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The substantial productivity of the northern Norwegian Sea is closely related to

its strong mesoscale eddy activity, but how eddies affect phytoplankton

biomass levels in the upper ocean through horizontal and vertical transport-

mixing has not been well quantified. To assess mesoscale eddy induced ocean

surface chlorophyll-a concentration (CHL) anomalies and modulation of eddy-

wind interactions in the region, we constructed composite averaged CHL and

wind anomalies from 3,841 snapshots of anticyclonic eddies (ACEs) and 2,727

snapshots of cyclonic eddies (CEs) over the period 2000-2020 using satellite

altimetry, scatterometry, and ocean color products. Results indicate that eddy

pumping induces negative (positive) CHL anomalies within ACEs (CEs), while

Ekman pumping caused by wind-eddy interactions induces positive (negative)

CHL anomalies within ACEs (CEs). Eddy-induced Ekman upwelling plays a key

role in the unusual positive CHL anomalies within the ACEs and results in the

vertical transport of nutrients that stimulates phytoplankton growth and

elevated productivity of the region. Seasonal shoaling of the mixed layer

depth (MLD) results in greater irradiance levels available for phytoplankton

growth, thereby promoting spring blooms, which in combination with strong

eddy activity leads to large CHL anomalies in May and June. The combined

processes of wind-eddy interactions and seasonal shallowing of MLD play a key

role in generating surface CHL anomalies and is a major factor in the regulation

of phytoplankton biomass in the northern Norwegian Sea.
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1 Introduction

Mesoscale eddies are ubiquitous features of the world’s

oceans and can influence biogeochemical cycling through

horizontal and vertical transport of nutrients and marine biota

(Dufois et al., 2016; He et al., 2019). The northern Norwegian

Sea is a region characterized by vigorous mesoscale eddy

activities, and the basin-slope-shelf topography largely

determines the general circulation pattern, water mass

exchange, formation of eddies and transport of nutrients and

plankton (Sundby, 1984; Hansen et al., 2010; Richards &

Straneo, 2015; Dong et al., 2022). The main water masses in

the northern Norwegian Sea are of coastal and Atlantic origin.

The Norwegian Coastal Current (NCC) flows as a buoyancy-

driven current featured by low salinity and low temperature

along the coast, bordering the parallel northeastward Norwegian

Atlantic Slope Current (NwASC) (Helland-Hansen & Nansen,

1909; Sætre, 1999). The most unstable areas of the NwASC occur

in the steepest part of the continental slope off the Lofoten-

Vesterålen Islands, generating a large number of mesoscale

eddies being shed from NwASC and propagating westward

into the Lofoten Basin (LB) (Isachsen, 2015; Fer et al., 2020;

Dong et al., 2021). At this high latitude, the spatial and temporal

scales of eddy and eddy-like features are small due to the

dynamical control of the Rossby deformation radius (Chelton

et al., 2011; Nurser & Bacon, 2014). The dominant scales of the

mesoscale eddies in the northern Norwegian Sea range from ten

days to several months in time and from twenty to one hundred

kilometers in space (Raj et al., 2016; Chen & Han, 2019; Trodahl

et al., 2020). Previous studies have reported that mesoscale

eddies in the northern Norwegian Sea have strong nonlinear

characteristics that can trap water within the eddy, driving

nutrient transport and phytoplankton growth (Chelton et al.,

2011; Zhang et al., 2014; Raj et al., 2016). The enhanced

phytoplankton biomass plays an important role in maintaining

the productive and commercially exploited species in the

northern Norwegian Sea, such as the copepod Calanus

finmarchicus, Northeast Arctic cod (Gadus morhua) and

Norwegian spring-spawning herring (Clupea harengus) (Zhou

et al., 2009; Toresen et al., 2019).

Efforts have been made to investigate the response of

phytoplankton to mesoscale eddies by combining contemporaneous

measurements with satellite altimeters, scatterometers, and

ocean color remote sensing (McGillicuddy et al., 2007; Siegel

et al., 2011; Gaube et al., 2013; Gaube et al., 2014). Sea surface

chlorophyll-a concentrations (CHL) are a useful proxy for

estimating phytoplankton biomass (Chapman et al., 2020). In

recent years, automated methods of identifying mesoscale

eddies from satellite altimetry have successfully distinguished

anticyclonic eddies (ACEs) and cyclonic eddies (CEs) and

extracted the eddy-center location, size, eddy intensity and life

cycle of the eddies (Chelton et al., 2011; Raj et al., 2016; Raj et al.,

2020). Synergy of these satellite altimeter-derived eddy-centric

coordinates with other remote sensing products such as CHL,

sea surface temperature (SST) and sea surface wind speed has

provided a new perspective for studying the influence of

mesoscale eddies on physical-biological processes in the upper

ocean (McGillicuddy, 2016; Dawson et al., 2018; Frenger et al.,

2018). Owing to the substantial spatio-temporal resolution and

long-term coverage of satellite data, the eddy-centric composites

constructed from thousands of altimetry observations can help

reveal the response of phytoplankton to mesoscale eddies in

different regions of the global ocean (Wang et al., 2018; Travis &

Qiu, 2020).

The influences of mesoscale eddies on phytoplankton

include processes that alter their horizontal distribution,

vertical flux of nutrients and plankton, and stratification

(Gaube et al., 2014; Dufois et al., 2016; Su et al., 2021). More

specifically, eddies can transport phytoplankton to its periphery

by stirring the ambient CHL field during propagation and

movement within the eddy (Abraham, 1998; Siegel et al., 2007;

Siegel et al., 2011). Eddies can also trap water parcels during

formation, allowing nutrients and plankton within the eddy to

be transported hundreds of kilometers away from the formation

site (McWilliams & Flierl, 1979; Lehahn et al., 2011). The vertical

flux of nutrients due to isopycnal displacement driven by the

eddy pumping can result in elevated CHL inside the CEs and

reduced CHL inside ACEs (Omand et al., 2015; Guo et al., 2017).

Recent studies have reported that Ekman pumping induced by

wind-eddy interactions has the opposite effect, that is, elevated

CHL in ACEs and decreased CHL in CEs (Gaube et al., 2013;

Dawson et al., 2018). ACEs have also been found to be more

productive than CEs in the subtropical regions associated with

the eddy-modulated deep winter mixing (Dufois et al., 2016; He

et al., 2017). However, it remains unclear how mesoscale eddies

in the northern Norwegian Sea affect phytoplankton biomass. In

this study, we focused on the mechanisms of phytoplankton

biomass regulation by vertical pumping processes within

different types of eddies and the seasonal characteristics of

vertical transport within the upper mixed layer of the ocean

caused by wind-eddy interactions.

We explored the surface CHL anomalies caused by

mesoscale eddies in the northern Norwegian Sea, and in

particular investigated combined effects between eddy-wind

interactions and shallowing of MLD in driving CHL

anomalies. A 21-year dataset (2000-2020) of sea level anomaly

(SLA), satellite-derived CHL, surface wind fields and Argo-

derived mixed layer depth (MLD) was used to investigate

mesoscale eddy impacted physical-biological processes. We

used two methods: an automatic hybrid eddy detection

algorithm and a composite-averaged construction method. The

results of two case studies and a 21-year composite analysis

revealed the important vertical pumping mechanisms regulating

surface CHL by ACEs and CEs in the northern Norwegian Sea.
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2 Data and methods

2.1 Satellite data

To investigate the mechanisms generating CHL anomalies

induced by mesoscale eddies, we combined satellite altimetry,

scatterometry and ocean color data. The study area is the

northern Norwegian Sea between 0°E and 20°E and 65.5°N and

72°N (Figure 1).

2.1.1 Altimetry data
Daily gridded SLA with 0.25 × 0.25° resolution during the

past 21 years (2000-2020) were used to identify mesoscale

eddies. The gridded Level-4 products from Copernicus Marine

Environment Monitoring Services (CMEMS, http://marine.

copernicus.eu) were constructed by merging TOPEX/Poseidon,

Jason-1/2, ERS-1/2, GFO, CryoSat-2, HY-2A, Altika and

ENVISAT mission data. The mesoscale eddies determined by

altimetry were collocated to CHL fields at the corresponding

temporal and spatial locations based on the center and radius of

each eddy to evaluate the CHL response to mesoscale eddies. The

automated method used for the detection of mesoscale eddies is

described in Section 2.2.

2.1.2 Ocean color
Level-2 CHL and SST products from MODIS Aqua with a

spatial resolution of 500 m were obtained from the NASA Ocean

Color archive (https://oceancolor.gsfc.nasa.gov) and were used

in two case studies (8 June 2017 and 3 July 2019). Level-3 CHL

products from Ocean Color Climate Change Initiative (OC-CCI,

http://www.oceancolour.org/), derived from merged satellite

observations of MERIS, MODIS, OLCI, SeaWiFS, and VIIRS,

were used to maximize the available coverage. The OC-CCI

product has been validated using a globally compiled in-situ

database between 1997 and 2018 (Valente et al., 2019; Ferreira

et al., 2022). The in-situ database has more than 2000

observations available for validation in the northern

Norwegian Sea. The daily CHL products with a 4 km

resolution were used to construct CHL anomalies between

April and September between 2000-2020. We use daily CHL

observation products, which correspond in time and space to the

daily SLA fields, to minimize the loss of data due to cloud cover

and poor colocation of weekly or monthly averaged CHL and

SLA products.

2.1.3 Wind fields
To study the air-sea interaction over mesoscale eddies,

Ekman pumping velocities were estimated from 10-m winds

inferred from measurements by the SeaWinds scatterometer on

the QuikSCAT and the Advanced scatterometer onboard the

ASCAT METOP-A (https://www.remss.com). QuikSCAT

covers the period between 19 July 1999 and 23 November

2009, and the ASCAT (Metop-A) data are from 19 October

2006 to 15 November 2021. The combination of these two

A

B

D

C

FIGURE 1

(A) Map of bathymetry and main currents in the northern Norwegian Sea. Locations of snapshots of anticyclonic eddies (ACEs) and snapshots of
cyclonic eddies (CEs) detected by available ocean color data for April through September, 2000-2020 are shown by black triangles and white
dots. The red dot represents the Lofoten-Vesterålen Islands. Histograms of monthly numbers of (B) all ACEs and CEs identified by satellite
altimetry and hybrid algorithm, (C) identified ACEs and CEs based on (B) and covered by ocean color data, and (D) Argo floats occurring within
ACEs and CEs based on (C).
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missions (QuikSCAT for 2000-2009 and ASCAT for 2010-2020)

allows coverage over the entire time period. The equivalent

neutral vector winds are inferred from the radar backscatter

measured by the scatterometers at 10 m relative to the moving

sea surface, and are referred to as relative winds (Ross et al.,

1985; Chelton and Freilich, 2005; Chelton and Xie, 2010; Gaube

et al., 2013).

2.2 Identification of mesoscale eddies

There are several automated eddy detection schemes found

in the literature (Jeong and Hussain, 1995; Sadarjoen & Post,

2000; Isern-Fontanet et al., 2006; Chelton et al., 2007; Nencioli

et al., 2010; Chelton et al., 2011; Faghmous et al., 2015), of which

methods based on the dynamical properties of the flow field and

geometric properties are two of the most extensively used

(Okubo, 1970; Weiss, 1991; Sadarjoen & Post, 2000; Isern-

Fontanet et al., 2006). The method based on dynamical

properties of the flow field includes the computation of the

Okubo–Weiss parameter, which allows the examination of

the relative importance of vorticity of the flow field over the

deformation or strain rate flow field below a threshold value. On

the other hand, geometric properties of eddies are detected based

on the macroscopic synoptic curvature shape of the streamlines

of sea-surface height. Halo (2012) showed that by combining the

two properties (geometric and dynamical) simultaneously to

define an eddy (hybrid method) minimizes considerably the

presence of threshold values, hence minimizing subjectivity and

produce better results. The performance of the hybrid eddy

detection algorithm has been tested successfully in the LB and

has been validated using Argo floats and surface drifters (Raj

et al., 2015; Raj et al., 2016; Raj and Halo, 2016; Raj et al., 2020).

To identify mesoscale eddies, we use the above-mentioned

automatic hybrid eddy detection algorithm that combines the

geometric and dynamical properties of the flow field (Halo,

2012; Raj et al., 2015; Raj et al., 2016). The dynamical property is

described by the Okubo-Weiss parameter (W) (Okubo, 1970;

Weiss, 1991; Harrison & Glatzmaier, 2010; Chelton et al., 2011),

which quantifies the relative importance of shearing

deformation rate (SS), stretching deformation rate (Sn) and

relative vorticity (z) through following relationships:

W = (S2s +   S2n)   −     ς
2 (1)

Ss =
∂ v 0

∂ x
+
∂ u 0

∂ y
  (2)

  Sn =
∂ u 0

∂ x
−
∂ v 0

∂ y
  (3)

ς =
∂ v 0

∂ x
−
∂ u 0

∂ y
  (4)

where u′ and v′ denote the zonal and meridional

components of geostrophic velocity anomalies estimated from

SLA using the standard geostrophic relation (Raj et al., 2016).

Both shearing (Ss) and stretching (Sn) components are included

in Strain (S), S=SS(S
2
S+S

2
n). W< 0 implies that the vorticity

dominates the Strain, which is an essential feature of an eddy.

In order to reduce the grid-scale noise two passes of a Hanning

filter are applied to W, and regions dominated by vorticity (i.e.

negative W) are selected. Note that in order to minimize

subjectivity no threshold was imposed on W. The geometric

properties of eddies are detected by the closed near-circular

contour of SLA field. Corresponding approximately to the

altimetry precision shown in Volkov & Pujol (2012), the

height interval between the isolines is chosen at DSLA = 2 cm.

Further, a limit to the equivalent diameters of the closed isolines

is set to a maximum of 500 km. Next, by combining the regions

of negative W and the regions embedded in closed isolines, the

spurious detection associated with noise in W and the

ambiguities in multi-poles/elongated closed loops are excluded

and thus a more consistent pattern of the eddy is obtained. More

details of the algorithm are described in Halo (2012).

The geostrophic eddy kinetic energy (EKEg) is computed by:

EKEg =
u 02 +v 02

2
  (5)

while the eddy intensity (EI) is defined as the area-weighted

mean EKEg and A is the surface area (Raj et al., 2015):

EI =  
1
A

Z
A

EKEg   dA (6)

2.3 Collocation of CHL anomalies with
mesoscale eddies

To investigate CHL variability induced by mesoscale eddies,

CHL anomalies were constructed to quantify the phytoplankton

biomass in ACEs and CEs. Daily maps of CHL were interpolated

onto a 0.25°× 0.25° grid to be consistent with the resolution of

the SLA fields. The daily 0.25° CHL fields were then spatially

high-pass filtered with half-power filter cutoffs of 4° × 4°. The

first internal deformation radius, Ld=NH/f, is representative of

the horizontal scale of oceanic eddies, where H is vertical

extension of the eddy (Yu et al., 2017). The Ld in the northern

Norwegian Sea is ~ 15 km, and the 4° × 4° filtering is effective in

removing large-scale oceanographic features that are not

relevant to the mesoscale variability of interest in this study

(not shown; Gaube et al., 2013):
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Chlanom = HPsp Chlð Þ   (7)

where HPsp denotes the high-pass filter. The magnitude of

the eddy-driven CHL anomalies in northern Norwegian Sea is

influenced by location and season. To reduce these effects, the

Chlanom was normalized at longitude x and latitude y by dividing

the long-term averaged background fields at the same location:

Chlnorm x, yð Þ =  
Chlanom x, yð Þ
Chlave x, yð Þ (8)

whereChlave(x,y) is themonthly averaged backgroundCHLfield

over 21 years. The normalized CHL anomalies (Chlnorm) obtained

retain seasonal characteristics and are dimensionless and can be

considered as partial deviations from the long-termmean. The same

process was also performed on SLA and wind stress data.

The average cloud-free coverage of daily OC-CCI dataset

within the entire study area (65.5–72°N, 0–20°E) from April to

September 2000-2020 is 15.61%. For all eddies identified by

satellite altimetry in the study area from April to September

2000-2020, the average cloud-free coverage within one radius of

the eddy is 12.01%. Before composites, eddies with more than

70% of the available pixel points in the Chlnorm results within one

radius of each known eddy were selected, and eddies with less

than 70%-pixel coverage were removed to minimize errors on

the composites caused by cloud coverage within the eddy area.

The satellite-based estimates of all Chlnorm were then collocated

to each snapshots of eddy identified from the SLA fields for

normalized composite averages. Total and monthly composite

averages of ACEs and CEs from satellite-based Chlnorm results

were created to quantify the structure of the CHL response to

mesoscale eddy activities. The centers and radius of all eddies are

normalized with the radius R. Values of ±1R correspond to the

edges of the eddies, while values of zero correspond to the eddy

core, thus allowing us to construct composite averages from

eddies of different sizes. We extracted data from -2R to 2R to

include the interaction between the eddies and the surrounding

waters. This method of constructing average eddy composites

has been applied to other regions in the global ocean (Chelton

et al., 2011; Gaube et al., 2014; Wang et al., 2018; He et al., 2021).

2.4 Eddy-induced Ekman pumping

To investigate the effect of vertical pumping within the eddy

on surface CHL anomalies, eddy-induced Ekman pumping

velocities were estimated by altimetry-based SLA and

scatterometer-derived relative wind fields. Positive (negative)

Ekman pumping implies the upward (downward) pumping

velocities within the eddy. The surface wind stress (t) was

estimated from QuikSCAT and ASCAT relative equivalent

neutral winds using the formula:

t = raCDurel urelj j   (9)

wherera is the air density (1.25 kgm-3) andurel is relativewind

speed to a surface water mass, which is derived from scatterometry

data (Gaube et al., 2013; Gaube et al., 2014; Park et al., 2019). CD is

the speed-dependent drag coefficient, which was determined

following Anderson (1993) and Park et al. (2019):

CD = 7:55� 10−4, urelj j <= 4:5ms−1 (10)

CD = 4� 10−4 + 7:9� 10−5 urelj j, urelj j > 4:5ms−1 (11)

The eddy-induced Ekman pumping was computed as:

WE =
∇� t
r0f

  (12)

where r0=1020 kg m-3 is the surface density of sea water and

f=2Wcosq is the Coriolis parameter for latitude q at an Earth

rotation rate of W (Gaube et al., 2013). Similar to the processing

in Section 2.3, spatial high-pass filtering with half-power filter

cutoffs of 4° × 4° and composite average estimation were also

performed for Ekman pumping fields for consistency.

2.5 Finite-size Lyapunov exponents
(FSLEs)

FSLEs were used as an efficient indicator of the sensitivity of

mesoscale eddies to the horizontal exchange of water with

ambient waters (Lehahn et al., 2007; He et al., 2017). Daily

geostrophic velocity fields from the Level-4 altimetry products

were used to calculate FSLE fields by backward LCSs. The FSLEs

are computed from the time interval t, at which two fluid

particles move from an initial separation distance di to a final

separation distance df following their trajectories in the two-

dimensional velocity field. At time t and position x, the

Lyapunov exponent l is defined as:

l   x,   t,   di, df
� �

=
1
t
log

df
di

� �
(13)

wherel is the localmeasure of the largest exponential separation

rate of two particles (d'Ovidio et al., 2004; d’Ovidio et al., 2009; Dong

et al., 2022). Theunits of FSLEs are d-1. Trajectorieswere extractedby

applying a fourth-order Runge-Kutta schemewith a time step of 3 h.

di and dfwere set at 0.02° and 0.4° to capture themesoscale properties

and visualize the details of the structures. These structures in the

backward FSLE fields are the so-called Lagrangian Coherent

Structures (LCSs), which act as transport barriers in the flow field

(Lehahn et al., 2011; Dong et al., 2021).

2.6 Mixed layer depths (MLDs)

To further understand how the different types of ACEs and

CEs impact mixing and stratification, MLDs were investigated
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inside and outside of the eddies. We obtained the density-based

MLD estimates for all Argo profiles in the northern Norwegian

Sea from the global database compiled by Holte & Talley (2009)

(http://mixedlayer.ucsd.edu/). Over the 21 years a total of 4,802

Argo profiles were available in the region of 65.5–72° N, 0–20° E

(Table 1; Supplementary Figure 1). MLDs derived from the Argo

float data were collocated with the SLA-derived eddies based on

their locations and corresponding date. An Argo float was

determined to be within eddies if it appeared within the

outermost closed profile of the SLA used to define the eddy

periphery, and otherwise it was outside the eddy as a background

field. There were 258 Argo profiles inside ACEs and 217 Argo

profiles inside CEs, and were used for MLD analysis (Table 1;

Figure 1D, Supplementary Figure 1). The standard error of the

mean was used to account for the uncertainty around the

estimates of the monthly average MLD and CHL.

3 Results

3.1 Spatial-temporal distribution
characteristics of mesoscale eddies

A total of 24,086 snapshots of ACEs and 18,083 snapshots of

CEs, corresponding to 2,671 ACE tracks and 2,489 CE tracks,

respectively, were identified from the altimetry data using the

hybrid algorithm. Of which 3,841 snapshots of ACEs and

snapshots of 2,727 CEs, corresponding to 1,511 ACE tracks and

1,270 CE tracks, respectively, had available ocean color data to be

used in this study (Figures 1, 2, Supplementary Figures 2, 3). To

investigate the surfaceCHL response to different types ofmesoscale

eddies, 1,984 snapshots of ACEs with reduced CHL inside (ACE-),

1,236 snapshots of CEs with elevated CHL inside (CE+), and 1,857

snapshots of ACEs with elevated CHL inside (ACE+), 1,491

snapshots of CEs with reduced CHL inside (CE-) were identified

in the northern Norwegian Sea (Figure 2). The western LB (<

3000 m) and the eastern LB near the continental slope off the

Lofoten-Vesterålen Islands are important residing areas for both

types of ACEs and CEs. Eddies in these two regions occur more

frequently and have stronger eddy intensity than in other regions

(Figure 2, Supplementary Figures 2-4). The magnitude of eddy

intensity of CEs is comparable in the eastern and western of LB,

respectively, while the ACEs in the western LB are more intense

than the eastern part. 2,757 snapshots ofACEs and 1,755 snapshots

ofCEshada lifespanofmore than10days, 1,710 snapshotsofACEs

and 918 snapshots of CEs had a lifespan of more than 20 days, and

631 snapshots of ACEs and 158 snapshots of CEs had a lifespan of

more than 60 days (Tables 2, Supplementary Figure 3). The longer-

lived eddies occurred in the western LB and areas near the

continental slope (Supplementary Figure 3). In addition, ACEs in

the western LB were centered at 3°E, 69.8°N in a circular pattern,

coinciding with the location of the LBE; CEs in the western LB are

alsomainly distributed in the deepest part of the basin. ACEs in the

eastern LB are distributed along the continental slope, while the

center of distribution for CEs is 12°E, 69.5°N.

3.2 Revealing CHL anomalies associated
with mesoscale eddies from case studies

Two cases (on 3 July 2019 and 8 June 2017) illustrate that

mesoscale eddies can considerably affect the distribution of surface

CHL in the northern Norwegian Sea (Figures 3, 4). CE+ elevated

CHL within the eddy by two orders of magnitude relative to the

surrounding waters on 3 July 2019 (Figure 3). ACE- with elevated

SLAdecreased theCHLwithin the eddy relative to the surrounding

waters on 8 July 2017 (Figure 4). A large number of eddies also

exhibited the unusual opposite pattern, with elevated CHL within

ACEs and lower CHL within CEs (ACE+ and CE- in Figures 3

and 4). For example, one of the ACE+ located in the region of

70.2–71.2° N, 6.5–10.5° E on 3 July 2019 showed greater CHL and

lower SST (Figure 3). Similar patterns are also observed on 8 June

2017 with a pair of dipole eddies in 69–70.2° N, 1–5° E, where a

greater CHL within the ACE+ and a lower CHL within the CE-

(Figure 4). The extremes of the LCS curves for each eddy

correspond to the edge of the eddy with the greatest geostrophic

current velocity that separates the water within the eddy from the

surrounding waters (Figures 3B, D and 4B, D). The water particles

on both sides move along the LCSs, which act as transport barriers

limiting the horizontal exchange of water between the two sides,

resulting in large differences in CHL and SST field inside and

outside the eddies. This effect retainswaterwith larger/smallerCHL

inside eddies.

3.3 Eddy induced Ekman pumping causing
unusual CHL anomalies within eddies

To investigate the response mechanism of the unusual

surface CHL anomalies to mesoscale eddies, composite

TABLE 1 Number of Argo Profiles and tracks of Argo Floats between April and September 2000-2020 in the northern Norwegian Sea.

Argo Profiles Argo Profiles inside Eddies Tracks of Argo Floats Tracks of Argos Floats passing Eddies

ACEs CEs ACEs CEs

Number (#) 4802 258 217 239 69 66
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averages of the CHL anomalies, SLA and eddy-induced Ekman

pumping were constructed. It appeared that elevated SLA (solid

contours in Figure 5A) lead to downwelling, resulting in negative

CHL anomalies within ACE-, while reduced SLA (dashed

contours in Figure 5B) lead to upwelling, resulting in positive

CHL anomalies within CE+. Averaged structure and monthly

evolution of the composite CHL anomalies of ACEs and CEs

show that eddy-induced Ekman pumping was strongly

correlated with the unusual CHL enhancements (decreases) in

the ACEs (CEs) (Figures 5C, D and 6). Eddy-induced Ekman

pumping is generated by sea surface stress curl resulting from

surface differential currents associated with mesoscale eddies

and wind fields. The polarity of this surface stress curl is opposite

to the vorticity of the eddy; hence, the net result is Ekman

upwelling within ACEs (solid contours in Figures 5C and 6A–F)

and Ekman downwelling within CEs (dashed contours in

Figures 6D, G–L). This process is largely responsible for the

unusual positive (negative) CHL anomalies at the interior of the

ACEs (CEs) (Figures 5C, D, and 6). In particular, our analysis

shows that the signal of CHL anomalies within ACE+ is much

stronger than that within ACE-, CE+ and CE-, with CHL

anomalies over 0.2 mg m-3 appearing close to ±0.5R

(Figure 5). The maximum eddy-induced Ekman pumping rate

for ACE+ occurred in April and May, whereas the monthly

composite averages of CHL anomalies for ACE+ in May and

June weremore than twice as large as those in April (Figures 6A–C).

The signal of CHL anomalies was also stronger in May and June

for CE- than in April, but the differences were not considerable

(Figures 6G–I, Supplementary Table 1).

3.4 MLD variations associated with
mesoscale eddies

To further assess whether the CHL anomalies within the

different types of mesoscale eddies and their associated Ekman

pumping affect the processes occurring below the surface, we

investigated the monthly variations of MLD within the ACE-,

ACE+, CE+, CE-, and those outside the eddies (Figures 7A, B).

For all months, the ACE+ reduced the MLD compared to ACE-,

while CE- deepened the MLD (Figures 7A, B). This was caused by

the eddy-inducedEkmanpumpingupward (downward)displacing

isopycnals within the ACEs (CEs). This process results in nutrients

being introduced into the surface layer from below within the

ACE+, so that the increased phytoplankton biomass results in

greater CHL in the core of theACE+ compared to that of theACE-.

Similarly, CHL in the core of CE- has lower CHL in all months

compared to CE+ (Figures 7C, D).

The increase in background CHL from April to June is

strongly associated with the seasonal shoaling of the MLD

TABLE 2 Number of identified ACEs and CEs with different lifespans covered by available Ocean Color data.

Type All lifespan > 10 days lifespan > 20 days lifespan > 60 days

ACEs 3,841 2,757 1,710 631

CEs 2,727 1,755 918 158

A B

FIGURE 2

Location of identified (A) 3,841 snapshots of ACEs and (B) 2,727 snapshots of CEs covered by available ocean color data in the northern
Norwegian Sea during April to September 2000-2020. (A) The gray and red dots represent ACEs with reduced CHL inside (ACE-) and ACEs with
elevated CHL inside (ACE+), respectively, and (B) the gray and blue dots represent CEs with elevated CHL inside (CE+) and CEs with reduced
CHL inside (CE-). The size of dots represents the relative magnitude of EI. Monthly numbers of the ACE-, ACE+, CE+, and CE- are shown in the
insets.
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(DMLD>100m), which increase the mean irradiance within the

mixed layer and stimulates phytoplankton growth. The shoaling

of the MLD is also associated with an increase in seasonal heat

input into the surface layer. As a result, the background CHL

outside eddies also increases from April to June (Figures 7C, D).

The presence of ACE+ and CE- caused by eddy-wind

interactions further play a role in the vertical mixing of

nutrients and CHL within the eddies, so that the CHL

A B

DC

FIGURE 3

Spatial distribution of (A) CHL, (B) SLA, (C) sea surface temperature (SST), and (D) Finite-size Lyapunov Exponent (FSLE) for 3 July 2019. ACE-
and CE+ in (A, B) are demarcated by solid boxes; ACE+ and CE- in (A, B) are demarcated by dashed boxes. ACEs and CEs in (C, D) are indicated
by red and blue stars, respectively.

A B

DC

FIGURE 4

Spatial distribution of (A) CHL, (B) SLA, (C) sea surface temperature (SST), and (D) Finite-size Lyapunov Exponent (FSLE) for 8 June 2017. ACE-
and CE+ in (A, B) are demarcated by solid boxes; ACE+ and CE- in (A, B) are demarcated by dashed boxes. ACEs and CEs in (C, D) are indicated
by red and blue stars.
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anomalies in the eddies peak in May and June (Figure 6). After

June, the shallow MLD restricts the vertical input of nutrients

into the upper layers, ultimately leading to a decrease in

CHL (Figure 7).

4 Discussion

4.1 Radius and lifespan scales of the
eddies in the northern Norwegian Sea

The dominant radius scales of the 6568 snapshots of eddies

in the northern Norwegian Sea range from 20 to 65 km. More

than 2/3 of eddies have radii greater than 30 km and lifespans

greater than 10 days (Tables 2, 3). The small radius and lifespan

scales of the mesoscale eddies in the study area correspond to the

small local Rossby deformation radius (~ 15 km) in this high

latitude region. Previous studies have reported that latitudinal

dependence is responsible for the smaller radius and lifespan

scales of mesoscale eddies in high latitudes than in low and

middle latitude regions (Chelton et al., 2011; Chen and Han,

2019). The relatively longer-lived eddies occur in the western LB

and areas near the continental slope and are dominated by ACEs

(Supplementary Figure 3). In particular, the location of the

longer-lived ACEs in western LB coincides with the residence

of the LBE, suggesting that the long lifespan of the ACEs may be

related to the maintenance mechanism of the eddy mergers in

this region (Raj et al., 2015; Raj et al., 2016).

4.2 Do ACEs have greater phytoplankton
biomass than CEs?

Our study reveals that ACE+ associated with eddy-induced

Ekman pumping plays an important role in elevated phytoplankton

biomass in the northern Norwegian Sea. This effect can only be

ascertained by separating the ACE+ triggered by eddy-induced

Ekman upwelling from ACE-, CE+, and CE- (Figure 5).

A B

DC

FIGURE 5

Total composite averages of CHL anomalies for (A) ACE-, (B) CE+, (C) ACE+, and (D) CE- in the northern Norwegian Sea for April to September.
The contours in (A, B) represent the composite averages of SLA (contour interval 1 cm), and those in (C, D) represent eddy-induced Ekman
pumping (contour interval 1 cm d-1). Positive SLA and Ekman pumping are represented as solid curves; negative SLA and Ekman pumping are
represented as dashed curves. The x and y coordinates of the composite averages are normalized by the eddy radius (R). N and N* represent
the number of eddy realizations for construction of the composites.
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Downwelling caused by the elevated SLA within ACE- suppresses

the increase of phytoplankton biomass in the northern Norwegian

Sea. The greatest positive CHL anomalies for ACE+ and the lowest

negative anomalies for ACE- occurred in May and June, implying

that wind-eddy interactions play an important role in the shift of

ACE phytoplankton biomass polarity (Figures 5, 6, Supplementary

Table 1). The upwelling caused by the reduced SLA within

CE+ also raises the CHL within the eddy, but the positive CHL

anomalies within CE+ are much weaker than those within

ACE+ (Figure 5). This may be related to the deeper MLD in the

LB, which allowed the longer-lived ACE-dominated eddies

(Supplementary Figure 3) to have more nutrients; in spring,

increased seasonal light, shoaling of MLD in the LB, and

eddy-induced Ekman upwelling combine to promote

phytoplankton growth and further elevated CHL within the

ACE+ (Lévy et al., 1998; Mahadevan et al., 2012; He et al., 2017).

In May and June, the seasonal shoaling of the MLD led to greater

irradiance levels available for phytoplankton growth, stimulating

phytoplankton growth and accumulation in the surface layer of the

ACE+ (Figure 7). This seasonal wind-eddy-biological interaction

generates conditions within ACEs that results in ACEs being

productive mesoscale features and being more productive than

CEs in the northern Norwegian Sea.

4.3 Effects of eddy trapping and
stirring processes

Spring phytoplankton blooms in the northern Norwegian

Sea occur initially on the continental shelf for several weeks and

then move off-shelf from late April (Bagøien et al., 2012).

Mesoscale eddies play an important role in this cross-slope

transport process and move nutrients and plankton from the

shelf to deep water (Dong et al., 2021). Our analysis reveals that

ACEs in eastern LB are mainly distributed along the continental

slope, while CEs are not (Figure 2). This implies that ACEs may

be more commonly shed from the NwASC than CEs and play a

more important role in transporting nutrients and plankton

from the continental shelf to the open sea. Eddy stirring occurs

primarily at the eddy peripheries, resulting in dipoles of positive

and negative CHL signals depending on the strength and

direction of the background CHL gradient and the intensity of

A
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FIGURE 6

Monthly composites (April-September) of CHL anomalies for (A–F) ACE+ and (G–L) CE- in the northern Norwegian Sea for 2000-2020. The
contours in (A–L) represent the composites of eddy-induced Ekman pumping (contour interval 1 cm d-1); solid lines correspond to upward
pumping velocities, dashed lines correspond to downward pumping velocities. The x and y coordinates are normalized by the eddy radius (R).
N* represents the number of eddy realizations for construction of the composite.
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the eddies (Travis & Qiu, 2020). These two mechanisms

redistribute CHL spatially through horizontal advection and

do not affect the changes in phytoplankton biomass associated

with vertical pumping and mixing in mesoscale eddies, and thus

are not addressed in these study.

4.4 Other vertical pumping mechanisms

Other vertical pumping processes associated with

mesosca le eddies inc lude mode-water eddies and

submesoscale pumping in eddies. Mode-water eddies are

characterized by a lens-shaped water mass within the core

that raises the seasonal pycnocline in the surface layer and

depresses the main pycnocline below the lens. Previous studies

have shown that the mode-water eddies are dominated by

downward displacing of main pycnoclines, and have positive

SLA, which makes it impossible to distinguish them from

regular ACEs by satellite altimetry (McGillicuddy et al.,

2007). Due to the elevated productivity and positive SLA of

the mode-water eddies, we consider any potential mode-water

eddies in the northern Norwegian Sea to be included in ACE+.

At the periphery of the eddy, front-like features can develop

at the velocity maximum (corresponding to FSLE extremes of

each eddy; Figures 3D and 4D), with submesoscale upwelling

and downwelling generated along the eddy front, and where

vertical pumping velocities can reach 10 m d-1 (Siegel et al.,

2011). This potential submesoscale pumping can greatly increase

the nutrient flux and phytoplankton growth around the eddy,

but the horizontal scale is not large enough to obtain their

composite average results from ocean color and altimetry

products. While submesoscale productivity may be important,

it cannot be adequately resolved by our methods.

4.5 Potential impacts on higher
trophic levels

The dominant copepod in the Norwegian Sea is C.

finmarchicus, which serves as a key link between primary

A B

DC

FIGURE 7

Monthly (A) MLD and (C) CHL for ACE- (blue lines) and ACE+ (red lines); monthly (B) MLD and (D) CHL for CE+ (blue lines) and CE- (red lines);
background values (dashed black lines) outside eddies. Standard errors within each month are shown as vertical bars. The differences in MLD
between (A) ACE+ and ACE-, (B) CE+ and CE- are significantly at the 95% confidence level. The differences in CHL between (C) ACE+ and
ACE-, (D) CE+ and CE- are significantly at the 95% confidence level.

TABLE 3 Number of identified ACEs and CEs of different radii covered by available Ocean Color data.

Type All radius > 20 km radius > 30 km radius > 40 km radius > 50 km

ACEs 3,841 3,833 3,181 1,069 141

CEs 2,727 2,724 2,198 759 143
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producers and higher trophic levels (Planque, 2000; Melle et al.,

2014). The spatio-temporal distribution of C. finmarchicus

appears to be strongly correlated with CHL (Supplementary

Figure 5). As a result, understanding CHL anomalies in different

types of mesoscale eddies is not only important for

phytoplankton biomass, but also can affect the spatial

distribution of zooplankton and higher trophic levels (Melle

et al., 2014; Basedow et al., 2019). Other zooplankton are known

to have increased biomass and activity in mesoscale and

submesoscale “hotspots” (Basedow et al., 2019; Weidberg et al.,

2022), and it is likely that the important grazers of the

Norwegian system likewise utilize eddies, and particularly the

ACE+ with elevated phytoplankton biomass, as important

regions in their life cycles.

5 Conclusions

This study reveals unusual surface CHL anomalies caused by

mesoscale eddies, manifested as positive CHL anomalies within

ACEs and negative CHL anomalies within CEs, and that these

CHL anomalies are triggered by Ekman pumping due to wind-

eddy interactions. Given their ubiquitous distribution, these

eddies play an important role in biogeochemical processes in

the northern Norwegian Sea. The composite results of the CHL

and wind anomalies indicate that the eddy-induced Ekman

upwelling within ACEs cause stronger CHL anomalies than

other types of eddies, which is responsible for the large

phytoplankton biomass within ACEs in the region.

The CHL anomaly maxima induced by Ekman pumping

mechanisms occur in May and June, which are the months

associated with the spring blooms in the northern Norwegian

Sea. Further analysis of the MLD indicated that from April to

June, the MLD were reduced, resulting a greater irradiance

environment for phytoplankton growth. After June, the

shallow MLD prevented the vertical input of nutrients into the

upper ocean. The combined physical-biological processes play a

critical role in generating surface CHL anomalies and is a major

factor in the regulation of phytoplankton biomass in the

northern Norwegian Sea.
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Lehahn, Y., d’Ovidio, F., Lévy, M., and Heifetz, E. (2007). Stirring of the
northeast Atlantic spring bloom: A Lagrangian analysis based on multisatellite
data. J. Geophys. Res. 112, C08005. doi: 10.1029/2006JC003927
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