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a b s t r a c t

Deep convection in the Labrador and Irminger Seas inflates the cold and low-saline subpolar gyre, which
is a rich nutrient and zooplankton source for the surrounding warmer waters of subtropical origin. The
zooplankton abundances on the south Iceland shelf show characteristic sub-decadal variability, which
closely reflect the oceanic abundances of the ecologically most important zooplankton species –
Calanus finmarchicus. Much higher abundances of this species are observed during years when the winter
mixed layer depths (MLD) in the Labrador-Irminger Sea, and over the Reykjanes Ridge are deep.
Furthermore, a tight relationship is identified between on-shelf zooplankton abundances and lateral
shifts of the biologically productive subarctic front southwest of Iceland. Thus, we suggest that northeast-
ward expansion of the subpolar gyre results in biologically productive periods in the waters southwest of
Iceland – both oceanic and on the shelf. In addition to local atmospheric forcing, we find that the MLD and
frontal position are also impacted by remote heat losses and convection in the Labrador Sea, through
northward advection of unstable mode waters. The sub-decadal oceanic and on-shelf biological produc-
tion peaks are possibly predictable by half a year (local winter convection to subsequent summer produc-
tion), and the advective time-lag from the Labrador Sea might induce an even longer predictability
horizon (up to 1.5 years).

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The North Atlantic Oscillation (NAO) is typically employed
when attempting to associate ecosystem changes to climatic vari-
ability in the North Atlantic (Drinkwater et al., 2003; Greene and
Pershing, 2000). Since many NAO-ecosystem links broke around
the mid-1990s (Drinkwater et al., 2013; Hátún et al., 2007), there
is a need to identify other physical metrics in addition to the
NAO index. One such metric is the so-called gyre index, reflecting
the strength and extent of the North Atlantic subpolar gyre (SPG)
(Häkkinen and Rhines, 2004; Hátún et al., 2005). The SPG – a large
body of cold and low-saline subarctic water, which circulates
counterclockwise (Fig. 1) – declined after the mid-1990s
(Häkkinen and Rhines, 2004). This resulted in a sudden warming
and salinification in the subpolar North Atlantic due to increased
northward intrusion of relatively warm and saline subtropical
water from the eastern Atlantic (striped region in Fig. 1) (Bersch
et al., 1999; Hátún et al., 2005; Robson et al., 2012). This water
mixes with colder and fresher western water masses from the
North Atlantic Current (NAC), producing SubPolar Mode Waters
(SPMW, checkered region in Fig. 1) (McCartney and Talley, 1982)
which flow and spread toward the Barents Sea in the north
(Holliday et al., 2008) and the Labrador Sea in the west
(McCartney and Talley, 1982). Fundamental ecosystem changes
have been observed after this shift (Hátún et al., 2009a), and the
gyre index has often been used as a physical metric for these
changes (Hátún et al., 2009b; Hovland et al., 2013; Solmundsson
et al., 2010). The NAO and the gyre indices co-varied before
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Fig. 1. Map of the subpolar North Atlantic Ocean. The subpolar gyre and the eastern source water area are shown with the dotted and striped regions, respectively, and the
SPMWmixing region is illustrated with the checkered region. The core WMW (Western ModeWater) and EMW (Eastern ModeWater) regions, and the subarctic frontal zone,
are shown with deeper gray shades. The currents - NAC (North Atlantic Current), IC (Irminger Current) – are outlined with the arrows. The 200 m, 1000 m, 2000 m (thick line)
and 3000 m isobaths are shown, and the location of the on-shelf zooplankton measurement site is shown with the gray oval, marked with an ‘S’.
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1995, but while the NAO index switched to average values after a
sudden dip during winter 1995–1996, the gyre index continued to
decline (Häkkinen and Rhines, 2004; Hátún et al., 2005).

Strong surface heat losses over subpolar waters during the win-
ter, represented by a high NAO index, cause deep convection and
the production of homogenous mode waters of varying density
classes (Brambilla and Talley, 2008a). Two main density classes
of mode water meet at the Reykjanes Ridge. First, the isopycnals
of the denser mode water (potential densities, rh, around 27.55)
have their winter surface outcrop in the southern Irminger Sea
and Labrador Seas, and the characteristic of this water mass is
therefore modified by air-sea interaction over these regions. This
water type is hereafter termed Western Mode Water (WMW,
Fig. 1). Second, the long-term trend of the lighter mode water
(�27.45rh, here termed Eastern Mode Water, EMW, Fig. 1) core
properties is determined by the relative contribution of water from
the subtropical gyre and the SPG, respectively (Hátún et al., 2005;
Thierry et al., 2008) as well as by air-sea interactions along the
eastern flank of the Reykjanes Ridge, and around the northern
periphery of the Iceland Basin (Brambilla et al., 2008b; Thierry
et al., 2008). The subarctic front marks the boundary between
WMW and EMW in the Irminger Sea, and between EMW and more
stratified waters in the central Iceland Basin - Labrador Sea Water
(LSW) at depth and a lighter water type above (Fig. 1). The subpolar
front determines the position of the Irminger Current and the main
flow in the Iceland Basin. The transit time of WMW and the even
denser LSW, from the Labrador Sea into and north through the
Irminger Sea is about a year, which gives some prediction potential
to this system (Deshayes et al., 2007; Sy et al., 1997; Yashayaev
et al., 2007).

The convective western part of the SPG is a large nutrient reser-
voir and a center of abundance for Calanus finmarchicus (Heath
et al., 2008) (Fig. 2). The mixing of WMW into the EMW, along
the subarctic front in the northeastern Irminger Sea (Despres
et al., 2011), will enrich the warmer and more saline EMW with
nutrients and thus fuel primary production (Sanders et al., 2005).
C. finmarchicus diapause at depth during winter, and high abun-
dances are observed near the interface between EMW and the
WMW/LSW the frontal zone of the NE Irminger Sea, and near the
boundary between EMW and both LSW and the Iceland-Scotland
Overflow Waters (ISOW) in the Iceland Basin (Gislason and
Astthorsson, 2000; Heath et al., 2008). These animals start mating
during their ascent toward the surface waters in March–April
(Gislason et al., 2000). Eggs and larvae are produced in the surface
layers and are an important food item for larger zooplankton (e.g.
euphausiids, Silva et al., 2014) and fish larvae (e.g. cod and redfish
larvae, Bainbridge and McKay, 1968).

On the shelf, C. finmarchicus provide likewise an efficient trophic
pathway from primary producers to higher trophic levels (Gislason
et al., 2000). The south Iceland shelf is devoid of C. finmarchicus
during winter, and must therefore be repopulated during spring
from the overwintering populations (Gislason and Astthorsson,
2000). The NW Iceland Basin has been suggested as the principal
oceanic source, because the influx of oceanic water is likely to be
most direct there (Valdimarsson and Malmberg, 1999), but advec-
tion of animals from the Irminger Sea is also possible (Gislason and
Astthorsson, 2000).

The general biological production, ranging from C. finmarchicus,
through euphausiids and fish is much higher in the NE Irminger
Sea, compared to the NW Iceland Basin (Gudfinnsson et al.,
2014). For example, the main redfish (Sebastes mentella) spawning
grounds are closely aligned with the frontal zone along the western
side of the Reykjanes Ridge (dark gray in Figs. 1 and 4) (Pedchenko,
2005) and hooded seals (Cystophora cristata), likely praying on



Fig. 2. The subpolar gyre – a source region. Average (1958–2005) near-surface C. finmarchicus (stages C5 and C6) abundance for (a) April and (b) May, observed by the
Continuous Plankton Recorder (CPR) survey. Climatological nutrient distribution from the World Ocean Atlas (Garcia et al., 2010) at 50 m depth in June. (c) Nitrate and (d)
silicate. The rectangle in (b) shows the region from where the individual CPR time series in Fig. 9 were selected. The 2000 m isobaths is shown for reference.
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redfish (Folkow and Blix, 1999), also congregate here in spring
(Folkow et al., 1996). Furthermore the densest concentrations of
baleen fin whales (Balaenoptera physalus), feeding on euphausiids,
are observed along the front around the northern tip of the SPG
limb in the Irminger Sea (Víkingsson et al., 2009). The convective
interior of the SPG limb in the Irminger Sea must be highly produc-
tive as well, since both redfish (Pedchenko, 2005) and the fin
whales (Víkingsson et al., 2009) feed there during the summer,
and the surface-feeding seabird black-legged kittiwake, (Rissa tri-
dactyla) from populations as far away as the Barents Sea, congre-
gate there during winter (Frederiksen et al., 2011).

Here, we suggest that an eastward ‘spill-over’ from the produc-
tive NE Irminger Sea might add to the biological production of the
south Iceland shelf. Such a ‘spill-over’ would have to oppose the
generally accepted mean westward flow over the northern Reyk-
janes Ridge (Valdimarsson and Malmberg, 1999). However, as
shown by surface drifters, the ratio of Ekman to geostrophic flow
velocity is particularly large over the Reykjanes Ridge (Flatau
et al., 2003), and drifters flowing northward in the Irminger Cur-
rent, along the western flank of the Reykjanes Ridge, can certainly
end up on the eastern side of the ridge (Reverdin et al., 2003).

C. finmarchicus prey primarily on relatively large and fast-
growing diatoms (Meyer-Harms et al., 1999; Nejstgaard et al.,
1997). The silicate requiring diatoms lose their competitive advan-
tage against smaller non-siliceous phytoplankton when silicate
concentrations fall below 2 lM (Egge and Aksnes, 1992). The lim-
iting silicate level occurs every year around May–June over the
Reykjanes Ridge and are estimated to be a month or two later in
the northern Irminger Sea (NIS hereafter) (Henson et al., 2006).
Nutrient concentrations in the oceanic waters south of Iceland
determine the nutrient content of Iceland shelf water, due to influ-
xes onto the shelf (Stefánsson and Ólafsson, 1991). Shortly after the
spring bloom, the strong primary production on the south Iceland
shelf is, silicate limited (Stefánsson and Ólafsson, 1991). The sever-
ity of this silicate depletion should be expected to vary from year to
year since the nutrient concentrations, in the oceanic waters off the
shelf, are highly variable (Stefánsson and Ólafsson, 1991).

Large-scale changes in C. finmarchicus abundance in the north-
eastern Atlantic have previously been linked to shifts in the major
gyre circulations on decadal to multi-decadal time scales (Hátún
et al., 2009a), and most recent studies on open-ocean climate and
ecosystems focus on this long term, variability (Alheit et al., 2014;
Nye et al., 2014), as well as the marked mid-1990s shift (Alheit
et al., 2012; Hátún et al., 2009a,b). Sub-decadal variability, which
in addition characterizes both physical and biological aspects of this
system (Gaard et al., 2002; Larsen et al., 2012), has received less
attention than the long-term variability. The gyre circulation, water
mass composition and thus salinity variability is also characterized
by marked ’dips’, referred to as Great Salinity Anomalies (Belkin,
2004; Dickson et al., 1988). This sub-decadal variability is also evi-
dent in the biological productivity of the adjacent shelf ecosystems
(Frederiksen et al., 2007; Gaard et al., 2002; Gislason et al., 2014).

Here, we focus on the marked sub-decadal variability in the NIS,
Reykjanes Ridge and Iceland Basin region, and its potential oceanic
impact on the south Iceland shelf ecosystem. The hypothesis to be
tested is: A north-eastward extended subpolar gyre improves the bio-
logical productivity southwest of Iceland – both oceanic and on the
shelf. The observational and model data used in our study are pre-
sented in Section 2. A generalized model and a suite of selected
explanatory variables (key metrics) are presented in Section 3. In
Section 4, these key metrics are investigated for their ability to
explain the characteristic sub-decadal variability. The results are
discussed in a larger context in Section 5 and brief conclusions
are outlined in Section 6.
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2. Material and model validation

2.1. Satellite altimetry

Weekly averaged sea surface height (SSH) data were acquired
from AVISO (http://www.aviso.oceanobs.com). The Mapped Sea
Level Anomaly (MSLA) data combine altimeter data from TOPEX/
Poseidon, Jason-1, EnviSat, and GeoSat which are mapped onto a
1/3� Mercator grid. For our analysis, the data have been averaged
to annual fields.
2.2. The CliSAP hydrographic database

The observational data set from the CliSAP (Integrated Climate
System Analysis and Prediction) data center (https://www.cen.
uni-hamburg.de/facilities/data-center.html), used in this study,
consists of about 800 000 hydrographic stations with water sam-
ples and/or CTD measurements from 1950 to 2006 in the region
of 35�N to 70�N and 85�W to 10�E.

Data sources are WOD05 (World Ocean Database 2005, Boyer
et al., 2006), HydroBase2 (Curry, 2002), ICES (International Council

http://www.aviso.oceanobs.com
https://www.cen.uni-hamburg.de/facilities/data-center.html
https://www.cen.uni-hamburg.de/facilities/data-center.html
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for the Exploration of the Sea), WOCE (World Ocean Circulation
Experiment), CLIVAR (Climate Variability and Predictability Pro-
gramme), and others. Additionally, about 30,000 float profiles from
the Argo project (pilot program of the Global Ocean Observing Sys-
tem) between 1998 and 2006 were used. The temperature and
salinity data were inspected for erroneous data, then selected at
82 pressure levels and averaged for each year in 1� � 1� geograph-
ical boxes. Each box time series was then filtered with a 3-year
running mean, yielding 55 3-year intervals between 1950 and
2006, which increases the spatial data density in each interval. This
dataset has for example been used to investigate meridional shifts
of the Gulf Stream/NAC system in the Newfoundland Basin (Muller
et al., 2015; Nunez-Riboni et al., 2012).

2.3. Zooplankton data on the Iceland shelf

Zooplankton data were sampled during late May and early June
1971–2013 at five stations along a transect extending from the
coast and beyond the shelf edge south of Iceland (Fig. 1). From
1970 to 1991, the samples were collected with a standard Hensen
net (0.42 m2 mouth area, 200 lm mesh size), whereas after that all
the samples were collected using a WP2 net (0.25 m2 mouth area,
200 lm mesh size). The nets were towed from 50 m to the surface
with a speed of �1 m s�1. As the bottom depth at the shallowest
station is only 46 m, the net could only be towed there from about
40 m. The volume of water filtered was measured with HydroBios
flowmeters fitted in the mouth of the net. For the present analysis,
we use data on zooplankton dry weight biomass standardized per
m3 averaged across all stations. Until 2001 the volume of zooplank-
ton samples was measured at sea and the dry weight calculated
using a conversion factor from Matthews and Heimdal (1980).
From 2002 onwards the samples were deep frozen at sea and
dried and weighed on shore (Postel et al., 2000). The copepod
C. finmarchicus usually constitutes the dominant component of
mesozooplankton biomass in the samples (Astthorsson and
Gislason, 1995).

2.4. Oceanic zooplankton data from the CPR

Additional plankton data were obtained from the Continuous
Plankton Recorder (CPR) survey (Batten et al., 2003). The survey
is a monitoring programme that uses the CPR sampling device,
towed at �10 m depth behind ships of opportunity on standard
routes. The CPR data provide a good representation of the upper-
most 20 m of the water column, and thus of the epipelagic zone.
As the CPR samples are highly heterogeneous in space and time,
spatial interpolation using the inverse squared distance method
(Lam, 1983) was applied to obtain gridded datasets for further
analysis. Only data for the adult C. finmarchicus copepodite stages
C5 and C6 were used in this study. Annual averages were calcu-
lated for each grid point by first interpolating missing months lin-
early, and then averaging the months March–October; outside this
period the species has low abundances. Years with more than two
missing months were omitted and grid points with more than 20
missing years were disregarded. Other ways of calculating annual
averages were also tried (no temporal interpolation, anomalies
from the mean seasonal cycle), and the resulting time series
showed similar periods of high and low abundance.

2.5. Atmospheric reanalysis

Ocean–atmosphere heat and momentum fluxes from the
National Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis project (Kalnay
et al., 1996) were used to investigate the atmospheric impact on
the observed zooplankton variability and the simulated mixed
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layer depths. Averages over the late winter months, January–
March, were used in the analyses.

2.6. The Max Planck Institute Ocean Model (MPI-OM)

The ocean-sea ice model used in this study is the Max Planck
Institute for Meteorology ocean general circulation model
MPI-OM (Jungclaus et al., 2013; Marsland et al., 2003). MPI-OM
is a free-surface primitive equation model formulated on orthogo-
nal curvilinear coordinates and includes a Hibler-type dynamic-
thermodynamic sea-ice model. Stand-alone MPI-OM simulations
forced with atmospheric reanalysis fields have been used to assess
and study decadal-scale variability in the subpolar North Atlantic
(Muller et al., 2015; Nunez-Riboni et al., 2012). The grid-
configuration applied in the present study features a nominal res-
olution of 1.5�, with the northern grid pole located over Greenland
(to avoid grid singularities in the computational ocean domain).
The convergence of the mesh-size toward the poles translates into
a grid spacing of 15–50 km in the area of interest (subpolar Atlan-
tic). Vertically, 40 irregularly spaced z-levels are used with the first
20 levels covering the upper 700 m of the water column.

The MPI-OM simulation (Matei et al., 2012a,b) used in the pre-
sent study is forced with daily surface fluxes of heat, freshwater
and momentum obtained from the NCEP/NCAR reanalysis (Kalnay
et al., 1996). The heat flux was not taken directly from the reanaly-
sis fields, but rather computed interactively using bulk formulas as
described inMarsland et al. (2003). Themodel sea surface salinity is
relaxed toward the Levitus climatology (Levitus, 1998) with an
e-folding time of 30 days to correct for unbalanced globally
integrated surface freshwater flux. The MPI-OM is initialized with
annual-mean temperature and salinity from the Levitus climatol-
ogy (Levitus, 1998) and mean velocities at rest and integrated for
10 consecutive cycles, each covering the period 1948–2007. The
first six cycles are considered as a spin-up period and cycle number
seven is analyzed. For more details about the MPI-OM simulation,
the reader is referred to Matei et al. (2012b).

2.7. Model validation

2.7.1. Sea surface height validation
Satellite altimetry is a well suited dataset against which to vali-

date the large scale dynamics of the model. SSH integrates the den-
sity of the whole water column (Siegismund et al., 2007), and the
gradient of the SSH field reflects the surface currents (Hátún and
McClimans, 2003). We have correlated annual averages of the
observed and simulated SSH for the period 1993–2012. The result-
ing correlation map shows close co-variability in the Labrador and
Irminger Seas, Reykjanes Ridge as well as for the region southwest
of the Faroe Islands (Fig. 3a, reddish colors, r > 0.6). The lower cor-
relations in the south-eastern subpolar region are due to strong
eddy activity there associated with the NAC (Heywood et al.,
1994), which the non-eddy-resolving model configuration used
here cannot capture. In addition, the NAC system generally appears
too far south and too zonal in thismodel system, a common system-
atic bias of non-eddy-resolving oceanmodels. Away from continen-
tal slopes, the simulated SSH is closely correlated (r > 0.95) with the
steric height, calculated using the simulated temperatures and
salinities over the upper 2000 m (not shown), which is in agree-
ment with observations (Siegismund et al., 2007). The spatial corre-
lationmap between the simulated steric height and the altimetry is
therefore almost identical to Fig. 3a.

This indicates (i) that the simulations realistically represent the
hydrography in the region of interest during the altimetry period
(1993–2012) and (ii) that the altimetry data over open-ocean
regions, also used to calculate the gyre index (Häkkinen and
Rhines, 2004), can be used as a ‘buoyancy meter’.
2.7.2. Hydrography validation
It is not trivial to make a true large-scale validation of hydrog-

raphy, since the subpolar region has been sparsely sampled, espe-
cially during the pre-Argo era (before 1998, www.argo.net). We
have correlated mean upper-ocean (0–650 m) temperature and
salinity from the CliSAP hydrographic dataset with the correspond-
ing simulated quantities for the period 1985–2005. This limited
time-period is chosen because of the sparse data coverage prior
to 1985. The resulting correlation maps of salinity and temperature
show that the model simulation provides a reasonable representa-
tion of the observed hydrography within the Irminger Sea, the
Reykjanes Ridge and the NW Iceland Basin region (Fig. 3b and c).
Areas showing weak correspondence between simulated and
observed salinity fields reflect not only model deficiency, but pos-
sibly also data limitation, especially over the very sparsely sampled
Labrador Sea region. The negative correlations in the southern part
of our domain might be related to the unrealistic position of the
NAC in the model simulation. In summary, the model performs sat-
isfactorily within the focus region of this study, southwest of
Iceland.
2.7.3. Mixed layer depth
The mixed layer depth (MLD) is likely a key oceanic quantity,

impacting the production and life cycle of zooplankton (Backhaus
et al., 2003), as discussed below (Section 4.3). The simulated
MLD cannot be spatio-temporally validated against observations,
since measured data do not exist at the temporal and spatial scales
considered here.
3. Working hypothesis and approach

Our hypothesis, presented in Section 1, is tested using a selec-
tion of key metrics, which reflect the potential impact of a variable
subpolar gyre on salient physical and zooplankton parameters
southwest of Iceland. These key metrics are emphasized in italic
font below, and the numbers refer to the summary given in
Table A1 and the illustration in Fig. 4.

The On-shelf zooplankton (metric 1, Fig. 9) is mainly reflecting
the dryweight of C. finmarchicus (Section 2.3) on the south Iceland
shelf (Fig. 1). This is expected to depend on the oceanic zooplank-
ton concentration as well as on the distance and the transports
from the shifting frontal source in the Reykjanes Ridge region to
the shelf, determined by the Front-to-shelf flows (metric 2, Sec-
tion 4.1) and the Frontal position (metric 3, Section 4.2). The surface
layer abundance of C. finmarchicus during the ascent and reproduc-
tive phase in March–May is likely regulated by convective activity.
Near-surface data from the CPR survey is used as the SPG C. fin-
marchicus abundance (metric 4, Section 4.3). The convective activ-
ity, here proxied by the MLD in the NIS (metric 5, Section 4.3),
will depend on local air-sea heat exchanges (metric 6) and the
action of regional wind stress curl (metric 7) in the same winter
(Section 4.4). Strong air-sea heat exchange in the Labrador-south
Irminger Seas induces deep convection and production of unstable
(weakly stratified) WMW, which will precondition the NIS after
about a year, due to horizontal advection – hereafter termed Lab
Sea-to-front flows (metric 8, Section 4.5). A northward influx of
overwintering animals from near the center of abundance in the
western SPG, transported in the Lab Sea-to-front flows may be an
important source.

Similar processes might also regulate the amount of nutrients
advected from the SPG onto the shelf, which will have a bottom-
up impact on the summer primary production of, both oceanic
and on-shelf waters.

The actual cross-shelf influx of zooplankton is given as a
multiplication of the cross-shelf exchanges of waters (Q) and the

http://www.argo.net


Fig. 5. The Front-to-shelf flows (metric 2, Fig. 4, Table A1). Flow trajectories for
particles seeded at 6 m depths within a triangle covering the northern part of the
Reykjanes Ridge (white dots, every other seeding point shown) illustrated for a year
with average flows toward the shelf (2002). The gray-shading shows all trajectories
and black threads shows those that pass through the target region, which is
illustrated with the white circle. The 200 m, 500 m, 2000 m (thick black line) and
3000 m isobaths are shown for reference.
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off-shelf concentration of zooplankton (C). We limit our scope to
demonstrate covariability between the On-shelf zooplankton and
C. Proper analysis of Q would require very high-resolution models
and/or observations, which is beyond the scope of the present
work.

4. Results

4.1. Front-to-shelf flows

The strongest increase in the near-surface abundances of C. fin-
marchicus are typically observed during April (Fig. 2a and b). To
examine possible transports of copepods from the overwintering
regions toward the slope, ’particles’ were seeded into the simu-
lated flow field. This was done once a week during April, every year
(1970–2010) at six meters depth, in a region east and west from
the summit of the Reykjanes Ridge, shallower than 2000 m
(Appendix A.1 and Fig. 5). This experiment shows that although
most of the particles flow northwest, as expected from the gener-
ally accepted flow pattern (Valdimarsson and Malmberg, 1999),
there is an important northeastward near-surface flow toward
the south Iceland shelf as well (Fig. 5). The origin of the particles
which reach the target region (white circle in Fig. 5) before mid-
June is shown in Fig. A.1a, as the percentage of all particles seeded
in April for all years. A large fraction of the near-surface water over
the northern Reykjanes Ridge can flow eastwards along the
Selvogsgrunn slope before late May-early June, when the on-shelf
zooplankton observations are made. The numbers of seeded parti-
cles, which reach the near-shelf target region (Fig. 5) before mid-
June each year, varied from the than 10% to more than 40%
(Fig. A.1b). Thus we conclude that variable Front-to-shelf flows
may contribute to the variability of the on-shelf zooplankton
biomass.

4.2. The position of the sub-arctic front

In addition to the flows, the distance from the source region to
shelf might also vary. Due to the overwintering C. finmarchicus in
Atlantic water, or aligned with the transition zone between EMW
and LSW (Gislason and Astthorsson, 2000; Heath et al., 2000),
the Frontal position (metric 3, Fig. 4, Table A1) is expected to reflect
shifts in the distribution of zooplankton along both sides of the
Reykjanes Ridge.

SSH variability is largely determined by the average density of
the entire water column (Section 2.7.1), and frontal shift and the
large density contrast between different classes of mode waters
induces particularly large SSH variability in the frontal zone
(Richter et al., 2012). The Empirical Orthogonal Function (EOF)
analysis of the simulated SSH field (Miami Isopycnal Coordinate
Ocean Model, MICOM, Bleck et al., 1992; Sandø and Furevik,
2008) over the North Atlantic, previously used to calculate the
so-called gyre index (Hátún et al., 2005, Fig. 6), reflects such mode
water variability. The first EOF mode is associated with the highly
variable mode water volume in the Reykjanes Ridge region, and
thus the position of the boundaries between EMW, WMW and
LSW, (whitish colors in Fig. 6a). The temporal variability of this
pattern is represented by the gyre index (Fig. 6c, full), where high
values (as plotted) are associated with the dominance of denser
water types - a spatially large SPG. A similar EOF analysis has been
applied to the SSH field derived from the MPI-OM experiment. The
MPI-OM-derived gyre index is closely correlated with both the
MICOM-derived (r = 0.70, P < 10�7) and the altimetry-derived
(r = 0.89, P < 10�7) gyre index (Fig. 6c). The associated spatial
pattern (Fig. 6b) is comparable to the previous MICOM (cf.
Fig. 6a and b) and altimetry analyses (Häkkinen and Rhines,
2004). This result shows that (i) there is consistency between both
model systems and (ii) the simulated variability is realistic.

The MICOM-derived gyre index has previously been compared
to the observed temperature and salinity at a standard station in
the NIS, showing clear sub-decadal variability masked by more
conspicuous long-term variability - salinity drops occur during
the years when the SPG expands northeastwards (Hátún et al.,
2005). The observed (upper 200 m, CliSAP) salinity from the
broader NE Irminger Sea-northern Reykjanes Ridge-NW Iceland
Basin region (box in Fig. 3b) likewise shows marked reductions
during the periods when the subpolar gyre is strong (Fig. 7b,
r = 0.63, P < 10�5).

To further illustrate how the gyre index is associated with zonal
shifts of the main subarctic front in the NIS, annual averaged
observed salinity (CliSAP) at 100 m depths along a section crossing
the Irminger Sea at 60.5�N (Fig. 6a), is plotted as a Hovmöller
(longitude-year) diagram (Fig. 7a). The marked east-west fluctua-
tions of the isohalines are closely correlated with the MPI-OM-
derived gyre index (r > 0.74, P < 10�7, lag = 6–8 months, when
using the 35.0 isohaline).

Based on the association between the gyre index and shifts of
the subarctic front, we here use the high-pass filtered gyre index,
calculated from the MPI-OM simulation, as our Frontal position
metric (Table A1). The Frontal position is highly correlated with
the On-shelf zooplankton (1) record (Fig. 6d and Table 1). Years
when the front in the NIS shifted toward the east (low salinities
along the 60.5�N section) generally coincide with increased
zooplankton abundances on the south Iceland shelf (Fig. 7a). The
zooplankton peak around 1990 is an exception to this pattern.
The Frontal position is therefore a plausible link to the On-shelf
zooplankton abundance.

4.3. Mixed layer depth and C. finmarchicus abundances

As the gyre index reflects shifts of the main water mass bound-
aries, and thus the volumes of WMW and EMW, respectively
(Thierry et al., 2008), the shorter term variability identifiable in
the gyre index is likely associated with convective activity and
the MLD (Brambilla et al., 2008b). Strong convection may be
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beneficial for the oceanic zooplankton community in several ways
(Backhaus et al., 2003) (see Section 5), thus a possible link to con-
vection is investigated using winter MLD as a proxy.

The On-shelf zooplankton (1) is highly correlated with the MLD
on the northeastern flank of the Reykjanes Ridge, throughout the
Irminger Sea and into the Labrador Sea, as well as the water south
of the Iceland-Faroe Ridge. This is demonstrated by correlating the
zooplankton record against the simulated March MLD at each MPI-
OM grid point (Fig. 8). The correlations are particularly high and
spatially homogeneous in the Irminger Sea, likely caused by the
broad surface outcrop of the WMW during winter. Because MLD
variability in the Irminger Sea is stronger than in the Iceland Basin,
and since the model performance is generally good in the Irminger
Sea (Fig. 3), a MLD in the NIS metric (Table A1) is constructed by
averaging the simulated March MLD values over a box in the NIS
(Fig. 8).

March values are used, since the deepest mixing most often
occurs during this month caused by the integrated effect of the
winter air-sea forcing. The MLD in the NIS is correlated with the
gyre index (r = 0.76, P < 10�9), but emphasized more the inter-
annual variability.

Likewise, time series of annually averaged C. finmarchicus for a
region in the convective southern Irminger Sea show mostly
inter-annual variability (Fig. 9), and less long-term changes com-
pared to the previously reported C. finmarchicus variability farther
east (Hátún et al., 2009a). The SPG C. finmarchicus abundance (met-
ric 4) is calculated as an average of the CPR time series within the
rectangle in the south Irminger Sea, shown in Fig. 2b. This metric is
significantly correlated to the MLD in the NIS (Fig. 9) (r > 0.76,
P < 10�9, lag = 4–7 months, see Appendix A.2), indicating that deep
convection during winter does lead to high zooplankton abun-
dance in the following production season. The shelf zooplankton
community has to be repopulated from the oceanic C. finmarchicus
stock every spring (Gislason and Astthorsson, 2000), and the
On-shelf zooplankton is also tightly correlated with the SPG
C. finmarchicus abundance (Table 1, Fig. 9). All peaks in oceanic
Calanus measured by the CPR, occurring during the years 1973,
1976, 1984–1985, 1991, 1993–95 and 2000–2001, had their
counterpart in the shelf concentrations derived from Henson
net/WP2 net sampling.

4.4. Atmospheric forcing

The marine climate south of Iceland is, in addition to local
atmospheric forcing, also influenced by remote air-sea interac-
tions, advected to the region via the WMW and the EMW.



Fig. 7. Observed sub-decadal salinity variability south of Iceland. (a) A Hovmöller
diagram of the observed salinity at 100-m depths, along a section across the
Irminger Sea and Reykjanes Ridge at 60.5�N (Fig. 6a) and the On-shelf zooplankton
record (black, not to scale). (b) The annual averaged observed upper layer
(0–200 m) salinity over the rectangle shown in Fig. 3b (red, extracted from the
CliSAP hydrographic database) and the inverted gyre indices based on the MPI-OM
simulations (blue), and satellite altimetry (Larsen et al., 2012), respectively. A high-
pass filter with a 6-year cut-off has been applied to all series, in order to emphasize
on the shorter-term variability.
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The winter MLD appears to be a source of the characteristic
high-low variability (Fig. 9), which is particularly identifiable in
the Labrador-Irminger Seas (Fig. 8). The most direct physical
Fig. 8. Correlation coefficients (r) between the on-shelf zooplankton (black line in Figs. 6d
point. The white rectangle refers to the box, over which the simulated MLD times series
simulated densities in Fig. 11 were extracted.
drivers of mode water production are Air-sea heat exchange (6)
andWind stress curl (7) (Table A1, Fig. 4), both hidden in the widely
used NAO index. To investigate the relative importance of these
atmospheric drivers, the MLD in the NIS (5) has been correlated
against air-sea heat exchange and wind stress curl, obtained from
the NCEP/NCAR reanalysis fields, averaged over the late winter
months (Jan–March) (Fig. 10). Regarding air-sea heat exchange,
high correlations are found on the Reykjanes Ridge (Fig. 10a), but
the correlation maximum appears in the Labrador Sea, around
the southern tip of Greenland (Cape Farewell) and into the Irmin-
ger Sea (r = 0.72, P < 10�10, when considering the region, 58–60�N,
47–43�W). This reflects the importance of direct atmospheric forc-
ing, but also points to the importance of air-sea interactions
upstream, which subsequently could impact the NIS through the
Lab Sea-to-front flows (8) described below.

The MLD in the NIS is also correlated to the Wind stress curl
around south Greenland, although weaker than the heat losses
(Fig. 10b). The process is likely a spin-up of the so-called Irminger
Gyre, through Ekman pumping (Deshayes et al., 2007). This lifts the
isopycnals in the Irminger Sea toward the surface, destabilizes the
water column and makes it more susceptible to deep convection
(Pickart et al., 2003). This wind-induced tightening of the isopyc-
nals might also influence the Frontal position, and the Front-to-
shelf flows. The negative correlations west of the British Isles are
associated with the marked meridional excursion of the zero wind
stress curl there (Marshall et al., 2001), and is not directly related
to the discussed processes in the Irminger Sea.

Although clear linkages between the On-shelf zooplankton (1)
variability and important metrics in the open-ocean are demon-
strated, one could still argue that there could be a common large-
scale atmospheric driver which impacts the shelf waters and the
open-ocean similarly, but independently. The correlations between
the On-shelf zooplankton record and the air-sea heat exchanges are,
however, only marginally significant for a region immediately
southwest of Iceland (62–64�N, 26–20�W) and no link is found to
localwind stress (curls) (Table 1), which underscores that zooplank-
ton variability on the shelf is not primarily driven by local atmo-
spheric forcing. In addition, the correlation between the summer
sampled on-shelf zooplankton and the winter NAO index is both
weak, and zooplankton peaks occur either during the same summer
and/or the subsequent summer (a lag of 7–9 months on average,
Table 1, Appendix A.1). This time-lag points to the importance of
advective processes and preconditioning, since the thermal inertia
and ‘memory’ on a shallow shelf must be short.
and 7a), and the simulated March mixed layer depths (MLDs) at each model grid-
(Fig. 9) was averaged, and the white slanted line shows the section from where the
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Table 1
Lagged correlations (see Appendix A.1) between the On-shelf zooplankton metric (1), and the NAO and the other metrics (Table A1).

Metric NAO MLD in the NIS (5) Air-sea heat exchange (6) Wind stress curl (7) SPG C. finmarchicus (4) Frontal position (3)
Statistics

Original r> 0.46 0.62 0.37 NS 0.56 0.80
P< 0.02 0.00005 0.02 – 0.0004 2e�9
Lag (months) 7–9 3–8 5–7 – 0 5–7

High-passed r> 0.47 0.67 0.38 NS 0.58 n/a
P< 0.002 3e�6 0.02 – 0.0003 n/a
Lag (months) 7–9 4–6 5–7 – 0 n/a

NS: Not Significant.
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4.5. From the Labrador Sea to the northern Irminger Sea

The remote action of convection in the Labrador-south Irminger
Seas and Lab Sea-to-front flows (8) (Table A1) is expected to influ-
ence the MLD in the NIS (5) through its preconditioning effect, with
an advective time-lag on the order of a year (Bersch et al., 2007;
Yashayaev et al., 2007). Since these advective processes, and the
time-lags induced, provide a potential for prediction of biologically
productive years along the Reykjanes Ridge and on the south Ice-
land shelf, we have investigated them in more detail.
4.5.1. Density anomalies
First we illustrate the simulated density anomalies related to

the formation and spreading of WMW and its linkage to the MLD
in the NIS for the simulated period 1948–2010. Strong density
anomalies are associated with deep convection in the Labrador-
South Irminger Seas (at about 54�N in Fig. 11). The concurrence
of these anomalies at the exit of the Labrador Sea and in the NIS
is illustrated by the Hovmöller (latitude-time) diagram (Fig. 11)
of the simulated annually averaged potential density (rh) for the
depth range of 220–420 m, along the section shown in Fig. 8.
Monthly data reveal that these density anomalies are in fact
advected north (not shown). There is a close correspondence
between the presented MLD time series (Fig. 9) and the upper-
ocean density in the NIS (61–63�N) (Fig. 11). The same general pat-
tern, although more smoothed, is also seen when the deeper LSW
layers are included (not shown). The detailed structure of the
MLD time series, like e.g. the dual peak during the mid-1970s, is
however not seen in the Labrador Sea, and must therefore be
shaped by local air-sea interaction in the north. Periods with gen-
erally increased simulated MLDs in the subpolar region (Fig. 11)
coincide with periods of increased convection observed in the Lab-
rador Sea, both in the central part of the basin and just southwest
of Greenland (near Cape Farewell) (Deshayes et al., 2007 and refer-
ences therein). The advection of weakly stratified WMW precondi-
tions the NIS, rendering the water column more susceptible for
convection.
4.5.2. Lab Sea-to-front flows
The Lab Sea-to-front flows are further investigated by perform-

ing particle tracking experiments using the simulated flow fields.
The potential preconditioning effect of WMW on the convective
activity in the NIS is studied by seeding 1066 particles (tracers)
at 420 m depths within a box in the southern Irminger Sea every
1st of March, 1970–2010 (Fig. 12a, Appendix A.2).

The results clearly illustrate the presence of a strong northeast-
ward flow of WMW from the seeding region toward the NIS
(Fig. 12a). The distribution of travel times taken by the particles
to reach the NIS has two peaks, one at about a year, in agreement
with observational studies (Bersch et al., 2007; Yashayaev et al.,
2007) and another lower and broader peak at 24–28 months
(Fig. 12b). A time series of the influx of WMW to the target region



Fig. 10. Atmospheric forcing. Correlation coefficients (r) between theMLD in the NIS
(metric 5, red line in Fig. 9) and (a) the Air-sea heat exchange (metric 6) and (b)Wind
stress curl (metric 7), respectively – both fields averaged of the late winter months
January to March. Positive correlation coefficients mean that increased MLD is
associated with increased heat loss from the ocean, and cyclonic wind stress curl
forcing. The 2000 m isobath is shown for reference.
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(circle in Fig. 12a) is estimated by including all particles that reach
the destination within the first 21 months (first main peak, black
bars in Fig. 12b). Thus, we acknowledge that the preconditioning
effect of a strong winter might last beyond the subsequent winter,
while assuming that the broader 24–28 months peak will
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Fig. 11. Upper-layer density and MLD. Hovmöller (latitude-year) diagram of simulated a
the section shown in Fig. 8. The MLD in the NIS is overlaid for comparison (thick line).
contribute less to the preconditioning. These Lab Sea-to-front flows
vary considerably between years. In some years almost no particles
seeded in the south reach the NIS, while nearly every second par-
ticle completes this journey in other years (e.g. 1993–1994)
(Fig. 12c, gray bars).

There also appears to be increased SPG C. finmarchicus abun-
dances during years when Lab Sea-to-front flows are enhanced
(Fig. 12c), but this association is statistically weak (r > 0.30,
P < 0.08, lag = 12–14 months).

Our results indicate that, in addition to the regional oceanogra-
phy south of Iceland, the Lab Sea-to-front flows (8) might also
impact the zooplankton dynamics in the NIS, primarily through
its preconditioning effect on the MLD, and likely advection of nutri-
ents as well, and potentially by transporting C. finmarchicus from
the reservoir in the western SPG (Fig. 2).
5. Discussion

Calanus finmarchicus, which dominates the zooplankton bio-
mass on the south Iceland shelf (Astthorsson et al., 1983;
Gislason et al., 2009), is a key linkage to higher trophic levels in this
ecosystem. No link has previously been identified between the
characteristic ‘high-or-low’ on-shelf C. finmarchicus variability
and neither local environmental parameters nor large-scale atmo-
spheric forcing (NAO) (Gislason et al., 2014), while coastal zoo-
plankton species are influenced by salinity and used nitrate, due
to river efflux (Gislason et al., 2009). We also found no link to local
air-sea heat exchanges (6) or wind stress curl (7), in our analyses of
potential local forcing. It has been suggested, that variable influx of
C. finmarchicus from core gyre regions to adjacent shelves regions
around the subpolar Atlantic might regulate the on-shelf biomass
of this species (Gislason and Astthorsson, 2000; Harms et al.,
2000; Sundby, 2000). To investigate this suggestion, our study
has provided support for our hypothesis that a northeastward
1990 2000 2010
27.4

27.5

27.6

27.7

  27.8
σθ

nnual potential density anomaly (rh) within the 220–420 m depth range and along



Fig. 12. The Lab Sea-to-front flows (metric 8, Table A1). (a) Flow trajectories for particles seeded at 420 m depths in the southern Irminger Sea during the first 21 months of
drift, illustrated for a period with average flows (1975–76). The gray-shading refers to the months. The seeding region is shown with the black dots, and the target region is
illustrated with the circle. Only particles that passed through the target region are shown. (b) Distribution of arrival times at the target region in the NIS – number of particle
summed over the period 1970–2005. The number of particles seeded each year were 1066 (Table A2). (c) Temporal variability of the horizontal advection. The bars show the
percentage of particles seeded, that reached the target region within the selected time-frame of 21 months - black bars in (b). The average drift time for each year, and the SPG
C. finmarchicus abundance (average over the thin blue CPR series in Fig. 9) are shown with red and black lines, respectively.
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extended SPG increases the zooplankton concentrations southwest
of Iceland, both in the open ocean and on the shelf.

The close relationship between the On-shelf zooplankton and
both the model-based Frontal index (Fig. 6d) and the observed posi-
tion of the subarctic front (Fig. 7a), clearly shows that the produc-
tion of C. finmarchicus southwest of Iceland depends on changes in
the main mode waters. Large volumes of subarctic water masses
and a northward shifted subarctic front (large SPG), results in a
high biomass of C. finmarchicus.

Open-ocean marine climate in the subpolar Atlantic is, how-
ever, dominated by decadal to multi-decadal variability (Fig. 6c),
which is not evident in the On-shelf zooplankton. In order to disen-
tangle the importance of processes acting at multi-decadal and
sub-decadal time-scales, a better understanding is needed of the
aspects of mode water that may be important for biological
production.

One likely link is a shifting distribution in open-ocean overwin-
tering stocks, which is expected to align with the transition zone
between EMW and LSW (Gislason and Astthorsson, 2000; Heath
et al., 2000), and thus the subarctic front. When the front is shifted
toward Iceland, the advection path to the shelf is shorter, and more
direct, increasing the Front-to-shelf flows (2). Such frontal shifts
occur on sub-decadal time scales, primarily driven by regional
air-sea heat exchanges and wind stress curls (Eden and Willebrand,
2001), and northward shifts that generally follow an increase to
a high NAO, after a time-lag of 1–2 years (Thierry et al., 2008).

The flow field itself might also change in relation to the mode
water dynamics. On-shelf flux is most direct from the Iceland
Basin, but a contribution from the NE Irminger Sea is not unrealis-
tic, although it would oppose the generally accepted flow scheme
(Valdimarsson and Malmberg, 1999). Deep isopycnal flows are
dominated by cyclonic paths south of Iceland (Bower et al.,
2002), but the near-surface (Brambilla and Talley, 2008a;
Reverdin et al., 2003) and the near-slope flows (Logemann et al.,
2013) are more northeastward directed. After ascent, C. finmarchi-
cus congregates in a wind influenced stratified near-surface layer
and the Front-to-shelf flows (2) from the Irminger Sea can be con-
siderable (Fig. 5). The general flows in the Reykjanes Ridge region
are also more northeastward directed toward Iceland during NAO-
high condition (Flatau et al., 2003), which likewise is likely to
enhance the Front-to-shelf flows.

Processes impacting the size of the overwintering stocks must
also be important, and temperature is typically considered, when
attempting to link biological changes to the environment (e.g.
Richardson and Schoeman, 2004; Stenseth et al., 2002). The
hydrography of the mode waters varies relatively modestly, with
much energy on decadal to multi-decadal time scales (Hátún
et al., 2005). We thus find it unlikely that hydrographic changes
per se induce the observed zooplankton variability.

Deep mixed layer depths (MLD) are, on the other hand,
expected to enhance biological production in several ways. Several
hypothesis have recently been proposed, to explain the significant
depth-integrated primary production, prior to the onset of the clas-
sical spring bloom (Chiswell et al., 2015) explained by the critical-
depth hypothesis (Sverdrup, 1953). The phyto-convection hypothe-
sis (Backhaus et al., 1999) says that vertical motion enables remix-
ing of diatoms from suspended deep populations, and thus seeds
the spring bloom with this fast-growing algal species (Smetacek,
1985), which is also observed in the subpolar Atlantic (Daniels
et al., 2015). The disturbance-recovery hypothesis (Behrenfeld,
2010) suggests that blooms are triggered by a reduction in phyto-
plankton losses (grazing) during deep winter mixing, while the
critical-turbulence hypothesis suggests that low vertical mixing
after terminated convective overturn allows phytoplankton to
stratify within a deep mixed layer (Huisman et al., 1999; Taylor
and Ferrari, 2011). This early deep bloom might increase the food
availability for C. finmarchicus during their ascent phase toward
the surface during March–April (Gislason and Astthorsson, 2000).
Convection is also mixing up nutrients from the nutrient rich
waters below (Ólafsson, 2003), which might postpone nutrient
limitation during the summer production period (Henson et al.,
2006).

The formation of mode waters likewise depends on the time
variability of the MLD and the horizontal transport through the
mixed layer (Brambilla et al., 2008b). The variability of the MLD
is primarily driven by air-sea heat (buoyancy) exchange, and the
spatial scales in the atmosphere are large. A strong winter will lead
to increased heat losses all along the main storm track, from the
Labrador Sea, across the Irminger and Iceland basins and into the
Nordic Seas. Deeper MLD are therefore occurring concurrently in
the NW Iceland Basin (EMW) and the Irminger Sea (WMW)
(Fig. 8). Supporting a possible link to MLD variability, we show high
correlations between the MLD in the NIS (5), and both the On-shelf
zooplankton (1) and the CPR-derived SPG C. finmarchicus abundance
(4), respectively (Fig. 9). The annual averaged CPR record that we
have utilized is dominated by the number of adult animals (stages
C5 and C6) during summer (June and July). The correlation with
MLD indicates that productive oceanic conditions are beneficial
for the first new generation of C. finmarchicus, both within the sub-
polar gyre and on the south Iceland shelf.

The ‘high-or-low’ variability is more pronounced in the MLD
series than in the gyre index (cf. Figs. 6c and 9). We therefore pos-
tulate that vertical convective processes are more important for
the production of C. finmarchicus, than are the slower large-scale
advective processes associated with the variable admixture of
waters from the subtropical gyre and the SPG.

Because of the possible importance of the NIS, in addition to the
NW Iceland Basin, and the potential for prediction in the Irminger
Sea (see below), we focus subsequently on processes in the
Labrador-Irminger Sea (WMW).

Shorter term variability is particularly clear in the Labrador Sea,
where the average production rate of LSW is only about 1.5 Sv
(1 Sv = 106 m3 s�1), except for peaks reaching 7–12 Sv when con-
vection is deep (Deshayes et al., 2007). The closest correlations
between the air-sea heat exchanges and the MLD in the NIS (5)
are also identified in the Labrador Sea, just south of Greenland
(Fig. 10a).

A winter with strong Air-sea heat exchange at year y0 will make
the water column denser (Fig. 10) and induce deep convection in
the Labrador-south Irminger Seas. Under the action of gravity,
these anomalously dense WMW will slide isopycnally northeast-
ward toward the Reykjanes Ridge in the Lab Sea-to-front flows
(8), where they will precondition the water column during the sub-
sequent winter (y0 + 1 yr) (Fig. 12b). This pre-conditioning renders
‘memory’ to the system, so that even with weaker air-sea heat
exchanges during the following winter, deep convection might still
take place within the Irminger Sea (de Jong et al., 2012; Pickart
et al., 2003). The Lab Sea-to-front flows might also transport zoo-
plankton from the center of abundance in the western SPG, but
we find that the advection of physical properties (weakly stratified
WMW) is probably more important than the influx of animals.

In addition to the impact on stratification in the NIS, increased
volumes of WMW, reinforced by Wind stress curl (Ekman pump-
ing), induce lifting of the isopycnals, and are therefore likely, after
a time lag, to shift the Frontal position in the NE Irminger Sea.

Our results thus hold promise for ocean and ecosystem opera-
tional intra-seasonal predictions (late winter to summer), and
maybe even with some skill the following year due to the lagged
preconditioning effect of WMW. An attempt to develop a predic-
tive tool has been carried out by the US National Multi-Model
Ensemble (NMME) seasonal climate forecasting system (Kirtman
et al., 2014). Retrospective forecast (1982–2010) skill maps of



Fig. 13. The Ranked Probability Skill Score (Weigel et al., 2007) of sea surface temperature (SST), from a retrospective forecast analysis (1982–2010) performed by the US
National Multi-Model Ensemble (NMME) seasonal forecasting system (http://www.cpc.ncep.noaa.gov/products/NMME/). The predictive skill of hindcasts initiated during
March in forecasting the SST variations of the subsequent winter (December to February) is shown. The study region is emphasized with a black oval.
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SST show that our study region (the Irminger Sea and Reykjanes
Ridge) is, together with the central tropical Pacific, the most
predictable region in the World oceans on intra-seasonal to
inter-annual time scales. This is illustrated here through the
predictive skill of hindcasts initiated during March to forecast
SST in the subsequent winter (December–February) (Fig. 13, the
International Research Institute for Climate and Society forecast
evaluation online tool at http://iridl.ldeo.columbia.edu/SOURCES/.
Models/.NMME/).

Winter-spring SST is closely related to the density of the deep
mixed layer, and thus to the MLD. The mechanism underlying
the potential SST predictability here is likely associated with, and
thus representative of, the advective process from the Labrador
Sea to the NIS region (Figs. 4 and 7).

We suggest that the much discussed ‘cold blob’ south of Green-
land in 2015 is not linked to a weakened Atlantic Meridional Over-
turning Circulation as suggested by Rahmstorf et al. (2015), but
merely to enhanced winter cooling, and thus convection in the
Labrador-Irminger Seas during the two winters between 2013
and 2015. According to our finding, this should have led to
increased biological productivity on the shelves adjacent to the
SPG during the production seasons in 2014 and/or 2015.

6. Conclusions

Based on a comprehensive analysis of observed and simulated
atmospheric and oceanic spatio-temporal datasets, together with
principal biological observations, we have identified key atmo-
spheric and oceanic drivers behind the marked sub-decadal zoo-
plankton variability in the northwestern Atlantic. The main
conclusions are: (i) The abundance of C. finmarchicus within the
subpolar gyre and on the south Iceland shelf may be regulated
by the mode water dynamics in the Labrador-Irminger and Iceland
Basins, (ii) convective processes, proxied by the winter mixed layer
depths, amplify the characteristic ‘high-or-low’ states of this sys-
tem and (iii) remote forcing from the Labrador Sea might provide
a 0.5–1.5 year predictability horizon.
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Appendix A

A.1. Lagged correlations

The On-shelf zooplankton peaks sampled during May are
time-lagged relative to the winter integrated physical records.
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The zooplankton peaks occur the same summer, and or the follow-
ing summer (at most 1.5 years after the physical driver). It is not
strictly meaningful to lag-correlated annual records, but to give
an estimate of this important average time-lag, annually averaged
time series are interpolated onto monthly values (linearly), and
then shifted by monthly increments until maximum correlation
coefficients between the physical forcing and the zooplankton
record is obtained (Table 1 and in text). The correlation coefficients
are calculated by a standard Matlab routine which does not
account for autocorrelation. The p-values are computed by
transforming the correlation to create a t-statistic having N � 2
degrees of freedom, where N is the sample size. High-passed time
series (calculated by subtracting low-passed series using a six
years wide Boxcar filter) are also tested in order to emphasize
valuable synchronies, which often ride on longer term trends
(Table 1).
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A.2. Front-to-shelf flows

In the particle tracking experiments we use daily flow fields
from the MPI-OM simulation, interpolated on a regular
(0.25� � 0.25�) grid. Near the subarctic front, C. finmarchicus
ascends to the surface layer in March–May, with the most rapid
increase in near-surface abundances during April (Fig. 2a and b).
‘Particles’ are therefore seeded in the surface layer, once a week
through April during the period 1970–2010. This is done within a
triangle covering the Reykjanes Ridge east and west from the sum-
mit to the 2000 m isobath. The seeding region covers the latitudes
60–63.75�N, with the northernmost edge covering longitudes 20–
27.5�W and the southernmost edge 28–29.75�W (Figs. 10 and
A.1a, Section 4.1). The target location for the particles is a circle
with a radius of 100 km at the southwestern Iceland shelf edge
at Selvogsgrunn (centered at 63.25�N, 21.5�W) (Figs. 5 and A.1a)
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Table A1
The selected metrics and their inter-linkages.

Metric Determines potentially Potentially determined by Calculated as

(1) On-shelf zooplankton Higher trophic levels on the shelf SPG C. finmarchicus abundances (4)
Front-to-shelf flows (2)
Frontal position (3)

On-shelf observations during May (Sections
2.3 and 3)

(2) Front-to-shelf flows
(near-surface)

The transport of zooplankton (and nutrients)
from the source region toward the shelf
On-shelf zooplankton (1)

The Frontal position (3)
Local Wind stress (curl) (7)
Summer stratification

Particle tracking using simulated flow fields
(Section 4.1)

(3) Frontal position The distance from the source region to the
shelf
The Front-to-shelf flows (2)
On-shelf zooplankton (1)

Convection in the Labrador-south
Irminger Seas
Lab Sea-to-front flows (8)
Wind stress curl (7)

EOF analysis of simulated (MPI-OM) sea
surface height field (Section 4.2)

(4) SPG C. finmarchicus
abundances

Abundance of source zooplankton in the
Frontal zone
Northward transport of zooplankton from the
SPG toward the Frontal zone
On-shelf zooplankton (1)

MLD in the NIS (5) (and the processes
potentially determined by convection)
Convection in the Labrador-south
Irminger Seas

Averaged CPR data (Mar–Oct) of C.
finmarchicus, stages C5 and C6 (Section 4.3).

(5) MLD in the NIS Pre-bloom nutrient concentrations
The pre-bloom primary production through
e.g. the ‘phyto-convection’ mechanism
The post-bloom primary production through
nutrient limitation
SPG C. finmarchicus abundances (4)

Local Air-sea heat exchange (6)
Local Wind stress curl (7)
Convection in the Labrador-south
Irminger Seas
Lab Sea-to-front flows (8)

Taken from the simulations in the northern
Irminger Sea during March (Section 4.3).

(6) Air-sea heat exchange MLD in the NIS (5)
Convection in the Labrador-south Irminger
Seas
Lab Sea-to-front flows (8)

NAO-related large-scale atmospheric
dynamics

NCAR/NCEP reanalysis fields of latent,
sensible and radiative fluxes (Section 4.4).

(7) Wind stress curl MLD in the NIS (5)
Frontal position (3)
The general flow field (2,8)

NAO-related large-scale atmospheric
dynamics

NCAR/NCEP reanalysis fields of momentum
fluxes (Section 4.4).

(8) Lab Sea-to-front flows Pre-conditioning and thus MLD in the NIS (5)
The Frontal position (3)
Influx of zooplankton from center of
abundance in south

Convection in the Labrador-south
Irminger Seas

Particle tracking using simulated flow fields
(Section 4.5.2).

Table A2
Details of the particle tracking experiments.

Seeding date Tracking length Target date Seeding region Target region Nr. of particles

Toward front
1st of March

Yearly
3 years Southern Irminger Sea 55.25–57.75�N

40–44�W
Circle (r = 100 km) centered at
63�N, 32�W

1066 (per seeding)

Toward shelf
April,

Weekly
0.5–3.5 months 15th of June Triangular region covering the Reykjanes

Ridge east and west from the summit to
the 2000 m isobath. Between the latitudes
60–63.75�N. The northern edge spans the
longitude 20–27.5�W and the southern
edge 28–29.75�W

Circle (r = 100 km) centered at
63.25�N, 21.5�W

462 (per seeding)
6468 (per year)
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and a tracking time that ends in mid-June (Table A2), when the On-
shelf zooplankton observations were made.
A.3. Lab Sea-to-front flows

The Lab Sea-to-front flows (8) (Fig. 4, Table A1) experiment
examines preconditioning of convection in the NIS by the unstable
(WMW). Particles are seeded in the southern Irminger Sea in the
depth layer at 420 m in a grid box covering 55.25–57.75�N, 40–
44�W (Fig. 12a). Particles are seeded on the first of March every
year during the period 1970–2007 and tracked for three years
(Table A2). A ‘target area’ is defined as a circle in the NIS with
radius of 100 km and center at 63�N, 32�W. We analyze drift time
and number of particles that reach the designated target area
(Fig. 12, Section 4.5.2).
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