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Executive summary

We consider the results from a one year simulation emplottiegnumerical ocean model
ROMS on an eddy resolving grid (mesh size ©f820 m) for a region along the Northern
coast of Norway, specifically the Lofoten-Vesteralen (larga (Figure 1)ROMS employs a
generalized terrain-following coordinate which allowglinvertical resolution near the surface
even in the deep water areas off Lofoten.

The particular aim of the study is to assess whether the atedihumerical ocean weather
is able to reproduce what is observed. Ocean weather is ctath® eddies, jets and meanders
with a typical length scale of order 10 km in these watershéisd be emphasized that these
features are responsible for most of the high current evaritee ocean. The present results
are to be compared with other numerical ocean weather siimngaby a third party.

Since we at present do not have access to any current obeas/fatr the hindcast/simulation
period (July 1, 2009 through June 30, 2010) we focus on a cosgrawith temperature and
salinity data extracted from the Institute of Marine Reskarhydrographic data base. In light
of the active, small scale eddy field giving rise to a high sphand temporal variability in the
area (e.g., Figure 11) we focus etatisticalcomparisons of time series. In addition we have
examined the spatial structure (lateral and vertical) eMélocity means (yearly, monthly and
daily means) at different depths.

The simulated one year mean flow (Figure 8) is generally ia With a similar product
constructed from observations alone (Figure 7). A primaifgiience is that th@OMS mean
along-slope jet is narrower and more energetic than thesjehated from observations, with
generally higher speeds in tROMS means. The flow pattern is however very similar with an
intensification of the northward flowing jet west of Lofotehhe jet is clearly baroclinically
unstable §hi and Rged1999;Fossum and Rge@006) shedding off eddies of diameter
40-50 km, and a host of smaller scale eddies (Figure 11). drigeil scale eddy is a long-lived
feature once formed and hence shows up in the monthly meds &slwell (Figure 9).

A comparison of the observed temperature and salinity witis¢ ofROMSreveals that the
model has a fresh bias of about 0.3 psu. Also revealed is thdehtends to be too cold in the
summer and too warm in the winter.
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List of abbrevations used
Here is a list of the main abbreviation used in the text.

¢ HIRLAM = High Resolution Limited Area Model

e LV = Lofoten-Vesteralen

e LOVECUR = The version of the mod&OMS set up for the Lofoten-Vesteralen area
¢ IMR = Insitute of Marine Research, Bergen, Norway

e met.no = The Norwegian Meteorological Institute, Oslo, May

e MIPOM = Norwegian Meteorological Institute’s version of the Reton Ocean Model
¢ NIVA = Norwegian Institute of Water Research, Oslo, Norway

e NorKyst800 = A collaborative project by and between metIhMiR and NIVA to estab-
lish a fine mesh ocean predictive model for Norwegian coagstrs. The target mesh
size is 800 mAlbretsen et a].2010)

e NCC = Norwegian Coastal Current flowing along the Norwegiaamst from the Swedish
border to the Barents Sea.

e NCW = Norwegian Coastal Water. NCW is commonly defined as maitsalinity less
than 34.5 psuSeetre 2007c).

e PDF = Probability density distributions, sometimes aldenred to as frequency dia-
grams

e POM = Princeton Ocean Model
e ROMS = Regional Ocean Modeling System

e www.yr.no = The Norwegian Meteorological Institute web portal forsgimination of
atmospheric and ocean weather forecasts

e SSH = Sea surface height. Contains the combined water lexetaltides and storm
surges.



2 1 INTRODUCTION

1 Introduction

The purpose of this report is to provide an overview of thekwymerformed by the Norwegian
Meteorological Institute (met.no) associated with rese&ontract No. 452047180 awarded
to met.no by Statoil. The work is part of a Joint Industry Bobjto enhance our understanding
of currents in the Lofoten and Vesteralen (LV) area (Figl)eTo prepare for eventual oil and
gas exploration it is of general importance to get a good stdeding of the environment in
the LV area. In particular it is of interest to get insightdarihe meteorological and oceano-
graphic variables such as winds, waves, water level (tidiglt and storm surge) and currents
to design offshore structures that are both safe and cosieeiti

71N —

70N —

69N —

68N —

67N —

66N —

6E

Figure 1:Displayed is the computational domain of theVECUR model and its rendition of the
topography in the Lofoten-Vesteralen area. The color mpdihows depths in meters in
accord with the color bar on the right-hand side. Note theynsamall scale canyons and
promontories along the shelf break.

The focus here is to provide increased understanding oflibeeaocean variables in the
LV area. To this end the Norwegian Meteorological Institstasked, as one of several insti-
tutions, to provide detailed information about currentatev level, temperature and salinity
for the period from July 1, 2009 to July 1, 2010 in the LV arew,use of numerical ocean
models, that is, to perform a hindcast simulation at leasty@ar long. The information will
a posteriori be used to evaluate the model’s skill in hintiegscurrents by a third party in
comparison with other similar simulations performed byeotimstitutions.



In general the currents in the LV area consist of the nortbvitawing current known as
the Norwegian Coastal Current exhibiting maximum speea@dofit 1 m/s. The main path of
the current follows the shelf slope and is associated wetribnt that separates the inflowing
high salinity water of Atlantic origin from the fresher coalswater. As in the atmosphere
these fronts are unstable and on the shelf and off the sigtifdurrent speed events are com-
monly associated with features such as mesoscale eddiess find jets, or simply features
associated with what may be referred to as the oceanic weadihneterm 'oceanic weather’ is
used since the mesoscale eddies, jets and fronts are the®ceanterpart to the atmospheric
cyclones. In Norwegian ocean waters these features typitave a length scale of order 10
km which is two order of magnitude smaller than in the atmesph To be able to forecast
such events is of importance for all kinds of operations atiseluding operations performed
by the offshore industry.

Just as in meteorology ocean forecasts are based on nuhmeoidals. The question there-
fore arises: what is the model’s skill? For marine operaithe focus is traditionally on the
model’s skill in forecasting a particular event, say an@&xte current event. We may refer to
this skill as the model’s forecast skill. When designingshfire structures the focus is shifted
to the model’s skill in reproducing the statistics, in whichise the skill we refer to is the
model’s statistical skill. The latter refers to the modaeiltslity to reproduce known statisti-
cal properties for instance the frequency of extreme ctigeents. It should be emphasized
that even though the model’s forecast skill is poor, the niedeatistical skill may still be
fairly good, but not vice versa. The reason for this is thatrtiodel may have a poor timing
of the various extreme events, but the number of such evesiyseddies passing a particular
location during a season or year, may still be correctly aea. Under these circumstances
the forecast skill will be poor, but the model’s statistiskill will be good. While a model’s
forecasts skill is reasonably well analyzed by simple scattagrams, the model’s statistical
skill is best assessed by analyzing the frequency distabutf events or so called probability
density functions (PDFs). Thus to evaluate the skill of aipalar model we must not only
consider its ability to forecast particular events in theat, but also consider its ability to
reproduce known statistical properties. The latter is figtance of importance in the design
of offshore structures where the tail or wings of the disttikins are of crucial importance to
simulate correctly.

The work performed for this particular purpose builds on.n@¢ capability to produce
current hindcasts and forecasts in Norwegian watdestinsen et al. 1995;Engedah| 1995b;
Engedahl and Rged 999;Hackett and Engedah2000;Engedahl et al.2001;Jenkins et al.
2001;Rged and Fossumi004;LaCasce and Engedat2005;Fossum2006;Albretsen 2007;
Rged and Albretser2007; Albretsen and Rge®010). To this end met.no for many years
used a local version of the ocean mo&e&lM (Blumberg and Mellor1987) namedIPOM
(Engedahl1995b;Engedahl et al.2001). PresentlyliPOM is replaced by a more modern and
recently developed ocean model nanRMS. For the time being, they both run in parallel
and are set up to produce up to 66 hours forecasts once a daypyad for Norwegian waters.
These forecast includes smaller local domains, with eddglveng capacities, nested into a
the main forecasting model. The latter covers the entirelldd@eas with a grid size of 4 km.
Daily updates of the latter forecasts are available at tHe pegtalwww.yr.no.

Recently met.no in collaboration with the Institute of M&iResearch (IMR) and the Nor-



4 2 CONFIGURATION OF THE MODEL

wegian Institute of Water Research (NIVA) embarked on aqmiyith the goal of estab-
lishing a fine mesh ocean model for the Norwegian Shelf arats avgrid size of 800 m
(hereafter NorKyst800). Moreover, as part of the MyOceamqut (myocean.eu.org) funded
by the European Commission’s seventh Framework Programmeieno in collaboration with
the Nansen Environmental and Remote Sensing Center, isegponsible for running and
disseminating operational forecast products from the TO&fstem (available at the site my-
ocean.met.no).

The present work take advantage of the work done in NorKyxsit8€hat we use the bottom
topography and land sea mask already provided, and use ttus out a nested model domain
as displayed on the front page figure. In Sections 2 and 3 weridesthis work in more
detail and also provide information about the models we Wisé&ection 4 we describe and
analyse the results and include a thorough discussion eéthits. Since the models velocity
distributions and the wings of these distributions are irtgud for establishing the design
currents, we focus in particular on how good the models acagturing the higher end of the
velocity distributions. A summary is provided in the Exaeatsummary up front and also in
Section 5.

2 Configuration of the model

In setting up theeOVECUR version ofROMS for the one year simulation covering the LV
area there is some crucial input needed. This includes tefirof the computational domain
and the topography. Other important input is mesh size, spmeric driving forces (momen-
tum, freshwater and heat fluxes), input from rivers, tidatifog, initial conditions and lateral

forcing at open ocean boundaries.

2.1 Computational domain

The computational domain and area of tt@/ECUR model is displayed in Figures 1 and
2. The major topographic feature of the LV area is the steeff stope in which the depth
changes from about 200 m on the shelf to an abyss of about 3@6&seep in the Lofoten
basin. The lateral distance over which this happens is dhlp 30 km. Furthermore we note
that the shelf is highly irregular with small scale canyonsl @romontories cutting across
it. The circulation in the upper water layers is dominatedahyinflowing jet that follows the
shelf slope northwards. The jet is associated with the §eparating the coastal water masses,
comprised of the fresh and (in winter) cold Norwegian Cdaatter (NCW), from the saltier
and warmer inflowing water of Atlantic originSgetre 2007a) as for instance depicted by
Figures 3. The front is unstable and theVECUR area is therefore a region of complex
dynamics, with many mesoscale features such as eddiets &nd jets $aetre 2007b) which

is also depicted by our model results (Figure 4). In paréicule note the robust eddy located
in the vicinity of 69N, 12°E, an eddy also noted y@ed et al(2010). As argued bifossum
and Rged2006),Fossun{2006) andAlbretsen2007) these structures are dynamically similar
to the cyclone systems found in the atmosphere, and arecchysecombination of baroclinic
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Figure 2:Displayed are bottom topography contours and location d® IWdrographic stations (blue
dots) used for validation purposes in the LV area or. Alssmsh(red dots) are the locations
of the nine stations at which contracted time series of mahllts are extracted. Note that
most of the hydrographic stations are on the shelf in watetepths less than 200 m, and
that all of the stations were model results are extractedmitbe shelf.

and barotropic instabilities. Moreover they are assodiati¢h strong velocities and, as is well
known, constitute a potential threat to any offshore anaarine operation.

2.2 Model set up
2.2.1 Mesh size

The mean mesh size is slightly about 820 m with a maximum miesto$ 835 m and a mini-
mum mesh size of 815 m. Note that this relative fine mesh maleesibdels eddy resolving.
We emphasize that the phrase eddy resolving is used to atdahgevthat the model not only
resolve the eddies once formed, but also the processesils# mesoscale features in general
and eddies in particular to be generated. The one and a talfsymulation commenced on
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Figure 3:Satellite image depicting the sea surface temperature)(BSfie northern North Atlantic.
The image is a one week composite centered on March 3, 2086 aveiontour interval of
1°C. This and similar images are available at http://saf moét.

January 2, 2009 00UTC and ended on June 30, 2010 OOUTC. Thedifyear is a spin up
and results are only shown for the last year.

2.2.2 Topography

The bottom topography is derived from the NorKyst 800 topphy. NorKyst 800 is a col-
laborative project between met.no, IMR and NIVA to estdblis eddy resolving operational
model for Norwegian coastal areas covering the coast frensthedish border in the south to
the Russian border in the nortAlbretsen et al.2010).

2.2.3 Atmospheric forcing

The atmospheric variables necessary to derive momentuah ginél freshwater fluxes at the
surface are extracted from archivetRLAM12 analyzes fieldsHIRLAM is met.no’s opera-
tional numerical weather prediction model. THERLAM12 version is the core model, and as
the name indicates it has a mesh size of about 12 km. Also fieshmodel versions are
available, for instancellRLAM8 andHIRLAM4, of respectively 8 and 4 km mesh size. The
atmospheric variables extracted and made available t@@¥MS model are the two lateral
wind components at 10 meter height, the mean sea level peedba temperature at 2 meter
height (must be specified iK), the specific humidity at 2 meter height, the total cloustero
(in %) and the precipitation rate (must be specified in mm gemn@urs).

TheHIRLAM12 analyzes fields have a temporal resolution of 24 hours. yfghasize that
this somewhat low temporal resolution may result in lessgnegansfer from the atmosphere
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Figure 4:Displayed is the daily mean of the simulated surface cusrinthe Lofoten-Vesteralen area
derived by theLOVECUR model August 30, 2009. The curly arrows shows the direction
of the currents while their color indicate the speed in agawith the color bar to the right.

Note the many jets and eddies present. Note also the donsioar@what larger eddy located
slightly north of 70N and at about 1ZE at this time.

to the ocean in comparison to applying a higher temporaluésa. Exploratory experiments
usingMIPOM for other coastal ocean areas (e.g., Skagerrak) and witrehigmporal reso-
lution does not show an an impact on the mesoscale activitgrgéed (Rged 2010, personal
communication). To analyze this in detail for the LV area wedto redo the simulation with
a higher temporal resolution and possibly higher spatsdltgion.

2.2.4 Lateral boundary forcing

The lateral boundary forcing is provided by archived anadylzelds consisting of daily mean
currents, water level, temperature and salinity. The injat are extracted from the archived
operationaMIPOM analyzes. The archive is build up of daily mean fields savéoaatically
once per day based on the operatianOM in which the Nordic 4 km version afIPOM is
used. As indicated this version has mesh size of 4 km. It soiver entire Nordic Seas, and
has open boundaries to the south and north.
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At the open boundaries ®dIPOM we specify monthly means of the above mentioned vari-
ables. These data are extracted from the so called EKAS@archhe latter are generated by
usingMIPOM with fixed hydrography to produce consistent velocity fididen a given cli-
matology (in this case the Levitus climatology augmenteithwbservations from the Nordic
Seas regiorengedahl et al.1997, 1998). The fields represent monthly means, and ss lack
somewhat in temporal resolution. However they offer a fatiysistent barotropic flow com-
ponent, which is important for the inflows to the Nordic Sead s throughflow.

3 Characteristics of the models

The LOVECUR model is the met.no/IMR version of the public domain modeIMS. The
canonical version of the latter is described in some det&lbidvogel et al(2008). The model
MIPOM that provides the lateral boundary forcing on the southgestern and northern open
boundaries, is described in some detaiEingedahl(1995b);Blumberg and Mello(1987).
Here we focus on what is new and on the characteristics df@WECUR set up.

The version 0ROMS we use is the canonical version 3.2 with extensions from [Vife
main reason for the change is to take advantage of the remgpdtitheROMS at IMR with re-
gard to tidal formulation, including the nodal correctiamd the coupling to a sea-ice model.
The former fixes the phase error of the previous version pgrentiin earlier operational prod-
ucts (e.g.R@ed 2006). The mesh sizes and number of vertical levels aregivéable 1. The
ROMS simulation was completed on the supercomputer Titan. hhifagas run by people at
the Norwegian Meteorological Institute with help from p&oat IMR.

3.1 Vertical coordinate

We note thatROMS utilizes a generalized terrain-following vertical coordie. Terrain-
following implies that the vertical levels follow the bottocontours and transform the depth
coordinate from a depth coordinate to a non-dimensiondicatrcoordinate, irROMS de-
noteds, which has the rangee [—1,0] with s= 0 at the surface ansl= —1 at the bottom.
For a detailed description of vertical coordinate system@MS we refer toSong and Haid-
vogel(1994). For a general description we refeQaffies (2004, Chapter 6). The advantage
of the generalization is that it allows us to simultaneoumsbintaining high resolution in the
surface layer in deep water as well as dealing with steepatall topography. This is crucial
in our case because of the steep slopes encountered in theeé\(eag., Figure 1). Depth of
the s levels can be calculated using theoordinate formula oSong and Haidvoggl1994).

In the LOVECUR application we usés = 8, 6, = 0.1 andhc= 10. At a depth of -1000 meters
these values gives levels at (from bottom and up) -904, -78t1, -508, -426, -361, -308,
-266, -233, -205, -183, -164, -147, -132, -117, -102, -86, -36, -43, -32, -24, -18, -13, -10,
-8, -6, -5, -4, -3, -2, -1.5,-1.1, -0.7, -0.2 meters, respebt for the density levels.



3.2 Advection scheme 9

Table 1:Model facts

Text Unit ROMS
Maximum mesh size m 835
Minimum mesh size m 818
No. of vertical levels/layers - 35
Horizontal dissipation - No explicit
diffusiont
Vertical mixing - GLS mixing
schemé
Mode splitting - yes
Horizontal advection scheme - 3rd order
upwind
Long (internal) time step S 45
Ratio of internal to - 15

external time step

There is some weak horizontal diffusion due to the applhcati
of the third order upwind advection scheme,
2Umlauf and Burchard2003)

3.2 Advection scheme

ROMS has a wide variety of advection schemes of relative highrorétere we use a 3rd
order upwind biased scheme for the horizontal advectionahentum, salinity and temper-
ature Shchepetkin and McWilliam4998). In our experience this scheme has good proper-
ties in maintaining fronts and permitting mesoscale eddrest filaments. In the vertical the
parabolic spline-based representatiorBbthepetkin and McWillian{2005) andHaidvogel

et al.(2008) is used. This scheme gives effectively a very higleovdrtical advectionrROMS
also offers several vertical mixing schemes. The one usesl isehe two-equatiok — w
scheme of the Generic Length Scale (GLS) formulatiobwilauf and Burchard2003). The
implementation of this scheme ROMS is documented iWarner et al.(2005). Note that
no explicit horizontal diffusion is used. As displayed irbl@l we emphasize that although
no explicit horizontal diffusion is employed ROMS, the 3rd order upwind scheme provides
some implicit diffusion. The vertical diffusion is embedda the GLS scheme.

3.3 Lateral forcing and open boundary conditions

The computational domain has large open boundaries to thte,seest and north, at which

lateral open boundary conditions are imposed. The comditemnsists of daily means of
the two lateral components of current, temperature, $gland sea surface elevation. This
information is extracted from the daily mean archiwatPOM analyzes once per day. The
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information we extract is available at 0, 5, 10, 20, 30, 5@,2D0, 500, and 1000 m depth.
Tidal elevation and tidal currents are specified separdg&sygtion 3.5.

A variety of open boundary conditions are availableR@MS. Here we use the recom-
mended Chapman/Flather combination for the free surfad&@?D volume fluxes, (external
mode) and for the 3D (internal mode) we use a radiation cmmdénd nudging as described
in Marchesiello et al(2001) andAlbretsen et al(2010). The primary change we have done
is to extend the nudging zone from 15 to 30 grid points. Fagrrlecations and discharges
we use the same as for NorKyst8Q8llfretsen et al.2010) as displayed in Figure 5. Thus
the river outlets are located as close as possible to thadipassition in the model grid, which
sometimes are at the bottom of some of the fjords that cuhéhfeom the main shoreline.
We specify the rivers as a volume flux across the land-seadawy@pproximately. A vertical
profile is used, giving highest flow in the upelevels.

71N — L
70N — L
69N — d : } e 1
68N — 1 s :.' . -

67N ] ¢ o: I

66N — 5 —
I I I I
6E 9E 12E 15E 18E

Figure 5:Displayed is is thee OVECUR model domain and topography showing the location of the
river effluents (red dots). Note that the river mouths arated approximately where they
discharge into the ocean, and that many of these locatienselt inside the fjords.
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3.4 Atmospheric forcing and bottom friction

To convert atmospheric values to a momentum and heat flux toghe model we use have
replaced the standarDMS bulk flux routine by the routines outlined Rged and Debernard
(2004) as described iAlbretsen et al(2010). The bottom friction is quadratic and follows
the formulation ofGerritsen and Bijlsm#1988), that is,

Tp = C|up|up 1)

whererTy is the bottom stressy is the bottom velocity an@ is a constant dependent on the
equilibrium depth (decreases with increasing equilibridepth). The coefficient we use is
3.0.10°3.

3.5 Tidal forcing

The tidal forcing ofROMS has been re-implemented at IMR, including tidal potentmealt (
used inLOVECUR) and nodal correction. Both tidal elevation and depth irdegg current is
included in the boundary forcing by the aforementioned @map'Flather boundary condition
which is designed for this purpose. Tidal information isragted from the TPXO tidal data
base. We extract eight constituents as outlinefllbretsen et al(2010), namely thé,, K1,
Ko, Np, S, P, O1, andQ; constituents.

3.6 Time stepping

To speed up the integration we use the mode splitting tedlenthat comes wittROMS

to separate the external and internal modes. It is a fainsmacked and recently developed
scheme in particular regarding the exchange of informdiietveen the modeshchepetkin
and McWilliams 2005;Haidvogel et al.2008). The actual time step we use is 45 seconds for
the external mode, and a ratio of 15 between external anatigef internal time step (Table
1).

4 Analysis

Hereafter we will analyse the model results. In particulamill compare the model results to
temperature and salinity observations. We focustatisticalcomparisons. As demonstrated
for instance byLaCasce and Engedali2005) andAlbretsen and Rge(010), predictabil-
ity (forecast skill) off the Norwegian coast is relativelyt due to the energetic, small scale
(order 10 km) eddies there. In fact we expect the eddies tovbe more energetic in the
present application since we employ a mesh size about fivestemaller than used hya-
Casce and Engedali2005) (4 km mesh size) and about two times smaller thiaretsen and
Rged(2010) (1.5 km mesh size). Accurate predictions will therefrequire widespread data
assimilation, but comparing the model with such assinatatvould obscure the workings of
the model itself. As the latter is the focus here, a staibtomparison is the most sensible
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Figure 6:Displayed is the approximate postions of the IMR statioro8&i(left panel) and IMR station
Eggum (right panel) at which semi-continuous time seriestfe hindcast period exists and
are extracted (in our notation denoted Station 10 and 1feotisely).

approach. Despite this fact we include scatter diagranmsrtblaides all the IMR observations
displayed in Figure 2 (blue dots).

The temperature and salinity observations available ta@gxtracted from the IMR hy-
drographic data base. We have only extracted observatianséve a location inside of the
LOVECUR computational domain (Figure 2). Since the IMR data did wottain any velocity
measurements for this period we have no observations toae@myth regarding currents and
water level for the hindcast period.

For velocity observations, we use an estimate of the meaanalgsurface velocities, de-
rived from the “Rio05” product of the CLS Space Oceanograpiwsion of AVISO. Rio05
estimates the mean dynamic sea surface height for the 1993eriod using a multi-variate
analysis of hydrographic data, surface drifter velocitied altimetry (the geoid is corrected
using both the CLS01 MSS - EIGEN-GRACE 03S geoid and the NORevifus) WOA98
climatology*, referenced to 1500 dbar). The geostrophic velocitiestae estimated by dif-
ferencing the sea surface height. We emphasize that the&sRields are based solely on in
situ and satellite data, i.e., they do not involve a numénwadel. The primary drawback is
that the Rio05 fields are calculated on a 50 km grid and thusioapnly a smoothed version
of the surface flow.

4.1 Currents

We consider first the yearly, monthly as well as daily meanddief currents and water level.
The one year average spans the complete hindcast perigd.(A409 through June 30, 2010).
We focus primarily on the means at 10 m depth, but we also slovesorresponding fields
at the surface.

http://www.cdc.noaa.gov/cdc/data.nodc.woa98.html
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Figure 7:Surface velocities (upper panel) and speeds (lower parmt) the Rio05 product. The
velocities correspond to means from the period 1993-199@. cblor scale shows speed in
cm/sec.

4.1.1 Observations

Contours of the horizontal velocity speeds based on the™Rita are shown in Figure 7. The
fields are in line with circulation schemes derived from logtaphy (e.g.Mauritzen 1996;
Seetre 2007a;Skardhamar and Svendse2005). Of primary relevance here is the inflow
from the southwest consisting of an “outer branch” thatdiel the main shelf slope across
the Varingsplateau and an “inner branch”, consisting ofvigian Coastal Water (NCW),
hugging the coast.

The “inner branch” veers offshore shortly after it enters tDVECUR area. Only a very
small fraction continues along the coast and enters thdjdeln. The offshore veering is
caused by the constriction imposed by the Lofoten Islandhcaiad its associated shallower
shelf. The major portion that peels offshore meets the dararch at the shelf break where it
turns to the right to follow the shelf slope northward. Where two branches meets the front
intensifies. In evidence of this, and as displayed in Figutb&'shelf slope jet associated with
the front intensifies with speeds of 15-25 cm/sec as it cae8morthward along the shelf
break. The jet reaches its maximum speed of about 25 cm/sdmat 70N and 17E. The
maximum speeds are somewhat low compared to in situ essrfrata current meters, which
indicate mean speeds of up to 60 cm/sec in the upper layehe gétt The lower speeds here
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undoubtedly stem from the low resolution of the height fields

The mean flow here is important for regional variability. Tées known to be unstable and
hence generate eddies. These eddies spread laterally emathie current cores. In addition,
drifter and current meter observatior@ryik and Niller, 2002;LaCasce 2005) suggest that
due to the highly time dependent nature of the flow it is diffi¢a observe the flow with
stationary measurements, like current meters.

71°N — 1
0.8
70°N —
0.6
69°N — H
—0.4
68°N — -
0.2
67°N —
0
66°N —
| | | | | |

6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E

Figure 8:Displayed is the mean sea surface currents for the hindeastdone year mean). Currents
are depicted as curly vectors where its color indicates pleed in m/s in accord with the
color bar to the right. The red circles indicate the positibthe nine stations at which model
results are extracted for analysis by a third party. We olestrat all of them are situated
up on the shelf where the currents are generally weaker wébds less than 0.3 m/s. Only
those closer to the shelf break are in the vicinity of the jet thus may experience higher
current speed from time to time.

4.1.2 Model results

As an example of the typical model response at 10 m, condigeydarly mean velocity vec-
tors from theLOVECUR simulation shown in Figure 8. In line with the mean “Rio” aitation
pattern shown in Figure 7 the inflow in the southwest has tvaodnes, one hugging the coast
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and one offshore follwing the shelf slope. As in the “Rio” @dlhe inner branch meets the
outer branch at the shelf breaks at which points in veerdmatd to flow along the shelf
break west of Lofoten archipelago. Here the simulated jenisifies which is very much in
line with the “Rio” data. This circulation pattern is alsoline with that of Seetre and Aure
(2007). A primary difference between the tROMS means and the Rio data is the strenght
of the current jet. Th®@OMS means are generally faster (about 0.6 m/s) and is more or less
uniform in speed all along the western flank of Lofoten. The*Rlata on the other hand has

a pronounced maximum at the northern end oftldgECUR computational domain. We also
note that the width of thROMS jet is narrower than the one estimated in the Rio data. This
comes at no surprise and is undoubtly due the course resoiutithe Rio data as alluded to

in the preceeding section.
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Figure 9:Monthly mean currents at 10 m depth. The upper panels shoam (ft to right) July,
August and September of 2009, while the lower panels showl@ct November and De-
cember of 2009. The figure is continued in Figure 10 showiegé&maining six months of
the hindcast period. Note the presence of the many robustsoale features showing up
even in these monthly averages. In particular note the gteoldies in July and September
of 2009.

According toSeetre and Aur€2007) a pronounced characteristic of the circulationguatt
in the LV area is its high temporal and spatial variabilithelmodels appears to capture this
as illustrated by Figures 9 and 10. These figures show theéwebnthly mean currents for
each month in the hindcast period. In most of them we notieg@thsence of a dominant eddy



16 4  ANALYSIS

71N o 1 71N o

70°N — 70°N —

69°N | 6e°N |
68°N —

68°N —

67°N | 67°N

66°N — 66°N —

T T T T T T T T T T T T T T T T T T
6°E  8°E 10°E 12°E 14°E 16°E 18°E 20°E 6°E  8°E 10°E 12°E 14°E 16°E 18°E 20°E 6°E  8°E 10°E 12°E 14°E 16°E 18°E 20°E

71°N 1 71°N 1 71°N o

70°N — 70°N —

69°N — 69°N —

68°N — 68°N —

67°N — 67°N — 67°N —

66°N —| 66°N —| 66°N —|

6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E

Figure 10:As Figure 9, but showing the monthly mean currents at 10 mhdefjot January, February
and March (upper panels from left to right) and April, May ahthe (lower panels) of
2010.

of diameter about- 40 - 50 km. Its location varies, but it appears to be locatéhofe of the
shelf and the shelf slope jet, and within an area limited by 6N and 10-14E. The eddy is
most pronounced in September 2009, but traces of it is @siball monthly mean pictures.
This indicates that the dominant eddy is a semi-permanatire of lifetime at least a month
or longer. We also note with interest the appearence of asefismaller scale eddies inside
the Vestfjorden in October-December of 2009. These eddeslao reported ifsaetre and
Aure (2007) to be semi-permanent features.

The reason for the richness in mesoscale features is no doehio the instability of the
intensified front. The formation of one of them is depicteéigure 11 showing a series of 12
daily mean surface currents two days apart starting on M@0 B0. We note the presence of
an “old” eddy generated earlier.

4.1.3 Vertical variation

Next we examine how the velocities vary in the vertical. Tis #nd we examine the PDFs
from four of the nine stations, specifically Stations 1, 7n8 8. We note that these stations
are the ones closest to the shelf break, while the remainatigpss are further up on the shelf
(Figure 12). We would therefore expect, given the high teralpeariability of the circulation
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Figure 11:Eddy shedding in the model. The series shows daily meancgudarrents two days apart
for a twelve day period. Upper left is on May 3, 2010, while éwight is at May 8, 2010.
The colors of the curly vectors indicate the current striemgtaccord with the color bar to
the right of the figure.

pattern as shown in, e.g., Figure 11, that the shelf slopetfrom time to time may hit one
or several of the four stations closest to the shelf breakthEtmore we note that Stations 7
and 9 are the two shallowest stations (96 and 76 m, respigtased located on the top of
hilly structures or promonteries, as is Station 7 (141 m Jlespile Station 8 is the deepest
(218 m) and the only one of the nine stations located in onkefrtany small canyons cutting
into the shelf slope. We would therefore expect most pronedrdirectional variance with
depth at the two shallow stations.

From their PDFs (Figures 13 and 14) we note that Station 3Istaant. While Stations 1,
7 and 8 all have mean speeds of about 0.15-0.25 m/s Statios 8 heaean speed of about
0.4-0.5 m/s. Moreover Station 9 has more high speed evenpsyrticular in the upper layers
(above 50 meters) where high speed events with speeds almisedccur. We also note the
marked reduction in mean speed with depth below 30 m at &tatiavhich is markedly less
pronounced in the three other stations. This is undoub#ytdiBtation 9 being the shallowest
station with a bottom depth of 76.3 m. The higher mean spe&tadion 9 is in line with the
mean field pattern shown in Figure 8. Moreover, the occurefceore frequent high speed
events at this station is expected when examining the thehtyomean fields (Figures 9 and
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Figure 12:Location of the nine stations were data is extracted andetel (red dots). Also shown
are the stations along IMR’s Gimsgy section (blue dots).eNbat Station 8 is the only
station located in one of the canyons cutting into the shé&lie remaining stations are
located at hilly areas. We also note that Stations 1, 7, 8 aaré ¢hose closest to the shelf
break.

10) and the daily means Figure 11, where Station 9 is clesudioser to the slope current than
any of the remaining eight stations.

Station 9 also differs drom the others with respect to theational PDF. While Station 9 is
almost unidirectional at all depths, the other three statall have tails differing from zero at
all depths indicating a somewhat higher directional sprédm most surprising is the results
at Station 8. Here we expected the currents to be alignedthéldirection of the canyon.
However, the canyon is probably too narrow compared to timeirfant length scale for such
an alignment to show up in the upper layers (recall that @taiis 214 m deep).

4.2 Sea surface height

Next we examine the sea surface height (SSH). It should bénasiged that the SSH is the
total water level changes and includes the combined efféittes and storm surges. To extract
the tidal signal we have used Pawlowicz’'s MATLAB toolboxXTTDE (Pawlowicz et al.2002).
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Figure 13:Frequency diagram (PDF) of the speed (m/s) and directioaraiws depths at Station Nos.
1 (upper panels) and 7 (lower panels). The depths are at 0, 20130, 50, and 75 meters.
The model bottom depth at the stations are 141 and 96 metspeatively. The direction
is with respect to north, that is;y @& due north while -90is due west.

The storm surge contribution is calculated by subtractimggtidal signal from the total SSH.
An example from Station 8 is displayed in Figure 15.

Examining Figure 16 reveals that the mesoscale activityse pronounced in the SSH
fields. In particular the dominant eddies shed off from tlogslcurrent are pronounced. The
slope current is also visible as a marked drop in the SSH arftsh
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Figure 14:As Figure 13, but for Station Nos. 8 and 9. The model bottonttdapthese stations are
218 and 76 meters, respectively.

4.3 Hydrography

Finally we examine the temperature and salinity. To compaodel results and observations
we focus on data from all of the IMR stations (the blue dotsiguFe 2). Regarding time series
we focus on Stations 10 and 11 (Figure 6). These are two of $MiRéd stations along the

Norwegian coast and they therefore have an almost contihatascoverage while the other
IMR data is more scattered in time and space.
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Figure 15:Depicted are the time evolutions of the predicted tidal hie{ged curve) and the storm
surge contribution (blue curve) at Station 8. We note thattithes are the dominant signal
and that the dominant variablity in the storm surge resp@ea the seasonal scale.

4.3.1 Model salinity fields

As shown by Figures 17 and 18, depicting the average seacews#dinity for the month of
September 2009 and June 2010, respectively, the fresher N@Ahsported offshore by the
active eddy field. In particular we note that the core of thmmnent eddy discussed in Section
4.1 (Figure 9, upper right panel) is decidedly fresher thasurrounding water.

Also to be observed are the filaments of less saline waterygliog offshore off the shelf
slope perhaps most pronounced in June 2010. Interestimgde tdynamics are similar to what
is observed and modeled in several of the worlds most pramhinawvelling areas such as off
the Iberian Peninsul&(@ed and ShiL999, and references therein) and off the California coast
(Brink and Cowles1991;Barth, 1994, and references therein). The primary differendeas t
in the upwelling areas the lighter coastal water is causdddal upwelling. Here the lighter
density water (less saline) along the Norwegian coast apppegause of the many freshwater
sources feeding into the NCC of which the Baltic water entgthe Skagerrak is the most
prominent source for the NCWR@ed and Albretsg2007).
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Figure 16:Monthly mean sea surface height. The upper panels shows [@foto right) July, Septem-
ber and November of 2009, while the lower panels show Janiasch and May of 2010.
Note the presence of the many mesoscale features in lindRigitlres 9 and 10.

4.3.2 Comparison against observations

To examine the forecast skill we may examine Figure 19 shgwia model against observed
salinities for all IMR stations (blue dots in Figure 2) thghout the entire hindcast period at
various depths. We observe that, except for the somewlsdi fi@s in the four upper levels (5,
20, 50 and 100 m depth), the model is actually doing pretty.Weé also observe that at 500
m both model and observation are depicting Atlantic wate3%psu or above. At 200 m the
model is clearly off the mark. This may indicate that thisnghe vicinity of the pycnocline
depth and thus the model may appear to have deeper mixediayeobserved.

Examining the similar scatter diagrams for temperaturgyfé 20) we observe that there
Is a tendency for the model to underestimate the warmer tetypes above 6°C and to
overestimate the temperatures below these values in ther lgogers (above 100 m). Since
the warmer temperatures happens at the end of the summendgagjust-September) the
model appears to be slightly too cold in the summer and tgh#ji to warm in the winter.
In support of this we may examine the time series at Statioloddted west of the Lofoten
Archipelago (Figure 6) clearly showing that the model is¢old in the summer.

The above conclusions are further supported by the PDFst&tio§ 11 shown in Figure
22.
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Figure 17:Average sea surface salinity for the month of September.200®rs indicate salinity with
a contour interval of 0.25 psu as displayed by the color kais ihteresting to note that
the eddy visible in Figure 9 (upper right panel) has a freslee than its adjacent waters.
In fact the graph shows that the active eddy field is transpmpthe fresher NCW offshore
across the shelf.

5 Summary and conclusions

We consider the results from a one year simulation emplottiegnumerical ocean model
ROMS on an eddy resolving grid (mesh size ©f820 m) for a region along the Northern
coast of Norway, specifically the Lofoten-Vesteralen (larga (Figure 1)ROMS employs a
generalized terrain-following coordinate which allowglinwvertical resolution near the surface
even in the deep water areas off Lofoten.

The particular aim of the study is to assess whether the atedihumerical ocean weather
is able to reproduce what is observed. Ocean weather is ctathi® eddies, jets and meanders
with a typical length scale of order 10 km in these watershéisd be emphasized that these
features are responsible for most of the high current evaritee ocean. The present results
are to be compared with other numerical ocean weather siimogsby a third party.
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Figure 18:As Figure 18, but for the month of June 2010.

Since we at present do not have access to any current obeas/air the hindcast/simulation
period (July 1, 2009 through June 30, 2010) we focus on a casgrewith temperature and
salinity data extracted from the Institute of Marine Reskarhydrographic data base. In light
of the active, small scale eddy field giving rise to a high isphand temporal variability in the
area (e.g., Figure 11) we focus statisticalcomparisons of time series. In addition we have
examined the spatial structure (lateral and vertical) eilocity means (yearly, monthly and
daily means) at different depths.

The simulated one year mean flow (Figure 8) is generally ie With a similar product
constructed from observations alone (Figure 7). A primaffgince is that th&@OMS mean
along-slope jet is narrower and more energetic than thesjehated from observations, with
generally higher speeds in tROMS means. The flow pattern is however very similar with an
intensification of the northward flowing jet west of Lofotefhe jet is clearly baroclinically
unstable §hi and Rged1999; Fossum and Rge®006) shedding off eddies of diameter
40-50 km, and a host of smaller scale eddies (Figure 11). drigel scale eddy is a long-lived
feature once formed and hence shows up in the monthly meds &slwell (Figure 9).
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Figure 19:Scatter diagram of salinity extracted from all IMR statiqfégure 2 for 5, 10, 50, 100,
200, and 500 meters. Observations is along the horizonta) akile model results are
shown along the vertical axis. The scale is from 30 to 36 psu.

A comparison of the observed temperature and salinity Witisé ofROMSreveals that the
model has a fresh bias of about 0.3 psu. Also revealed is thdehtends to be too cold in the
summer and too warm in the winter.
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Figure 21:Time series of temperature (left panel) and salinity (riggmel) for Station 11 Eggum. Red
curves correspond to model results, while the observatiomslenoted with blue crosses.

35.0

34.0

33.0

3R.0

35.0

34.0

33.0

32.0



28 5 SUMMARY AND CONCLUSIONS

Station 11 (depth 0010 meters).
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