Ocean physics have been carried out (e.g., Chen
et al., 2016; Dupont et al., 2015; Wekerle, Wang, Danilov, et al., 2017), but the added model and computational complexity of biogeochemistry means that only a few eddy permitting model runs include biology
(Schourup-Kristensen et al., 2018; Watanabe et al., 2014). These runs are carried out on meshes with a resolution of 4.5 km, not enough to resolve eddies in Fram Strait, where the first baroclinic radius of deformation is on the order of 4–6 km (von Appen et al., 2016). Using unstructured meshes, eddy resolving model
runs focusing on Fram Strait have only been carried out in recent years (Hattermann et al., 2016; Wekerle, Wang, von Appen, et al., 2017), highlighting that resolving eddies in Fram Strait is critical in order to
SCHOURUP-KRISTENSEN ET AL.
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Figure 1. Horizontal resolution of the model grid. (a) Zoom of Fram Strait with the West Spitzbergen Current (WSC) and the East Greenland Current (EGC)
marked with a blue and red arrow, respectively. The purple square marks the study area. (b) The global mesh.

realistically represent the physical circulation, and especially the return flow of Atlantic Water in the area.
So far, however, nobody has run a model with sufficiently high resolution to study the mesoscale effects of
eddies on the phytoplankton in the area.
In this study, we explore the impact of the mesoscale variability on the spatial chlorophyll distribution
in Fram Strait. Further, we look into the seasonal change of the mesoscale imprint on light and nutrient limitation, and thus phytoplankton growth. We do this by using the biogeochemical model REcoM2
(Schourup-Kristensen et al., 2014) coupled to the Finite Element Sea ice-Ocean Model (FESOM, Wang
et al., 2014; Wekerle, Wang, von Appen, et al., 2017), and running it in a global setup which is eddy resolving
in Fram Strait.

2. Method
2.1. Model Setup
For this study, the Regulated Ecosystem Model (REcoM2, Schourup-Kristensen et al., 2014), was run
in a global setup, coupled to the multi-resolution Finite Element Sea ice-Ocean Model (FESOM, Wang
et al., 2014). REcoM2 is a biogeochemical model with three nutrients (nitrate, silicate, and iron), two phytoplankton classes (diatoms and nanophytoplankton) and one class of zooplankton and detritus. The model
employs variable stoichiometry, allowing the phytoplankton C:N, C:Chl, and N:Si ratios to adapt, depending
on nutrient availability and light conditions (Geider et al., 1998). Light limitation is controlled by the light
availability and the phytoplankton Chl:C ratio. Nutrient uptake limitation is controlled by Michaelis-Menten kinetics, while nutrient growth limitation depends on the intracellular N:C and Si:C ratios, and temperature as described in Schourup-Kristensen et al. (2014). Zooplankton grazing is parameterized by a sigmoidal
prey function (Gentleman et al., 2003). FESOM-REcoM2 has been used for, for example, global carbon studies (Friedlingstein et al., 2020; Hauck et al., 2020), and the multi-resolution capabilities have been utilized
to carry out an eddy-permitting Arctic setup, which the current study builds upon (Schourup-Kristensen
et al., 2018).
The sea ice-ocean model, FESOM, solves the hydrostatic primitive equation in the Boussinesq approximation using finite element discretization (Wang et al., 2014). Consequently, calculations are carried out on
an unstructured triangulated mesh in the horizontal domain, making it possible to increase resolution in
dynamically important areas (Chassignet et al., 2020; Sidorenko et al., 2020) and areas of interest in the
study at hand (e.g., Nakayama et al., 2020). FESOM has been used extensively to carry out model runs
with a horizontal resolution of up to 1 km in the Arctic Ocean, making it possible to study for example, the
mesoscale field in Fram Strait (Wekerle et al., 2020), the dynamics of the sea ice leads (Wang et al., 2016),
and the distribution of plastic pollution in the Arctic (Tekman et al., 2020).
E
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In the current study, we use a mesh with a horizontal resolution of 1 km in Fram Strait (from
E
76 to
82N, Figure 1a), 4.5 km in the remainder of the Arctic Ocean north
E of 60N and lower in the rest of the
world (Figure 1b). In Fram Strait, the first baroclinic deformation radius is on the order of 5 km (von
Appen et al., 2016; Nurser & Bacon, 2014), making this model run eddy resolving in the area, as was also
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demonstrated by Wekerle, Wang, von Appen, et al. (2017). In the vertical, FESOM uses z-coordinates. The
resolution is 10 m in the upper 100 m of the water column, and gradually decreases with depth.
Validation of modeled mesoscale features is a challenge due to the small spatial scale and transient nature
of the eddies. The eddy field of this model run has been assessed against mooring observations, showing that hydrography and eddy kinetic energy was well captured in FESOM (Wekerle, Wang, von Appen,
et al., 2017; Wekerle et al., 2020). To further evaluate the model run, FESOM's representation of eddies in
Fram Strait has been compared to another eddy-resolving sea ice-ocean model, showing that for example,
eddy life time, ratio of cyclonic to anti-cyclonic eddies, and size of eddies is similar in the two model runs
(Wekerle et al., 2020), adding confidence that the models do a reasonable job in representing Fram Strait
mesoscale features.
The physical model (FESOM) was spun up for 10 years, using the CORE-II atmospheric forcing for 2000–
2009 (Large & Yeager, 2008). The year 2009 was then restarted, this time with the biogeochemical module (REcoM2) turned on. The coupled FESOM-REcoM2 run was carried out for one year, a similar time
frame to other high-resolution Arctic studies (Watanabe et al., 2014). The global nutrient fields of REcoM2
(dissolved inorganic nitrate and silicate) were initialized with fields from World Ocean Atlas 2005 (Garcia
et al., 2006), while dissolved iron was initialized with output from NEMO-PISCES (Aumont & Bopp, 2006)
due to scarcity of iron measurements.
2.2. Eddy Detection
We distinguish between filaments and eddies with a closed core, by employing the Okubo-Weiss criterion
(Okubo, 1970; Weiss, 1991). The Okubo-Weiss criterion (OW, Equation 1) defines eddies as areas where
vorticity dominates over strain:
OW  ( x u   y v)2  ( x v   yu)2  ( x v   yu)2



 


(1)
Normal and shear component of strain

Relative vorticity

An area is considered an eddy when
E the OW  0.2 OW , where
E
 OW is the spatial standard deviation of OW,
and when the area has the same sign of vorticity (Isern-Fontanet et al., 2006).

3. Results
3.1. Structure of Surface Fields
z
E
 x v   yu) normalized by the Coriolis parameter
E
( f ) and of sea surface
Snapshots of relative vorticity
(
temperature (SST) on June 1, 2009 (Figure 2) reveal a strong imprint of mesoscale activity, with well-defined
closed vortices as well as interweaving filaments. This mesoscale imprint is especially strong in eastern
Fram Strait, where the relatively warm and salty WSC water flows northward, shedding eddies that contribute to the return flow of the Return Atlantic Water (e.g., Wekerle, Wang, von Appen, et al., 2017). In the
open water area between 76E and 79N, the ratio between the relative vorticity and the coriolis parameter
( z /f ) ranges from −0.7 to 0.9 between April and September, indicating a strong ageostrophic component in
the flow. The relative vorticity is damped in the southward flowing water mass below the ice in eastern Fram
Strait (range of −0.4–0.5). In the open water as well as the ice covered area, there is a slight overweight of
cyclonic eddies and filaments (Wekerle et al., 2020), as was also observed by Johannessen et al. (1987). The
diameter of the eddies is on average 10 km (Wekerle et al., 2020).

The strong mesoscale activity acts to bring together water masses with different properties, thus creating
strong horizontal gradients in the field of SST (Figure 2b), following the imprint of the vorticity (Figure 2a).
In eastern Fram Strait, frontogenesis intensifies the vertical velocities along the edges of the anticyclonic
filaments, thus bringing relatively warm subsurface water toward the surface, creating a tendency toward
warmer water in areas of negative vorticity. The cyclonic eddies and filaments do, on the contrary, tend to
be relatively cold due to the convergence of surface-cooled water occurring here. In the ice covered region
of north-western Fram Strait, the effect of eddies on the SST distribution is much smaller due to the combination of a less strong eddy field, and a smaller vertical temperature gradient. The sea ice edge, on the other
hand, is strongly modulated by the presence of submesoscale eddies. As the water warms, the thin ice edge
SCHOURUP-KRISTENSEN ET AL.
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Figure 2. (a) Relative surface vorticity normalized by the Coriolis parameter,
E
f , in Fram Strait. (b) Sea surface temperature. (c) Surface chloropyll a
concentration. (d) Surface concentration of dissolved inorganic nitrogen. The black/white lines mark the isoline of 10% ice concentration. All plots are model
snapshots of June 1, 2009.

is deformed by the horizontal motion, creating a filamentous imprint along the ice edge, roughly following
isolines of zero vorticity (Figure 2).
The biological productivity in Fram Strait is highly variable, in spatial as well as in temporal terms (CherkaE the 1st of June (Figure 2), the modeled spring bloom is at its highest, a timing of the
sheva et al., 2013). On
bloom that is supported by ocean color images (e.g., Cherkasheva et al., 2014). On the kilometer-scale, the
surface chlorophyll concentration in the model (Figure 2c) shows an even stronger likeness to the vorticity
field than the SST does, a tendency also observed by Levy and Klein (2004). The imprint of the filamented
flow is clear, with eddies showing up as circular chlorophyll filaments of alternately high and low concentration. Comparing the plot of the surface chlorophyll concentration to the plot of the relative vorticity,
there is a tendency toward lower chlorophyll concentration in filaments of negative vorticity, for example,
in the large north-south-going filament associated with the meandering WSC and associated eddies in eastern Fram Strait (Figure 2a), which show up as low-chlorophyll imprints in Figure 2c. These same areas tend
toward higher SST than the surrounding water (Figure 2b) as well as higher dissolved inorganic nitrogen
(DIN) concentrations (Figure 2d), indicating upwelling of nutrient-rich and warmer deep water, as would
be expected in areas of negative vorticity. But, this relationship does not appear to hold across Fram Strait,
and the connection between vorticity value and chlorophyll concentration will be further explored in the
following sections. Looking at the larger scale distribution of the chlorophyll, the concentration is highest
SCHOURUP-KRISTENSEN ET AL.
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Figure 3. The mean power density spectra calculated from daily averaged values for north south sections in the West Spitzbergen Current (WSC) (a) sea
surface temperature (SST) (b) dissolved inorganic nitrogen (DIN) (c) Chlorophyll (Chl).

in the WSC, and also elevated, although to a smaller degree, along the ice edge (Figure 2c). Further to the
west, below the ice, productivity is very low, something that is mainly connected to lack of light, and we
will not further discuss this area in the current manuscript. Both the ice edge and WSC area have relatively
strong values of relative vorticity as compared to the ice-free areas of lower chlorophyll concentration, indicating that the vorticity field plays a role in modulating the physical and biochemical environment, and
thereby also the large-scale distribution of chlorophyll. One effect of the mesoscale field is the elevation of
surface DIN concentration in eastern Fram Strait (Figure 2d). Despite of chlorophyll and DIN appearing to
be anti-correlated at this time, indicating that other factors act to control productivity, the upwelled DIN is
spreading in the surface water, thereby indirectly sustaining productivity in eastern Fram Strait. In contrast,
productivity is very low in the low vorticity and low DIN area of southern Fram Strait, further suggesting
that the mesoscale forces sustain the bloom in other places.
3.2. Spectral Slopes
Calculating the power density spectra (PDS) for SST, surface chlorophyll and the surface DIN concentration, it is possible to quantitively look into the contribution of different spatial scales to the total variance of
the fields. The PDSs are calculated along north-south sections in the area between E
4 and 10E and
E 76–79N.
This area is located in the WSC, but avoids near shore areas and ice. Separate PSDs are calculated for each
north-south section in the spatial fields, and for every second day of the main growth season in Fram Strait,
from of May 1 to August 1. The final PSD is an average of these separate PSDs, and shows an approximate
linear variation on a log-scale in the range from 10 to 100 km (a wave number
E of 10
E 5 to
E 10 4 m 1). The spectrum slopes are calculated by applying linear regression to log-transformed values corresponding to this
length scale. The mean spectral slope for SST is −2.98, close to the value obtained by Capet et al. (2008),
while the spectral slopes for DIN and chlorophyll are −2.60 and −2.43, respectively. This is reasonably
close to observed values (Martin & Srokosz, 2002). Overall, the slopes of the three spectra are very similar,
indicating that they are all vary on the same spatial scales. Nevertheless, our modeled values for the spectral
slopes decrease somewhat from SST over DIN to chlorophyll, showing a weakening mesoscale control. This
weakening relationship has also been shown in other studies (Levy & Klein, 2004) and is due to DIN and
chlorophyll not being passive tracers, with chlorophyll partly depending on the DIN concentration. Starting
from the scales of about 10 km and decreasing (toward larger k), a spectral drop-off occurs, showing that
numerical dissipation kicks in at these scales. This is a common property of numerical simulations and
another explanation of why 1-km mesh is needed: on a coarser mesh, many eddies and filaments will be
affected by build-in dissipation.
3.3. Temporal Shift in Vorticity-Chlorophyll Relationship
The similarities in the patterns of the spatial distribution of vorticity and the biological tracers (Figure 2),
as well as the similar spectral slopes for SST, chlorophyll, and DIN (Figure 3), indicate that the spatial
patchiness of chlorophyll and DIN concentration is driven by the mesoscale ocean dynamics. To further
SCHOURUP-KRISTENSEN ET AL.
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E
investigate this relationship in the WSC
( 4 – 10EEand 76 – 79N, the
same area used to calculate spectra, Figure 3), we calculate the mean of
vertically integrated chlorophyll concentration within vorticity bins with
a width of 0.1, following Levy and Klein (2004). The anomaly is calculated by subtracting the daily average of the whole area from the average of
each bin. The calculation does not taken into account that the area associated with vorticity of small magnitude is larger than the area associated
with a larger magnitude of vorticity. The percentage area within each bin
is shown in Figure A1. The chlorophyll anomaly calculation is carried
out for every model output (every second day) in the bloom season, lasting from early May to mid-September. The resulting diagram (Figure 4)
shows that the chlorophyll concentrations increase with increasing vorticity values during the month of May, while a mirror-like pattern appears
from June onwards, with the chlorophyll concentration increasing with
both increasing positive and negative values of vorticity (Figure 4).

Figure 4. (a) Daily anomalies of vertically integrated chlorophyll
concentration calculated in vorticity bins of width 0.1 for early May to
mid-September, with values for every second day. The red stars mark
the vorticity bin with the highest chlorophyll anomalies of the day in
question. The red isolines mark zero anomaly. Calculations are carried
E
out in the WSC
( 4 – 10E and 76 – 79N). Vertically integrated chlorophyll
concentration is chosen, as the chlmax moves down in the water column as
the growth season progresses.

The location of the daily maximum of the chlorophyll anomaly, with
respect to vorticity, further magnifies the tendency; from early May to
mid-June, the highest chlorophyll anomalies occur in the bins centered
around the positive vorticity values of 0.6 and 0.7. Next, from mid-June
to mid-July, chlorophyll maximum alternates between bins of high negative and high positive values of relative vorticity. Finally, despite of the
apparent mirror-like pattern of chlorophyll concentrations around zero
vorticity, the chlorophyll maxima are located in bins of negative vorticity
from mid-July to the end of August. During this last period, the chlorophyll maxima are located in vorticity bins with values ranging from −0.3
to −0.6. As the summer progresses, the relative vorticity in the model becomes weaker, especially for negative values, as illustrated by the increasingly wide areas of no data at the two vorticity extremes in Figure 4. This
weakening is consistent with observations of EKE in the WSC, which has
been shown to be strongest in late winter and weakest in late summer
(von Appen et al., 2016).

The pattern of the chlorophyll anomalies and maxima indicates that a regime change takes place during
summer; in the period from early May to mid-June productivity is mainly being induced in filaments of positive vorticity (In the following, we refer to this period as Regime I). Subsequently, the system moves toward
an intermediate regime in which high values of both positive and negative vorticity is associated with high
chlorophyll concentration. And finally, there is a stronger association between chlorophyll concentration
and negative vorticity filaments than to positive vorticity filaments (Figure 4). In the following, we refer to
this period as Regime II.

E

To explore the robustness of the relationship between chlorophyll and vorticity, we have calculated the
correlation between chlorophyll and the absolute values of positive and negative vorticity, respectively, for
every second day. For positive vorticity, this is done by masking out values larger than 0.1 in the WSC
( 4 – 10EE and 76 – 79N) and calculating the correlation of the relative vorticity in the masked locations
E
R ). This calculation is then repeated for the
with the corresponding chlorophyll concentrations (denoted

E
absolute values of negative relative vorticity
(R ). A higher value of R thus indicates that high chlorophyll
E
R  to anconcentrations are connected to stronger rotation; R+ shows the connection to cyclonic motion,
ti-cyclonic motion. The resulting time varying correlations are plotted in Figure 5 along with the mean
vertically integrated chlorophyll concentration in the whole area.
The modeled spring bloom starts in early May, and reaches its peak around
E the 1st of June, after which it begins to drop off again (Figure 5). The spring bloom thus coincides with Regime I, in which positive vorticity
dominates productivity (Figure 5). Using the maximum gradient method (Method 5, Zawada et al., 2005),
the mixed layer (ML) is defined as the depth where the density difference with respect to the surface equals
0.01
E kg m 3. The ML is shallowing during Regime I, while the DIN concentration at 20 m decreases during

SCHOURUP-KRISTENSEN ET AL.
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Figure 5. (a) Left axis: Correlation between vertically integrated chlorophyll and vorticity in water masses with vorticity values larger than 0.1 and smaller than
E
R  shows the connection to cyclonic motion,
E
R  to anti-cyclonic motion.
−0.1, respectively. Calculated for every second day from early May to late September.
Right axis: The average of the vertically integrated chlorophyll concentration calculated for every two days. The light pink box marks the time period in which
the maximum chlorophyll concentration continuously is located in positive vorticity bins, and the blue box marks the time period in which the maximum
chlorophyll concentration continuously is located in negative vorticity bins (see Figure 5). The pink and blue vertical lines mark the days which we look further
into in the following figures. (b) Left axis: Mean mixed layer depth (MLD). Right axis: Mean dissolved inorganic nitrogen (DIN) concentration at 20 m.

E

E

E
R  is positive during Rethe same period (Figure 5b), indicating a shift from light to nutrient limitation.
gime I, ranging from 0.2 to 0.5, with an average value ofE 0.38  0.11. The peak of the spring bloom coincides
E of R E. The R  values, are close to zero (−0.01
E
 0.1) during Regime I, but starting
with the highest values
st
E the 1 of June, the value is positive, and increases over the following days. On the last day of Regime
from
I, R  becomes largerEthan R  (Figure 5a), thereby starting the intermediate period in which the chlorophyll
concentration is elevated in both positive and negative filaments of vorticity (Figure 4). During the intermediate period,
E
R  has an average value ofE 0.43  0.06, and is thus consistently higher than the average
E
R
value ofE0.26  0.06. Regime II, characterized by the highest chlorophyll concentrations being located in
the negative vorticity bins on average, occurs from mid-July to late August (Figure 4). During this time, the
ML is relatively shallow and the DIN concentration at 20 m is low (Figure 5b), indicating a nutrient limited
regime. During Regime II, the E
mean R -value is still
E 0.43  0.11, E
while R  has droppedEto an R -value of 0.17
0.12 on average. The shift toward negative vorticity is thus brought on by a change in the correlation to the
positive vorticity rather than a change in the correlation to negative vorticity.

3.4. Temporal Shift in Biological Drivers
During Regime I, from early May to mid-June, the MLD anomaly shows a clear pattern of a deeper ML in
negative vorticity bins and shallower in positive bins (Figure 6a). The ML is thus shallower in positive vorticity bins in mid-May as compared to negative vorticity bins (Figure 5b), reducing light limitation here earlier in the season and explaining why the maximum chlorophyll anomaly is found in positive vorticity bins
during Regime I (Figure 4). At the end of Regime I, in late June, the ML stabilizes in the whole WSC-area,
with marginally deeper ML in areas close to zero, as illustrated by the negative anomaly (Figure 6a).
The average DIN concentration is similar across the vorticity bins until mid-May (Figure 6b). At this time,
algae growth starts to reduce the surface DIN concentration (Figure 5b). This decrease is most marked in
the positive vorticity bins as illustrated by the large dipole in the DIN anomaly between positive and negative vorticity bins (Figure 6b). Despite of a shift in the maximum chlorophyll to negative vorticity bins from
mid-June onwards, the negative vorticity bins keep having a positive DIN anomaly for the remainder of the
summer (Figure 6b). This positive and strong DIN anomaly can to some degree be explained by the positive
vertical velocity here, leading to a positive anomaly in the vertical DIN flux (Figure 6c). An explanation for
the shift to higher chlorophyll concentrations in negative vorticity bins during Regime II (Figure 4) is thus
alleviation of nutrient limitation by vertical transport of DIN.
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Figure 6. Daily anomalies of (a) the mixed layer depth calculated in vorticity bins of width 0.1. Here, positive anomalies indicate a shallower mixed layer (ML).
(b) Dissolved inorganic nitrogen (DIN) concentration at 20 m depth calculated in vorticity bins of width 0.1 (c) the vertical DIN flux (vertical velocity times DIN
concentration) at 20 m depth. All are calculated from early May to mid-September, with values for every second day. Calculations are carried out in the West
Spitzbergen Current (WSC)
E
( 4 – 10E and 76 – 79N).

3.5. Role of Eddies Versus Filaments
During Regime II, the highest chlorophyll concentrations were associated with negative vorticity, but elevated chlorophyll also occurred in positive vorticity bins (Figures 4 and 5). This cannot be explained with
nutrient upwelling in closed-core eddies, so we investigate also the relative role of filaments versus eddies.
To identify the location of eddies, we use the Okubo-Weiss method (Equation 1). For vorticity bins with

| /f |0.1, we separate the surface into areas of cyclonic and anti-cyclonic eddies (characterized by a core of

positive and negative vorticity, respectively), positive vorticity filaments, and negative vorticity filaments.
As the vorticity bins with values close to zero tend to be distinct with respect to bins of stronger vorticity,
areas with | /f |0.1 have been pooled into one category. For each of these categories, we have calculated
timeseries of anomalies by subtracting the average of the whole WSC area from the average within each category (Figure 7). The percentage of the total area falling within each category has been plotted in Figure A2,
illustrating that the areas of | /f |0.1 decrease in mid-August, as the general eddy strength decreases.
Early in Regime I, the chlorophyll anomaly is positive in both cyclonic eddies and positive vorticity filaments
(Figure 7a) at the same time as the ML anomaly is positive (Figure 7b). However, from late May, when the
bloom reaches its' peak (Figure 5a), the chlorophyll anomaly decreases in the cyclonic eddies, becomes
negative at the end of Regime I, and stays close to zero for the rest of the summer (Figure 7a). The decrease
in chlorophyll anomaly in the cyclonic eddies coincides with a decrease in the DIN anomaly (Figure 7b).
Cyclonic eddies thus mainly play a role before the peak of the spring bloom, when they are characterized by
a shallow ML and before the available DIN has been depleted. While the chlorophyll anomaly of the cyclonic eddies decreases in late May, the anomaly of the positive vorticity filaments stays high until late June, at
which time it decreases but stays positive for the remainder of the summer (Figure 7a). The sustained high
chlorophyll concentration in positive vorticity bins in the late part of Regime I and onwards (Figure 4) is
thus brought on by growth in the positive vorticity filaments. This is consistent with DIN anomalies being
consistently higher in the positive vorticity filaments than in the cyclonic eddies (Figure 7c). The simultaneous decrease in the chlorophyll and DIN-flux anomaly, and the convergence of ML-anomalies toward zero
in mid-June (Figures 7b and 7d), however, suggests that the decrease in the chlorophyll anomaly is brought
on by a less dynamic water column and thus a smaller supply of nutrients, which in turn is affected by the
general drawdown of DIN (Figure 7c).
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Figure 7. Daily anomalies separated into cyclonic and anticyclonic eddies, filaments of positive and negative vorticity,
and areas with | /f |0.1: (a) Chlorophyll concentration, (b) Mixed layer depth, (c) dissolved inorganic nitrogen (DIN)
concentration, (d) Upwelling of DIN at 20 m, (e) Vertical velocity. The pink and blue backgrounds mark Regime I and
II, respectively.
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Figure 8. Close-up of an anticyclonic eddy in the WSC during Regime I on the 27th of May. (a) Fram Strait spatial distribution of relative vorticity normalized
E by f in the surface water on the 27th of May. The green square marks the location of the eddy shown in subplot (b–f). The black line marks the 10% ice
concentration contour. (b) Surface relative vorticity normalized
E by f . (c) Vertical velocity at 40 m, approximately the depth of the mixed layer base. (d) Depth of
E kg m 3 with respect to the surface. (e) Vertically integrated chlorophyll concentration. (f) Surface dissolved
the mixed layer, based on a density difference of 0.01
E kg m 3. The green line marks the location of the section in
inorganic nitrogen (DIN) concentration. The black lines are isopycnals with a distance of 0.004
Figure 9.

For the negative vorticity, the signal of the eddies and filaments follows the same pattern regarding the chlorophyll and DIN anomaly throughout the summer, though the signal of the eddies is consistently stronger
(Figures 7a and 7c). During Regime I, deep ML causes the chlorophyll anomaly of the anti-cyclonic eddies
to be negative, while the DIN anomaly is strong and positive. Notice that the depth across which the vertical
DIN transport is calculated (20 m) is above the base of the mixed layer in the negative vorticity areas early in
summer before the water column is stabilized. As the chlorophyll anomaly switches to strongly positive at
the end of Regime I, the DIN anomaly decreases as DIN is drawn down (Figure 7c). At this time, the water
column has stabilized with shallower mixed layer across the vorticity bins.
3.6. Regime I: Chlorophyll Associated With Positive Vorticity
To further illustrate the mechanisms driving biological productivity during Regime I (Figure 5), we now
look in detail at an anticyclonic eddy located in the WSC
E (5.7E and
E 78.3N, Figure 8a). We focus on the 27th
of May, well after the initiation of the spring bloom, just before the bloom peaks (Figure 5).

This anticyclonic eddy has a diameter of ∼30 km, with a clear center of negative vorticity, surrounded by
filaments of positive and negative vorticity (Figures 8b and 9a). The relative vorticity normalized
E by f has
values between −0.7 and 0.7 in the area, with the strongest vorticity at the surface (Figure 9b). The core of
the eddy is surrounded by a clockwise flow (Figure A3), as can also be inferred from the horizontal stretching of the isopycnals (Figure 8). The horizontal velocity reaches values higher than 0.3
E m s1 in the flow
surrounding the eddy (Figure A3). This speed appears to be a realistic increase of the typical maximum of
0.1
E m s1 reported by von Appen et al. (2016). The center of the eddy is characterized by upwelling, as is
also the tendency in the surrounding filaments of negative vorticity (Figure 8c). The upwelling in the center
of the eddy leads to divergence at the surface, while downwelling in and convergence toward the positive
SCHOURUP-KRISTENSEN ET AL.
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Figure 9. May 27th. North-south section through the Regime I anticyclonic eddy (FigureE8) at 5.7E (Figure 8b). (a) Surface values of relative vorticity,
chlorophyll concentration and mixed layer depth along the section. The dashed black line marks 0 vorticity. (b) Relative vorticity normalized
E by f . (b)
Chlorophyll concentration. (c) dissolved inorganic nitrogen (DIN) concentration. (d) Vertical velocity. The black lines are isopycnals with a distance of 0.01 kg
m 3. Notice the nonlinear y-axis.
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vorticity filaments leads to compression of the isopycnals (Figure 8). In the vertical, the isopycnals are
sloping downwards in the core of the eddy, leading to weak stratification with some instability (Figure 9).
The ML ranges from 200 m in the center of the eddy, to 10–40 in the surrounding water (Figures 8d and 9).
It appears to be especially shallow in areas where the isopycnals are horizontally compressed (Figure 8d
and 9), and thus also in areas of positive vorticity (Figure 8b), as illustrated in Figure 6a.
The chlorophyll concentration tends toward elevated values in the positive vorticity filaments (Figures 8b,
8e and 9a), consistent with the positive correlation between positive vorticity and chlorophyll during Regime I (Figure 5). Additionally, the positive vorticity filaments and high chlorophyll concentrations coincide with areas of shallow ML, both in the horizontal (Figures 8b, 8d, and 8e) and the vertical domain
(Figures 9a and 9c). In the vertical, the elevated chlorophyll concentrations only appear below the ML,
where the chlorophyll is subject to vertical transport by downwelling (Figures 9b and 9d). This connection
between chlorophyll and the depth of the ML supports the statement that light limitation plays a significant
role in controlling productivity at this time. The role of light is further confirmed by the fact that the DIN
concentration is higher than 5 mmol
E
m 3 in the surface water surrounding the eddy (Figures 8f, 9a, and 9c)
and thus too high to be limiting production. Additionally, the high chlorophyll concentrations coincide
with areas of low DIN concentrations, showing that DIN has been drawn down to a higher degree where
productivity occurs, but not to the extent that it is limiting. While the dynamics of the eddy does not appear
to directly impact productivity by supplying DIN to the surface water, the upwelling in the core of the eddy
pumps the DIN from below the nutricline into the ML, where divergence acts to move it away from the
center, thereby indirectly resupplying the surface DIN concentration further away from the eddy center.
In Figure 8, areas of high chlorophyll concentration and shallow ML coincide with horizontally compressed
isopycnals, suggesting that horizontal transport further acts to increase the surface chlorophyll concentration in areas of convergence.
To summarize, the elevated chlorophyll concentration in the positive vorticity filaments is caused a shallow
ML, leading to less light limitation, and possibly also horizontal transport through convergence of water
masses.
3.7. Regime II: Chlorophyll More Associated With Negative Than Positive Vorticity
To illustrate the tendency of higher chlorophyll concentrations in negative vorticity filaments and eddies
from mid-July to late August (Figure 5), we focus on an anti-cyclonic eddy located
E at 8.8E and 78.3N (Figure 10a). This is the same latitude as the anti-cyclonic eddy in Figure 8, but further to the east. The diameter
of this eddy is likewise ∼30 km. We look at the 27th of July, 2 months later than the day of the Regime I
eddy (Figure 5). At this time, the average chlorophyll concentration in the WSC has fallen significantly, as
compared to the maximum in early June, but is still high enough for productivity to be widespread across
Fram Strait. Had we chosen a later date, the productivity would be lower and more local. The 27th of July
falls just after a wind event, which has led to increased chlorophyll concentration in the area during the
preceding days (Figure 5).
Compared to the eddy in Regime I (Figure 8), the relative vorticity normalized
E by f is now weaker, ranging
from −0.2 to 0.5 in the area plotted (Figure 10b), in line with vorticity observations from Fram Strait (von
Appen et al., 2016). The weaker relative vorticity in turn leads to less strong horizontal density gradients and
a less filamented distribution around the eddy compared to the eddy in May (Figures 8b and 10b). The eddy
has a well-defined center, characterized by low vorticity values, and is surrounded by a clockwise flow. The
current surrounding the eddy has a strength of ∼0.2
E m s1 (Figure A4). Toward the west, the horizontal flow
is dominated by a strong northward flowing filament of the WSC, skirting the edge of the eddy (Figure A4).
The depth of the ML is generally shallower (∼10–40 m) and the stratification stronger than the situation in
May (Figure 10d).
In the center of the eddy, the isopycnals are displaced upwards close to the surface, and downwards deeper in the water column (Figure 11), effectively trapping the weakly stratified water mass in between. The
eddy is thus a so-called mode water eddy (McWilliams, 1985), which have been shown to act as retention
centers for biological productivity (d'Ovidio et al., 2013). The highest chlorophyll concentrations are located
in the center of the eddy, especially in the south-eastern part (Figures 10e and 11c), where the isopycnals
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Figure 10. Close-up of an anticyclonic eddy in the West Spitzbergen Current (WSC) during Regime II on July 27th. (a) Fram Strait spatial distribution of
relative vorticity normalized
E by f in the surface water on the 27th of May. The green square marks the location of the eddy shown in subplot (b–f). The black
line marks the 10% ice-concentration contour. (b) Surface relative vorticity normalized
E by f . (c) Vertical velocity at 40 m, approximately the depth of the
E kg m 3 with respect to the surface. (e) Vertically integrated chlorophyll
mixed layer base. (d) Depth of the mixed layer, based on a density difference of 0.01
E kg m 3. The green lines
concentration. (f) Surface dissolved inorganic nitrogen (DIN) concentration. The black lines are isopycnals with a distance of 0.004
mark the location of the sections in Figure 11.

and the surface DIN concentration is elevated (Figure 10f). The eddy is characterized by upwelling in the
south-western part of the eddy and downwelling in the north-eastern part (Figure 10c). In much of the
surrounding water, the DIN concentration is low enough to be limiting. The higher DIN concentrations in
the eddy center is likely brought on by the vertical DIN transport through upwelling (Figures 11a and 11g)
combined with the doming isopycnals of the mode water eddy, bringing the nutricline upwards in the water
column (Figures 11a and 11g), an effect that can also be observed in areas of increased chlorophyll north
and south of the eddy (Figures 11a and 11e). In the eddy center, the isopycnals are more elevated than in
the surrounding water, and the high chlorophyll concentration is limited to the upper 20 m of the water column (Figures 11c and 11d). In the surrounding filaments, the isopycnals are not doming to the same degree,
meaning that the chlorophyll concentration is lower (Figure 11a), but distributed over a larger depth span;
down to 40 m south of the eddy and down to 60 m north of the eddy, leading to the relatively high values of
vertically integrated chlorophyll concentrations in Figure 10e. It is thus likely that some degree of light limitation through self-shading is taking place in the eddy center. Overall, however, this distribution of the chlorophyll and DIN points to nutrient limitation playing a larger role than what was the case during Regime I.
As predicted in Figure 4, the chlorophyll is also elevated in some of the positive vorticity filaments surrounding the eddy. One example is the filament of high chlorophyll on the east side of the core (Figure 10e).
This filament is located at the frontal zone between northward flowing water to the east and southward
flowing to the west (Figure A4c), with upwelling along the frontal zone (Figure 10j). As was the case in
filaments of positive vorticity in Regime I, the horizontal isopycnals are compressed in the frontal area
due to convergence and resulting downwelling (Figure 11j). This convergence may bring in nutrients from
the upwelled water at the edges of the front. However, in cyclonic eddies, isopycnals are generally doming upwards in the positive vorticity core (e.g., McGillicuddy, 2016) and this tendency is also seen in this
positive vorticity filament (Figure 11j). The raised pycnocline coincides with the maximum chlorophyll
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Figure 11. July 27th. Left column: North-south section through the anti-cyclonic eddy of Regime II (FigureE8) at 8.7E. The section is marked in Figure 10b.
Right column: East-West section through positive vorticity filamentEat 78.35N. The filament is located east of the Regime II anti-cyclonic eddy, along
E 9.6E
(Figure 10b). (a and b) Surface values of relative vorticity, chlorophyll concentration and DIN along the section. (c and d) Relative vorticity normalized
E by f .
(e and f) Chlorophyll concentration. (g and h) DIN concentration. (i and j) Vertical velocity, positive values are upwards. The black lines are isopycnals with a
E kg m 3.
distance of 0.01
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concentration (Figure 10e) and may thus act to bring up the nutricline to induce algae growth. While the
surface DIN concentration is not elevated (Figures 11a and 11h), it is possible that this is a consequence of
biological drawdown in the surface.
A third feature in the surroundings of the eddy is the elevated chlorophyll west of the core (Figure 10e). This
is not a frontal zone, or a zone of high vorticity, but rather colocated with the stronger main current of the
WSC (Figure A4c). The most likely explanation for the elevated DIN and chlorophyll concentrations here is
vertical and the horizontal shear.
The distribution of chlorophyll, isopycnals and the nutrient concentration show that the bloom at this stage
is more nutrient limited than what was the case 2 months earlier. Chlorophyll and DIN concentrations are
elevated in areas of both negative and positive vorticity, though stronger in the negative vorticity regions.
In the region plotted (Figure 10), a common feature is the upwards doming of the isopycnals, which brings
nutrients toward the surface and thus may sustain phytoplankton growth.

4. Discussion
4.1. Light Control of Chlorophyll Enhancement
In accordance with the critical depth hypothesis by Sverdrup (1953), the spring bloom in the open waters
of eastern Fram Strait is thought to be initiated when surface heat fluxes act to stratify the water column
during the month of May (Cherkasheva et al., 2014; Randelhoff et al., 2018). Our study supports this theory,
and suggests that stratification plays a driving role in the period from bloom onset in early May to the bloom
decreases in early June (Figure 5). Further, we show that the eddy field introduces a large degree of spatial
heterogeneity in this stabilization on a scale of several kilometers, as areas of positive relative vorticity are
stratified earlier than areas of negative relative vorticity (Figures 6–8). Similar mesoscale effects have been
shown to affect the spring bloom south of Iceland (Mahadevan et al., 2012). In a combined satellite and
model study of the Southern Ocean, Song et al. (2018) showed that cyclonic eddies where characterized by a
shallow ML relative to anticyclonic eddies. While their study covered a wider meridional range
E (lat
E  –40),
with an associated longer growth season, their findings of chlorophyll enhancement in cyclonic eddies in
times of light limitation is consistent with our results. In the Labrador Sea, eddies are thought to contribute
to shoaling and restratification of the mixed layer (Chanut et al., 2008), while a large degree of heterogeneity has been observed in the early bloom of Baffin Bay (Frajka-Williams et al., 2009). In the latter study, the
eddies are generated along the east coast of Greenland, thus introducing stratification by transporting cold
meltwater toward the open water of Baffin Bay. Similarly, starting in May, filamented patches of cold and
fresh melt water are carried northward from the southern tip of Spitzbergen in our simulation, thus likely
contributing to the mixed layer shoaling in the WSC we observe (Figure 8d). Another factor that affects the
degree of stratification in Fram Strait, is cold water from the melting ice edge (Cherkasheva et al., 2014;
Lester et al., 2020). In our model run, the early bloom does, in fact, start in the ice zone (not shown), but
whether tongues of melt water are able to move in the south-westerly direction, against the general direction of the current and pathway of the eddies, is an open question.
The tendency of patches of shallow ML and high chlorophyll concentration correlating with positive vorticity areas (Figures 4 and 5) has been previously observed (e.g., Dufois et al., 2014; Kouketsu et al., 2011).
Further, in a study from the Sea of Japan, satellite-based observations have shown that the spring bloom is
delayed in the center of anticyclonic eddies where the ML was relatively deep, while the positive vorticity
edges of the eddies were stratified to a shallower depth and thus had an earlier bloom (Maúre et al., 2017).
4.2. Horizontal Convergence and Chlorophyll
Elevated chlorophyll concentrations in May and June coincide with areas of horizontally compressed isopycnals (Figure 8), suggesting that the mechanism behind increased chlorophyll concentration is two-fold;
alleviation of light limitation through ML shallowing and up-concentration due to horizontal convergence.
Several studies have used Lagrangian methods to show that mesoscale dynamics can trap phytoplankton
in convergent filaments of convergence. Here the convergent horizontal nutrient advection can create a
physical niche that lasts long enough for a bloom to develop (d'Ovidio et al., 2010; Lehahn et al., 2007),
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provided that the rate of phytoplankton growth here is higher than the rate of subduction. In the Norwegian
Sea, Samuelsen et al. (2012) showed that particles released in an anticyclonic eddy end up at the edge of
the eddy, similar to the imprint we see in May and June (Figure 8), before the entire area is stratified. Additionally, zooplankton and mesopelagic fish have been shown to feed along the edges of anticyclonic eddies
(Godø et al., 2012), further indicating that phytoplankton, on which they prey, is located here.
The submesoscale field of the surface ocean changes over time, with developing eddies and filaments. Phytoplankton trapped in a water parcel will also be distorted by the changing shape of the filament as was
also observed by d'Ovidio et al. (2010). An example is the positive vorticity filament in Figure 10. Our
results show a clear connection between positive vorticity and chlorophyll concentration in May and June
(Figures 4 and 5), but upon closer inspection, concentrations are also elevated downstream of these hotspots (Figure 8). This deformation of the bloom, which occurs in three-dimensional space, makes it more
difficult to obtain straight-forward answers about the processes driving the productivity, as stirring of the
field means that the phytoplankton is transported with the current to areas with some degree of different
properties (e.g., Abraham et al., 2000).
4.3. Chlorophyll Enhancement by Nutrient Modulation
In the period from mid-July to late August (Regime II), the highest chlorophyll concentrations are found
in areas of negative vorticity in our study (Figure 4). During this period, the surface water DIN concentration is low enough to be limiting (Figure 10). However, at 20 m, the DIN concentration and the vertical
transport of DIN is elevated in negative vorticity areas (Figures 6b and 6c), thus partly explaining the sustained productivity here. Similar nutrient enhancement in negative vorticity areas (anti-cyclonic eddies)
has been observed during the nutrient limited Southern Ocean summer (Song et al., 2018), explained by
the month-long lifetime of the eddies, and thus connection to the preconditioning during winter. In Fram
Strait, however, the lifetime of the eddies are on the order of 10 days (Wekerle et al., 2020), suggesting that
other mechanisms are at play here. Studies from the North Atlantic Ocean have suggested that ageostrophic circulation within the eddy rather than wind-driven Ekman pumping (Martin & Richards, 2001) was
the mechanism behind high chlorophyll anomalies in the surface water of the eddy (Ledwell et al., 2008),
while Rohr et al. (2020) showed that wind driven Ekman-pumping is driving vertical nutrient supply to
the anti-cyclonic eddies in the Southern Ocean. From our results, the role of the vertical velocity, however,
remains unclear; the upwelling seen in negative vorticity regions (Figure 6) may be less prominent than it
appears as it is partly induced by the propagation of eddies and front. Additionally, the nutrient upwelling
and the doming and suppression of the pycnocline are both driven by the vertical velocity.
We have illustrated Regime II with a mode-water eddy in Fram Strait (Figure 11), generally characterized
by upwards deflection of isopycnals, and thus the nutricline (e.g., McGillicuddy et al., 1999). In a nutrient
limited regime, this doming of the nutricline will act to support productivity like we see in Fram Strait
(Figure 11c). The surface vorticity distribution of mode-water eddies is similar to the one of anticyclonic
eddies, while the sea surface height signature is similar to the one of cyclonic eddies, making it difficult to
determine the relative number of normal versus mode-water anticyclonic eddies. However, the relative vorticity of strong eddies is connected to the water masses of which they are composed; early in the season, the
WSC is a strong jet with positive relative vorticity on its seaward side and negative relative vorticity on the
side of Svalbard. It is unstable, and breaks into the pattern seen in Figure 2. Strong anticyclones are formed
in the area, containing warm water of Atlantic origin (Figure 2b). In late summer, melt water has stratified
the surface water (Figure 5b), generating mode water eddies with a shallow stable stratification at the top.
The seasonal changes in water mass properties suggest that the WSC is indeed dominated by anticyclonic
mode-water eddies with doming isopycnals, and it is thus plausible that the increased chlorophyll anomaly
in negative vorticity areas is caused by raised nutriclines as suggested in Figure 11, as well as upwelling
(Figure 6).
The semi-closed cores of anticyclonic mode-water eddies are able to transport properties, and thus nutrients, across large distances (e.g., von Appen et al., 2020; Xu et al., 2017), with the nature of transported
properties depending on the water masses in the area where the eddy originated. Only few eddies are generated on the Svalbard shelf in our simulation, while more originate in eastern Fram Strait and move in the
north-westwards direction (Wekerle et al., 2020). Considering that the water in the WSC is relatively rich in
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nutrients (Torres-Valdés et al., 2013) it is possible that one reason for the high chlorophyll concentration in
areas of negative vorticity (Figure 4) is trapping and transport of nutrients.
The sustained high chlorophyll concentrations in bins of positive vorticity (Figure 4) are driven by relatively
high chlorophyll anomalies within cyclonic filaments rather than eddies (Figure 7). A common feature of
positive vorticity filaments, cyclonic eddies and mode-water eddies is the doming isopycnals (Figure 11).
This doming may account for some of the signal, however, the lack of high anomalies within cyclonic eddies
suggests that other factors are at play. We speculate that nutrient trapping within the cyclonic eddies indeed
plays a role; cyclonic eddies can be seen as semi-closed entities with limited exchange of properties with
surrounding water. Productivity within cyclonic eddies are thus to a larger degree dependent on preconditioning with nutrient-rich water than what is the case for cyclonic filaments in which lateral transport may
play a larger role.
Fadeev et al. (2021) showed that the biological activity was elevated in a filament of positive vorticity in the
marginal ice zone of Fram Strait. This study was carried out on the 29th of July, thus effectively coinciding
with the day we have focused on for Regime II (the 27th of July, Figure 5). This filament was characterized
by convergence, downwelling and upwards sloping isopycnals. The same characteristics are seen in the
section of a positive vorticity filament in our study (Figure 11). In the Chuckchi Sea, Nishino et al. (2018)
found elevated chlorophyll within a nutrient limited cyclonic eddy, they attributed this to raised isopycnals
and double-diffusive mixing processes. This indicates that the lack of chlorophyll in cyclonic eddies later in
the season in our study is indeed due to the depleted eddy inventory of nutrients combined with an absence
of lateral nutrient transport.
4.4. Advantages and Limitations of the Model
In our model setup, the horizontal resolution in Fram Strait equals 1 km, smaller than the Rossby Radius in
the area (4–6 km, von Appen et al., 2016), making it possible to resolve mesoscale dynamics. FESOM does a
good job in representing the mesoscale dynamics in this setup, including eddy driven return flow, life time
of eddies and strength of vorticity (Wekerle, Wang, von Appen, et al., 2017; Wekerle et al., 2020), nevertheless, processes on a smaller scale than ∼2 km are not captured. These submesoscale processes are increasingly thought to play an important role for marine ecosystems (Mahadevan, 2016), affecting processes such
as transient upwelling of nutrients (Brannigan, 2016; Uchida et al., 2020) and restratification of the surface
mixed layer in spring (Brody et al., 2016). Despite of the multi-resolution setup of FESOM, the simulation
shown here is computationally challenging, especially as the biogeochemical module adds 21 tracers, and
at this stage, we are not able to capture submesoscale processes as mentioned above.
A strength of our setup is that we have a relatively realistic model run, including seasonal changes such as
ice melting and formation, changes in the circulation pattern, the intensity of incoming light and a realistic
geometry. Additionally, the simulation includes episodic occurrences, such as wind events, adding to the
complexity. In short, the model run is attempting to mimic the world as it is as opposed to an idealized
setup. The drawback is that such a model run is relatively complicated to analyze and does not give direct
connections between controlled processes as in idealized model runs that focus on a specific process (e.g.,
Levy & Klein, 2004; Ramachandran et al., 2014).

5. Conclusions
In general, the connection between the physical dynamics of eddies and biology is complicated, due to the
complexity and nonsteady state of both the eddy field and the biology. Whether cyclonic or anti-cyclonic
eddies act to drive or suppress production in Fram Strait, depends on, for example, time and place, how the
eddy was formed and where it was formed.
Based on a high-resolution model run of sea ice, ocean, and biogeochemistry, we have shown that mesoscale dynamics of eddies and filaments have a strong imprint on the surface field of the biological properties,
and act to shape the progression of the bloom during summer. The effect of the mesoscale variability on
chlorophyll can be divided into two regimes; during Regime I, high chlorophyll concentrations are predominantly associated with high values of positive vorticity, while they are predominantly associated with
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large values of negative vorticity during Regime II. Regime I takes place at the time of the spring bloom in
May and June. At this time, high chlorophyll concentration mainly occurs in areas of shoaling mixed layers
and converging water masses, indicating that light and up-concentration of the biomass plays a role at this
stage, while nutrients are not limiting. Regime II starts in mid-July, when the maximum chlorophyll values
are associated with negative vorticity values. At this time, nutrient limitation is important for control of
phytoplankton growth, as the mixed layer is well defined and shallower, and surface DIN concentrations
are low. Upwelling of nutrients occur in negative vorticity areas, acting to sustain productivity here, though
upward-sloping isopycnals may also play a role. During Regime II, the chlorophyll concentration is likewise
to some degree elevated in filaments of positive vorticity, pointing toward importance of lateral nutrient
transport.
In Fram Strait, the mesoscale eddy field modulates the upper ocean in ways that can be conductive for or
suppressing phytoplankton growth, depending on the circumstances. In the current study, we take a first
step with a global biogeochemical model toward explaining this complex mesoscale interplay between
physics and biology. Considering the effort that is put into monitoring this main gateway to the Arctic
Ocean, a better understanding of mesoscale effects on the system will improve our interpretation of the
observations.

Appendix A: Supporting Figures
A1. Distribution of Vorticity
The study site is characterized by most of the area falling within bins of low vorticity strength from May
to October. As the vorticity field weakens over the summer, this tendency becomes stronger (Figure A1).
Dividing the study area into anti-cyclonic eddies, anti-cyclonic filaments, cyclonic eddies and cyclonic filaments, these areas make up between 6 and 10% of the study area in early May, with a decreasing trend over
time due to a decrease in the vorticity strength (Figure A2).

Figure A1. Percentage area within bins of vorticity used for Figures 4 and 6. Notice the nonlinear color scale.
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Figure A2. Development of the percentage area located within cyclonic and anticyclonic eddies and in positive and
negative vorticity filaments. The eddies have been detected using the Okubo-Weiss algorithm (Equation 1), and only
areas where
E
|  / f | 0.1 are included.

A2. Surface Velocity
The anti-cyclonic eddy plotted for the 27th of May is encircled by a clock-wise flow, and surrounded by
smaller eddies and filaments, which likewise show local intensification of the current speed (Figure A3).
On July 27th, the strength of the eddy field has weakened, leading to a weaker flow surrounding an anticyclonic eddy on this day (Figure A4).

Figure A3. Zoom of an anticyclonic eddy in the WSC on May 27th, during the positive vorticity chlorophyll regime. (a) East-west component of velocity
E
(u). (b)
E
vel
 (u 2  v 2 )0.5.
North-south component of velocity
E
(v). (c) Absolute velocity
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Figure A4. Zoom of an anticyclonic eddy in the WSC on July 27th, during the negative vorticity chlorophyll regime. (a) East-west component of velocity
E
(u).
E
vel
 (u 2  v 2 )0.5.
(b) North-south component of velocity
E
(v). (c) Absolute velocity

Data Availability Statement
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