-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by University of Strathclyde Institutional Repository

I._‘.
Unlversltyﬂ@

Strathclyde

Glasgow

Strathprints Institutional Repository

Harms, |.H. and Heath, M.R. and Bryant, A.D. and Backhaus, J.O. and Hainbucher, D. and ,
EU-TASC (Funder) (2000) Modelling the Northeast Atlantic circulation: implications for the spring
invasion of shelf regions by Calanus finmarchicus. |CES Journal of Marine Science, 57 (6). pp.
1694-1707. ISSN 1054-3139

Strathprints is designed to allow users to access the research output of the University of Strathclyde.
Copyright © and Moral Rights for the papers on this site are retained by the individual authors
and/or other copyright owners. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url (http://
strathprints.strath.ac.uk/) and the content of this paper for research or study, educational, or
not-for-profit purposes without prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
mailto:strathprints@strath.ac.uk

http://strathprints.strath.ac.uk/


https://core.ac.uk/display/9026831?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://strathprints.strath.ac.uk/
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/

. IH
I"-. MNIVERSITY OF
'\ 3 TRATHCLYDE

N GEASGORY

Harms, |.H. and Heath, M.R. and Bryant, A.D. and Backhaus, J.O. and Hainbucher, D. (2000)
Modelling the Northeast Atlantic circulation: implications for the spring invasion of shelf regions
by Calanus finmarchicus. ICES Journal of Marine Science, 57 (6). pp. 1694-1707.

ISSN 1054-3139

http://strathprints.strath.ac.uk/18598/

Thisis an author produced version of a paper published in ICES Journal of Marine Science, 57 (6).
pp. 1694-1707. ISSN 1054-3139. This version has been peer-reviewed but does not
include the final publisher proof corrections, published layout or pagination.

Strathprints is designed to allow users to access the research output of the University
of Strathclyde. Copyright © and Moral Rights for the papers on this site are retained
by the individual authors and/or other copyright owners. You may not engage in
further distribution of the material for any profitmaking activities or any commercial
gain. You may freely distribute both the url (http://strathprints.strath.ac.uk) and the
content of this paper for research or study, educational, or not-for-profit purposes
without prior permission or charge. You may freely distribute the url
(http://strathprints.strath.ac.uk) of the Strathprints website.

Any correspondence concerning this service should be sent to The
Strathprints Administrator: eprints@cis.strath.ac.uk


http://strathprints.strath.ac.uk/18598/
https://nemo.strath.ac.uk/exchweb/bin/redir.asp?URL=http://eprints.cdlr.strath.ac.uk

Modelling the north-east Atlantic circulation - Implications for the spring invasion of

shelf regions by Calanus finmarchicus.

Ingo H. Harms, Michael R. Heath, Andrew D. Bryant, Jan O. Backhaus and Dagmar

Hainbucher

Harms, I.H., Heath, M.R., Bryant, A.D., Backhau€).Jand Hainbucher, D. 2000. Modelling the nortktea
Atlantic circulation - Implications for the sprinigvasion of shelf regions bZalanus finmarchicus. ICES

Journal of Marine Science, 57: 1694-1707 (2000).

The appearance in spring of the copefathanus finmarchicus in continental shelf waters of
the north-eastern Atlantic margin has been hypatbdsto be mainly due to invasion from
across the continental slope rather than in-siteneintering. This paper describes the
application of a hydrodynamic circulation model angbarticle-tracking model to north-east
Atlantic waters in order to assess the influencethaf flow field and ascent migration

parameters on the spring invasiorCofinmarchicus.

For hydrodynamic modelling, the Hamburg Shelf Ocktodel (HAMSOM) was applied to
the North Atlantic and Nordic Seas and forced wi#lly mean atmospheric data. Simulated
flow fields from HAMSOM serve as forcing functiorier a particle-tracking model of the
same region. The robustness of the simulated shas§ion in three target boxes of north-east
Atlantic shelf seas was assessed by means of #giggnanalysis with respect to variations in
four key migration parameters: overwintering demb¢cent rate, ascent timing and depth

during residence in upper layers.



Our results show that the invasion of the nortHdanth Sea and Norwegian shelf waters is
more sensitive to ascent migration parameters tfaasion of the Faroese shelf. The main
reason for enhanced sensitivity of North Sea irorass the time and space dependant flow
structure in the Faroe-Shetland-Channel. Dense eggtions of overwinteringC.
finmarchicus are found in the Channel, but due to the comgimx field only a proportion of

the overwintering stock has the capacity to rehehNorth Sea.

Ingo H. Harms, Jan O. Backhaus and Dagmar Hainbubtstitute of Oceanography,
University of Hamburg, Troplowitzstrasse 7, 22528nkburg, Germany [tel: + 49 (0)40
42838 4206; fax: +49 (0)40 560 5724; E-mail: harnfa@ni-hamburg.de]; Michael R.
Heath: Marine Laboratory, PO Box 101, Victoria RoAterdeen, AB11 9DB, UK; Andrew
D. Bryant : Department of Zoology, University of &leen, Tillydrone Avenue, Aberdeen,

UK, and Marine Laboratory, PO Box 101, Victoria RpAberdeen, AB11 9DB, UK.



Introduction

Productive populations df. finmarchicus are found in the upper layers of both ocean and
shelf waters throughout the north-easth Atlantiaffdews, 1969; Planque and Ibanez, 1997),
but aggregations of overwintering copepodites astricted to layers at 500-2000m depth in
the ocean (Heat&t al., this volume) No open shelf aggregations comparable to thoshen
Scotian shelf off eastern Canada (Herman et a®1)16r in the Gulf of Maine (Durbin et al.,
1995) have been located in the eastern Atlantie Etationship between continental shelf
and the oceanic population has been subject toukgimmn for many years. Wood (1932)
concluded that the summer populations in the namthiéorth Sea were too great to be
accounted for byn-situ development and reproduction of the population loers in winter,
and that the area must be restocked each year ieyond the shelf edge. This idea was
supported by Williams and Lindley (1980), Krauseal aviartens (1990) and Franst al.

(1991).

Backhauset al. (1994) outlined a hypothesis whereby physicakesses at the continental
slope might facilitate the transport of overwintbreopepodites from depths of 500-1000m,
across the shelf edge and into the North Sea gaahgs Subsequently, field and modelling
studies in the EU-project ICOS (Investigation®ffinmarchicus migrations between oceanic
and shelf seas off north-west Europe) showed thadtrof the important features of the
Backhaus hypothesis could be supported by fiel&asions and particle-tracking models.
Dense aggregations (up to 65F)nof overwintering copepodite stage CV were foumdhe
deep overflow water of the Faroe-Shetland Channélsmuthern Norwegian Sea (Heath and
Jonasdattir, 1999), whilst a tracking model drivsnoutput from a 3-D hydrodynamic model
of the region showed that under appropriate metegiacal conditions a proportion of these

copepodites could be dispersed into the North Seagitheir ascent migration in the spring



(Gallegoet al., 1999. Application of year-specific hydrographic and ewblogical data for

the period 1958-1983 to the tracking model simal@enual invasion indices for the northern
North Sea which were highly correlated with aburagaof CIV-CVI copepodites measured
in the Atlantic inflow to the North Sea by the Conbus Plankton Recorder Surveys (Heath

etal., 1999.

One of the objectives of the EU-project TASC (Tréttkantic Study ofC. finmarchicus) was
to extend the concept of the Backhaus hypothesmther regions of the north-east Atlantic

margin. This was achieved by:

* a large-scale mapping of the spatial distributibrowerwintering copepoditedHeath et
al., this volume),

» development of a hydrodynamic model system to sateuhe space-time dynamics of the
flow regimes in the region, and

» development of a particle-tracking model to sinrilde invasion of a range of shelf sea

regions in addition to the North Sea.

The present paper is focussed on the last two ointhe above TASC objectives. The main
goal of the hydrodynamic modelling was to providee-dependant flow fields for the
particle-tracking model. The north-east Atlanticlgracterised by two substantially different
flow regimes, the North Atlantic Current systemtla surface, which carries warm saline
water poleward, and the deep outflow of cold wtem the Norwegian Sea into the Atlantic.
The latter follows the topography across ridgestanough various channels southward. Both
current systems are strong and persistent but skamiations in speed and transport rates
(Harmset al., 1999). To account for time-dependant variabidifyhydrography and currents
in the Iceland-Faroe-Shetland area, we decideddduge daily mean hydrodynamic flow
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fields of a climatological, so-called 'typical yearhese flow fields were used in a sensitivity
study of the particle-tracking model in order tsess the robustness of shelf invasiorCby
finmarchicus with respect to variations in four key migratioargmeters: overwintering

depth, ascent rate, ascent timing and depth doesigence in upper layers.

Materials and Methods

The hydrodynamic model

The current fields in the north-east Atlantic wemmulated with the Hamburg Shelf-Ocean
Model (HAMSOM) - a three-dimensional, baroclinicvéd-type model which solves the
primitive equations of motion with finite differees on an Arakawa C-grid. The numerical
scheme is semi-implicit which allows for economidahe steps (Backhaus, 1985). The
implicit algorithms are applied for the externaagty waves, for the vertical shear stress and
for the vertical diffusion of temperature and s#&inA second order approximation in the
time domain is introduced for the Coriolis term dadthe baroclinic pressure gradient in the
equation of motion. For the pressure field, incomsgibility and the hydrostatic equilibrium

are assumed, incorporating the Bousinesq approximat

Vertical, sub-grid scale turbulence is parametdrise HAMSOM by means of a turbulent
closure approach, proposed by Kochergin (1987)aed modified by Pohimann (1996The

scheme is closely related to a Mellor and Yama®d4} level-2-model where vertical eddy
viscosity coefficients depend on stratification awdrtical current shear. Convective
overturning is parameterised by vertical mixing: @awstable stratification is turned into a

neutral state through artificial enlargement of trestical eddy viscosity coefficient. The



horizontal diffusion of momentum is calculated gsia constant, isotropic eddy viscosity

coefficient.

HAMSOM includes an Eulerian transport algorithm femperature and salinity, based on the
advection-diffusion equation with an upstream atlvec flux scheme. Vertical eddy

diffusivity coefficients for temperature and sajniare calculated in the same way as the
vertical eddy viscosity coefficients. Horizontal dgd diffusion is neglected because of

numerical diffusion stemming from the advectionestle.

At open boundaries, the sea level is prescribedthAtsea surface and bottom, kinematic
boundary conditions and quadratic stress formulatiare applied. The surface heat flux
between the ocean and atmosphere is determinetiebgit and sea surface temperatures,
relative humidity, cloud cover and wind speed. Ehealues enter bulk formulae, describing

long- and short-wave radiation and sensible arahtaieat fluxes (Schrum, 1997).

Hydrodynamic model configuration

Following the example of Hainbucher and Backha@®99), a fine resolution (7.5’ latitude x
15’ longitude) version of HAMSOM for the north-eastantic (30°W — 20°E, 56°N — 72°N),
nested in a coarse resolution (20’ latitude x 4@dgitude) model of the whole North Atlantic

north of 45°N, was implemented for the TASC projgggure 1).

The coarse resolution model had 3 layers (0-10A00;600, > 600 m) in the vertical, and
was used to prescribe the far-field boundary caonst for the fine resolution model which
was focused on the overflow region from the Nonaedgbeas. The fine resolution model was

resolved with 10 layers: 0-10 m, 10-25 m, 25-5050+100 m, 100-200 m, 200-400 m, 400-



600 m, 600-1000m, 1000-1500 m, >1500 m. This valrtiesolution was adequate to account
for the Ekman spiral in the upper layers and thptldéorizons of the cold water masses

which form the overflow of Norwegian Sea Deep Watéo the North Atlantic.

Hydrodynamic model forcing

Topographical data for both models were taken floenETOPOS5 data base (Hirtzler, 1985).
The original resolution of 5’ x 5’ was enlargedttee 7.5 x 15’ grid of the fine resolution

model and to the 20’ x 40’ grid of the coarse mo&ime modifications were carried out in
the Faroe-Bank-Channel and on the Wyville-Thomsaig® where the interpolated depths

were too small and too large, respectively.

The coarse resolution model was forced with fofiedént wind scenarios, which comprised
seasonal means of spatially variable winds takem fthe Hellerman data set (Hellerman and
Rosenstein, 1983). The initial temperature andnsglidistributions were taken from the
Levitus (1982)data set. Each seasonal wind scenario was ruhriee months in a prognostic
mode. Sea surface elevations from four seasonahsos were interpolated in time and space
and prescribed as daily mean values at the opendaoies of the fine resolution model. This
was done in order to account for the overall stéedght gradient in the northern North

Atlantic.

The fine resolution model was forced with climatpt@al daily mean values for wind stress,
air pressure, air temperature, relative humiditgd atoud cover on the basis of European
Centre for Medium Range Weather Forecasting (ECMA&Ea. The applied data set was an
average over the period 1980-1989. Because timeagiwg smoothes amplitudes and

variability of time series, the averaging procedueated high and low frequency variability



separately. The low frequency components, averaged 10 years, were overlaid with the
high frequency variability of one particular yeadditionally, the whole averaged data set
was adjusted between 31 December and 1 Januardén @ create a cyclic year of forcing.
The result was a so-called 'typical year' that esents on the one hand a repeatable
climatological mean situation, but on the other chancluded high frequency synoptic

variability (eg. storms) with similar propertiesrialistic forcing.

The fine resolution model was run to a cyclic stadiry state (>4 years) using the prognostic
mode of simulation. This implied that the three-éimeional advection and diffusion of
temperature and salt, sea surface heat fluxes fmeteorological forcing and a weak
relaxation to seasonal mean Levitus (1982) salidéta. Additionally, seasonal mean values
for river run-off were used. For the North Sea dhe Norwegian Coast, the values were
taken from Damm (1997) and for the river run-ofb@and Iceland, the values were evaluated

from Olafsson et al. (1993) and Rist (1990).

Particle-tracking model

The particle-tracking model involved an Euleriartegration scheme to simulate the
horizontal advective trajectories of particles froine spatially and temporally varying flow
fields generated by the hydrodynamic model, asipusly described by Bryarst al. (1998)
and Gallego et al. (1999). Diffusive contributions to the velocities particles were not
included, so each particle trajectory was esséntigiterministic and determined solely by the
advective regime. Vertical displacements of paticivere prescribed to simulate different
ascent migration scenarios f@r finmarchicus. Tracking was performed at a fixed 1h time
step starting on 1 December, and results were saved intervals until the end of May in the

following year (180 days duration).



The vertical displacement of particles was presdiloy 4 parameters: depth during
overwintering D1, m); depth during residence in the upper layBes ih); rate of ascenfy( m
d™); and date of onset of the ascent migratity @ays from 1 December). Each particle was
tracked at its overwintering depth from 1 Deceminetil the onset of the ascent migration.
Particles were released from a range of depthsuwmfarm 30km horizontal grid of locations
covering an area of the Atlantic and Norwegian &danding from 56°N — 69°N and 22°W —
10°E. The abundance of overwinteri@g finmarchicus in this region was comprehensively
sampled over several years by cruises conductedgdiate November — mid-January (Heath
et al., this volume). A composite gridded surfaceCofinmarchicus abundance (number
was generated from the field data (Heettll., this volumg, and from this the abundance of
overwintering animals at each particle releasetionavas estimated by interpolation. Each

particle carried this abundance value with it thyloout the particle-tracking simulation.

The progress of particle dispersal during a sinutaivas visualised by aggregating the initial
abundance value carried with each particle int&r®x 30 km cells arranged over the model
domain, according to particle locations on a gidate. The result was a spatial snapshot of

the fate of the initial overwintering stock at ae time.

Particle tracking model strategy

The particle tracking model was used to explore4ttimensional parameter space defined
by Di1, D2, A and Ta. Simulations were carried out with 315 differentmbinations of these
parameters covering the rangas= 600m — 1000m in steps of 100m, this being thgeaof
depths over which the majority of overwinteringraals are encountered in the field (Heath

and Jonasdottir, 1999; Heathal., this volume);D, = 5m, 18m and 38m, these being the



mid-depths of each of the three upper levels innyd@rodynamic modelA = 10 m ¢, 15 m

d* and 20 m @, these covering the range of estimates from éldies in the region (Heath,
1999); andT, = 30 December — 28 February in steps of 10 ddys,covering the range of
possible onset dates estimated from field studi¢sath, 1999). The performance of the
particle tracking model with each combination ofgmaeters was evaluated according to the
scheme described by Gallegoal. (1999). The initial abundance values of all gdes which
conformed to given spatial and temporal criteridarduthe tracking period, were summed for
each model run. In particular, a set of so caltathet boxes’ was specified in the shelf waters
(Figure 1), and all particles which entered theseel within given date ranges were included
in the summation process. The summed abundanaegarticular run was referred to as the

‘invasion index’.

Variations in the invasion index within the 4-direasl parameter space were visualised by
means of grey-scale-shaded diagrams. Each diagaresented the sensitivity of invasion to
overwintering depth and ascent timing for fixedues of ascent rate and depth in the upper
layers, with the grey-scale representing the valfi¢he invasion index. A set of 9 such
diagrams, each being generated from differentrggttof ascent rate and upper layer depth,

portrayed the sensitivity of invasion over the #idlimensional parameter space.

Results

Hydrodynamic model results

In presenting results from the hydrodynamic moded, focus here on the flows across the

Iceland-Scotland Ridge (Figure 1) because the otumspeeds, and horizontal and vertical
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shears in this area are greatest. Additionally, Fheoe-Shetland Channel is an important

overwintering area fo€. finmarchicus.

In order to visualise structure and variabilitytbé flow field, daily mean current data were
averaged to monthly mean values and transportosectivere defined across the Faroe-
Shetland Channel, across the Faroe-Bank Channeblamgy the Wyville-Thomson Ridge

(Figure 2a, b, c).

The northward transport of Atlantic water masses>(8° C, S > 35.1) through a section
across the Faroe-Shetland Char{fégure 2a), ranged between 3 and 7 Sv (1 Sv’mig?),
with a mean value of 4.6 Sv, which is in good agreet with estimates by Hansehal.
(1998) (4.4 Sv). Direct current measurements (upgvi@oking ADCP) where carried out
between 1994 and 1997 during the Nordic WOCE progiehese measurements revealed an
average northward flow of 5.1 Sv (Turretlal., 1999 which also compares very well with
our computed values. The simulated northward inflomdergoes a significant seasonal
variability. Inflow rates were highest in Februgi® Sv) and lowest in June (3 Sv). This
computed seasonality agrees also well with the alotted WOCE ADCP measurements that
give highest inflow in winter and lowest in summ@urrell et al. (1999) stated that the
observed summer inflow was approximately half thetev rate which supports our model

findings.

The simulated deep outflow through the Faroe-Shédtlahannel also showed some seasonal
variability. The computed overflow was strongestlime and lowest in Feb./March (Figure
2a). Again, these model result can be compared &R measurements that reached a

minimum overflow in autumn and a maximum overflawspring (Turrellet al., 1999). The
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average overflow has usually been estimated toerdetween 1.7 and 1.9 Sv (Hanseal.,

1998; Turrellet al., 1999). The simulated annual averaged computetflow was 1.7 Sv.

The computed northward flow across the Wyville-Tlsom Ridge (Figure 2b) was

significantly higher than through the Faroe-Shetla®hannel. The decrease of northward
transport from 7.1 to 4.6 Sv was partly due toRa& Isle current that branches into the North
Sea from the North Atlantic current between the WeAThomson Ridge and the Faroe-
Shetland section. The threshold values used inr&i@ufor estimating transport rates of
different water masses were chosen according teétan al. (1998) and other authors cited
therein. The chosen values differ between sectdres to the enhanced mixing of water

masses in the channels and troughs.

The most striking difference between section ataimdFigure 2, however, was the significant
seasonality in the northward flow through the Fa8betland Channel, which was not
apparent across the Wyville-Thomson Ridge. Thislmamexplained by a seasonally varying
surface recirculation cell in the Faroe-Shetlandar@tel which might bring up to 1.3 Sv
(Hanseret al., 1998) of Atlantic water masses from around tbemof the Faroe Islands. The
recirculation cell contributes to the overall nevdrd slope current, particularly in winter,
when the cyclonic wind field over the Nordic Sesistronger than in summer. There was also
some Atlantic inflow through the Faroe Bank Charst@wing transport rates slightly higher
in winter than in summer (Figure 2c). This infloverged with the northward slope current in

the Faroe Shetland Channel and contributed on geer&v.

Figure 3 shows the simulated 10-25m current pata@rnJanuary and June which represent

the extremes of Atlantic inflow through the Fardeefand. Both flow fields show the
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branching of the Fair Isle Current into the Nor#aSA recirculation flow from north and
south of the Faroe Islands into the Faroe-Shet@mahnel was simulated in January, whilst
these flows were completely absent in summer. &ustéhe June situation shows a weaker

northward flow and some southward counter flowghancentre of the Channel.

The time and space variability of the north- anditlavard flows in the Faroe-Shetland
Channel are shown in a series of vertical sectidnvelocity together with the cross-slope sea
surface elevation, corresponding to the barotrgpiessure gradient across the Channel.
During all months, the core of the northward flowAilantic waters can be found on the
eastern side of the channel, above the slope. Henvéive northward flow is much broader

and deeper in winter and the current velocitiesssaanaximum during that time.

The intensity of the Atlantic in the Faroe-ShetlaBGtiannel, which corresponds to the
depicted transport rates in Figure, 2eas correlated with the intensity of the crosgslo

pressure gradient in Figure 4. One reason for sified pressure gradients and higher
transport rates in winter is the seasonal variancthe meteorological forcing. Frequently
occurring low pressure (cyclonic) wind patterngetiner with higher wind speeds from south
to south-west, drive the surface waters towards\ibkhwest European Shelf. This results in
higher sea levels on the shelf and in strongeihm@id flows along the continental slope. The
far-field forcing from the North Atlantic, which isetermined by the large-scale model,

contributes to this effect.

The southward overflow close to the bottom of theoe-Shetland Channel (Figure 4) showed
a clear maximum in spring and summer. Also theiec@rextent of southward currents was
much larger in spring or summer than in winterMay and June for example, southward

flows extended to the surface as part of a weakcwdation within the Faroe-Shetland
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Channel (Figure 3). Although southward currentselese in winter, the overflow close to the

bottom was persistent throughout the year.

Verification of the simulated seasonally varyingtieal flow structure is difficult due to the
climatological character of the model results anthak of long-term and high-resolution
current measurements. However, observed mean #elpodfiles (Turrell et al., 1999)
suggest that the general structure is well repredury the model. It can be concluded that
observed seasonal variations in the through-fleevrent only caused by the flow intensity but
also by variations in the vertical structure of thileng-channel flow field, as the model

suggest.

Due to the seasonal variability of the flow struetwa striking difference occurs in mid-depths
in the Faroe-Shetland Channel. An example of teasesnal variability is given in Figure 5
which shows monthly mean horizontal flow fieldsweeén 400 and 600 m depth (layer 7), for
January and June. Whereas in January northwards feoe dominating, in June southward
flows prevail, blocking the Atlantic inflow in thislepth horizon. This figure suggests a
seasonally dependant vertical displacement of thendlary layer between northward inflow

and southward overflow in the Faroe-Shetland Channe

Particle tracking model results

The distribution of initial (overwintering) abundamvalues for each particle on 1 December,

interpolated from the field data presented by Hetidl. (this volume), shows that particles
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originating from south of the Iceland-Scotland Ridgrry consistently low values (<10%),
whilst those from north of the Ridge all carry heghvalues. Particularly high values of
overwintering abundance (>2.5 x*@vere attributable to particles originating in tharoe-

Shetland Channel and along the continental slofst @feNorway.

An example of the progressive dispersal of the wirdgering abundance for a particular
combination of vertical displacement parametersshewn in Figure 6. This particular
scenario involved transport at an overwinteringtdegd 900m between 1 December and 10
January, followed by ascent to 5m depth at a ra@0am d*. The initial peak abundance in
the Faroe-Shetland Channel and southern Norwegtanw@s transported southwest through
the Faroe Bank Channel during the initial periodt then dispersed north-eastwards during
the ascent phase. By the end of the run, compormérite initial overwintering stock were
located in the shelf waters of the northern Noréa,Svestern Norway, Faroe and south of
Iceland. Particles entered the northern North Sebabh the Fair Isle Channel and along the
western side of the Norwegian Trench. Particlegramy by the latter route had high initial
weighting and originated mainly from the Faroe &wrat Channel, whilst those entereing
through the Fair Isle route originated in the opemtheast Atlantic. Particles entered the
Norwegian shelf waters by a narrow corridor off Adbeim at around @N and around the
north of the Lofoten Islands. Some particles weagied out of the northeast corner of the

model domain in the direction of the Barents Sea.

The D; x Ta parameter space represented by each of the gaeledhsensitivity diagrams
represented a gradient of increasing residence itinike deep overflow circulation regime
around the Iceland-Scotland Ridge (highest valaesitds the bottom right of each diagram).
Thus scenarios involving late ascent from deep wiwdering depths implied greater

influence of the deep circulation on the dispetsajectories of the particles. The invasion
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index results for the North Sea (Figure 7) showedt the transfer of overwintering
abundance into the northern North Sea was favohyethinimising residence in the deep
circulation regime (i.e. shallow overwintering aedrly ascent), and also by rapid ascent to
shallow depths in the upper layers. Few particlesred the North Sea under a scenario of

slow ascent (10mY with upper layer residence at 38m.

Scrutiny of the origins of the particles enterihg North Sea target box indicated that a high
proportion came from south of the Iceland-Scotld&idge and carried low overwintering
abundance values. The hypothesis of Backletak (1994), reinforced by the modelling and
field observations of Galleget al. (1999), Heatlet al. (1999) and Maddest al. (1999), is
that the northern North Se@. finmarchicus production is sustained by invasion from
overwintering aggregations in the Faroe-Shetlandn@kl (Heath and Jénasdottir, 1999). To
isolate the contribution of particles originatimgthe Faroe-Shetland Channel to the North Sea
invasion index, the index summation was restri¢tegarticles carrying an initial abundance
>10* m?. The results (Figure 8) showed that invasion byiglas originating from north of
the Iceland-Scotland Ridge on 1 December was céstrito a narrow range of parameters, but
the underlying pattern was essentially similarhattcombinations which minimised the time

spent in the deep circulation regime promoted ilorasf the North Sea.

Invasion of the Norwegian shelf was less sensitiveiintering depth and ascent timing than
invasion of the North Sea, as indicated by the that there was less contrast within the
individual panels of Figure 9 than Figure 7. Howeube sensitivity with respect to ascent
rate and depth in the surface waters was similavotih areas since the contrast between
panels was similar in both cases. As for the N&#a, rapid ascent from overwintering at
600m to shallow depths in the surface layers, ptethanvasion of the Norwegian shelf

region.
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Invasion of both the northern and southern Farshe# waters was less sensitive to all of the
parameters describing vertical displacement behbaviban invasion of the North Sea or
Norwegian shelf (Figure 10 and 11). Invasion of th@thern Faroese shelf was more
sensitive than the southern shelf including FaraekB but in both cases, the weakest invasion
resulted from the slowest ascent rates from theekteoverwintering depths and with the

latest ascent timings.

Discussion

Our particle-tracking simulations robustly predittea spring invasion of the Faroes,
Norwegian and northern North Sea shelf seas froowknoverwintering aggregation @.

finmarchicus in oceanic waters. Variations in the magnitudesngésions of the Faroe and
Norwegian shelf were relatively small in the contek the uncertainty in ascent migration
parameters. However, this uncertainty is potentiediry significant for interpreting invasion

of the northern North Sea.

The invasion of the North Sea from the importan¢rexntering aggregations in the Faroe-
Shetland Channel was sensitive to the overwintedegth and the ascent rate and timing
assumed in the model. This means that only a ptiopoof the overwintering stock has the
capability to reach the North Sea. In particulbis tapability pertains to the fraction resident
between 700 and 900m during the winter, and whadches the 10-25m depth level in
spring. In fact, this envelope of overwintering ttepncompasses the majority (>66%) of the

stock in the Faroe-Shetland Channel in Decembeatfijd999), so the apparent sensitivity of
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the model is not inconsistent with the observatibat copepodites do enter the northern

North Sea from across the north-western shelf edge.

The background to the enhanced sensitivity of thamulsted North Sea invasion lies in the
vertical structure of currents in the Faroe-Shetla@@hannel, in particular the interaction
between the northward Atlantic inflow in the uppeeyers and the southward overflow in the
bottom layers (>600 m). A direct pathway for pdeticinvading the North Sea from the north-
east Atlantic is formed by the Fair Isle Currenattbbranches between the Orkney and
Shetland Islands from the North Atlantic / ShelfgedCurrent. A second pathway farther
north is formed by the North Sea recirculation thenches north of the Shetland Islands.
Both currents are surface flows that extend throtigh upper 100 - 200 m. However,
overwinteringC. finmarchicus in the Faroe-Shetland Channel reside at more @hm
depth, within the deep southward overflow. In ortteinvade the North Sea, particles must
ascent to the upper layers in the right locatiamsehtrainment in one or other of the cross-
shelf flows forming the invasion routes. Trackirgesarios involving late ascent from deep
overwintering depths imply greater influence of tbeep circulation on the dispersal
trajectories. In these scenarios, particles rendaito® long in deep overflow and were
transported through the Faroe-Shetland and Faro&-8aannels, and along the south face of
the Iceland-Scotland Ridge from where the liklihaddsubsequent dispersal into the North

Sea was significantly reduced.

Another reason for greater sensitivity of the NoBbka invasion was the time-dependant
variability of the simulated circulation in the BarShetland-Channel. North-flowing upper
layer currents were strongest in winter and weakestummer, whilst the reverse was the
case for the deep south-flowing currents. At theeséime, the interface between northward

inflow and southward overflow became progressiaigllower during spring. This seasonal

18



pattern of variability had the potential to generah interaction between overwintering depth,

ascent rate and timing and the invasion rate oNibieh Sea.

Invasion of the Faroes and Norwegian shelves wass densitive to the wintering depth and
ascent timing parameters used in the particle-tngakodel than for the North Sea. This must
indicate that these regions are accessible to @egreroportion of the overwintering stock,
and that variations in the circulation regime ardde particle advection play a lesser role. As
a result, variation in invasion of these regionsuti be less than for the North Sea, and the
results may suggest that the North Sea is a monmginah area for colonisation b{.
finmarchicus than the Faroese and Norwegian shelves. Detaded-term (>30 years)
monitoring data from Faroe and Norway are not add to the same extent as in the North
Sea. However, indications from Continuous Plani®&corder data are that these areas have
not exhibited the long-term decline @ finmarchicus abundance that has been detected in the

northern North Sea (Beare and McKenzie, 1999; Fraimend Planque, 1996).

In conclusion, our results indicate that simulatitige spatio-temporal dynamics @.
finmarchicus requires attention not only to representationsarodynamics, but also the

resolution of variability in overwintering and viedl migration parameters.
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Figures

Longltude

Figure 1: Small scale TASC model domain and topagyalines denote transport sections:
1=Faroe-Shetland Channel, 2=Faroe Bank Channel,y8#&/Thomson Ridge. Hatched
areas denote the shelf sea target boxes North N&#) Faroe, South Faroe and Outer

Norwegian Shelf, used for analysis of particledrag results.
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Figure 2: Simulated transport rates in the Faroeti®hd Channel (a), across the Wyuville-
Thomson Ridge (b) and in the Faroe Bank ChannelTleg figure shows monthly mean
values of the cyclic climatological year. Posititransport rates are northward (Atlantic

waters), negative values are southward (overflow).
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Figure 3: Simulated flows in the 2. layer (10 -12% in the overflow region. Monthly mean

values for January (upper panel) and June (loweelpare depicted.
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Figure 4: Velocity section (lower panels [cm/s])dasea surface elevations (upper panels
[cm]) across the Faroe-Shetland Channel. The fighmvs simulated monthly mean values
of the climatological cyclic year. Orientation isrthward: left side = Faroe Islands, right side
= Shetland Islands. Positive (northward) flow isadéd, negative (southward) flow is hatched.

Contour interval 2 cm/s, thick line = 0.
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Figure 6: Example of the progressive dispersalhef winter abundance distribution in the
particle tracking model. Initial (1 December, dgyabundance values @hof particles were
aggregated into 30km grid cells and displayed deuccshaded values. In this example,
particles were held at a depth of 700m from 1 Ddammio 20 January (day 52) and then
ascended to 18m depth at a rate of 20’ mTdhe resulting distributions of particle abundance
values (rif), aggregated over 30km grid cells, are shown &yr 80 (29 December), day 150

(28 April) and day 180 (28 May).
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Figure 7: Sensitivity of North Sea invasion to a#ions in winter depth and ascent timing,
and combinations of ascent rate (10, 15 or 20 th ahd depth in the surface layers
(hydrodynamic model levels 1, 2 or 3). Each indindl panel represents the sensitivity to
ascent timing (x-axis) and winter depth (y-axis)ithwthe grey-scale representing the
magnitude of invasion into the North Sea target fioxa given combination of ascent rate
and depth in the surface layers. All panels insidn@e row were derived using the same ascent
rate, and all panels in the same column with tineesdepth in the surface layers. All particles
released in the model domain which entered thelN®eta were included in the calculation of

the invasion index.
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Figure 8: Sensitivity of North Sea invasion to a#ions in winter depth and ascent timing,
and combinations of ascent rate (10, 15 or 20 th ahd depth in the surface layers
(hydrodynamic model levels 1, 2 or 3), but exclgdparticles with initial (winter) abundance

value <16 m?. Organisation of shaded panels as in Figure 7.
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Figure 9: Sensitivity of Norwegian shelf invasiam variations in winter depth and ascent
timing, and combinations of ascent rate (10, 12®m d) and depth in the surface layers

(hydrodynamic model levels 1, 2 or 3). Organisabbshaded panels as in Figure 7.
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Figure 10: Sensitivity of the northern Faroe slmfasion to variations in winter depth and
ascent timing, and combinations of ascent rate {50pr 20 m @) and depth in the surface

layers (hydrodynamic model levels 1, 2 or 3). Orgation of shaded panels as in Figure 7.
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Figure 11: Sensitivity of the southern Faroe shelhsion to variations in winter depth and
ascent timing, and combinations of ascent rate {50or 20 m @) and depth in the surface

layers (hydrodynamic model levels 1, 2 or 3). Orgation of shaded panels as in Figure 7.
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