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Executive summary

We consider the results from a one year simulation employingthe numerical ocean model
ROMS on an eddy resolving grid (mesh size of∼ 820 m) for a region along the Northern
coast of Norway, specifically the Lofoten-Vesterålen (LV)area (Figure 1).ROMS employs a
generalized terrain-following coordinate which allows high vertical resolution near the surface
even in the deep water areas off Lofoten.

The particular aim of the study is to assess whether the simulated numerical ocean weather
is able to reproduce what is observed. Ocean weather is connected to eddies, jets and meanders
with a typical length scale of order 10 km in these waters. It should be emphasized that these
features are responsible for most of the high current eventsin the ocean. The present results
are to be compared with other numerical ocean weather simulations by a third party.

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

The simulated one year mean flow (Figure 8) is generally in line with a similar product
constructed from observations alone (Figure 7). A primary difference is that theROMS mean
along-slope jet is narrower and more energetic than the jet estimated from observations, with
generally higher speeds in theROMS means. The flow pattern is however very similar with an
intensification of the northward flowing jet west of Lofoten.The jet is clearly baroclinically
unstable (Shi and Røed, 1999;Fossum and Røed, 2006) shedding off eddies of diameter∼
40-50 km, and a host of smaller scale eddies (Figure 11). The larger scale eddy is a long-lived
feature once formed and hence shows up in the monthly mean fields as well (Figure 9).

A comparison of the observed temperature and salinity with those ofROMSreveals that the
model has a fresh bias of about 0.3 psu. Also revealed is that model tends 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

• LV = Lofoten-Vesterålen

• LOVECUR = The version of the modelROMS set up for the Lofoten-Vesterålen area

• IMR = Insitute of Marine Research, Bergen, Norway

• met.no = The Norwegian Meteorological Institute, Oslo, Norway

• MIPOM = Norwegian Meteorological Institute’s version of the Princeton Ocean Model

• NIVA = Norwegian Institute of Water Research, Oslo, Norway

• NorKyst800 = A collaborative project by and between met.no,IMR and NIVA to estab-
lish a fine mesh ocean predictive model for Norwegian coastalwaters. The target mesh
size is 800 m (Albretsen et al., 2010)

• NCC = Norwegian Coastal Current flowing along the Norwegian coast from the Swedish
border to the Barents Sea.

• NCW = Norwegian Coastal Water. NCW is commonly defined as water of salinity less
than 34.5 psu (Sætre, 2007c).

• PDF = Probability density distributions, sometimes also referred to as frequency dia-
grams

• POM = Princeton Ocean Model

• ROMS = Regional Ocean Modeling System

• www.yr.no = The Norwegian Meteorological Institute web portal for dissemination of
atmospheric and ocean weather forecasts

• SSH = Sea surface height. Contains the combined water level due to tides and storm
surges.



2 1 INTRODUCTION

1 Introduction

The purpose of this report is to provide an overview of the work performed by the Norwegian
Meteorological Institute (met.no) associated with research Contract No. 452047180 awarded
to met.no by Statoil. The work is part of a Joint Industry Project to enhance our understanding
of currents in the Lofoten and Vesterålen (LV) area (Figure1). To prepare for eventual oil and
gas exploration it is of general importance to get a good understanding of the environment in
the LV area. In particular it is of interest to get insight into the meteorological and oceano-
graphic variables such as winds, waves, water level (tidal height and storm surge) and currents
to design offshore structures that are both safe and cost efficient.

  

Figure 1:Displayed is the computational domain of theLOVECUR model and its rendition of the
topography in the Lofoten-Vesterålen area. The color coding shows depths in meters in
accord with the color bar on the right-hand side. Note the many small scale canyons and
promontories along the shelf break.

The focus here is to provide increased understanding of the above ocean variables in the
LV area. To this end the Norwegian Meteorological Instituteis asked, as one of several insti-
tutions, to provide detailed information about currents, water level, temperature and salinity
for the period from July 1, 2009 to July 1, 2010 in the LV area, by use of numerical ocean
models, that is, to perform a hindcast simulation at least one year long. The information will
a posteriori be used to evaluate the model’s skill in hindcasting currents by a third party in
comparison with other similar simulations performed by other institutions.
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In general the currents in the LV area consist of the northward flowing current known as
the Norwegian Coastal Current exhibiting maximum speeds ofabout 1 m/s. The main path of
the current follows the shelf slope and is associated with the front that separates the inflowing
high salinity water of Atlantic origin from the fresher coastal water. As in the atmosphere
these fronts are unstable and on the shelf and off the shelf high current speed events are com-
monly associated with features such as mesoscale eddies, fronts and jets, or simply features
associated with what may be referred to as the oceanic weather. The term ’oceanic weather’ is
used since the mesoscale eddies, jets and fronts are the oceanic counterpart to the atmospheric
cyclones. In Norwegian ocean waters these features typically have a length scale of order 10
km which is two order of magnitude smaller than in the atmosphere. To be able to forecast
such events is of importance for all kinds of operations at sea including operations performed
by the offshore industry.

Just as in meteorology ocean forecasts are based on numerical models. The question there-
fore arises: what is the model’s skill? For marine operations the focus is traditionally on the
model’s skill in forecasting a particular event, say an extreme current event. We may refer to
this skill as the model’s forecast skill. When designing offshore structures the focus is shifted
to the model’s skill in reproducing the statistics, in whichcase the skill we refer to is the
model’s statistical skill. The latter refers to the model’sability to reproduce known statisti-
cal properties for instance the frequency of extreme current events. It should be emphasized
that even though the model’s forecast skill is poor, the model’s statistical skill may still be
fairly good, but not vice versa. The reason for this is that the model may have a poor timing
of the various extreme events, but the number of such events,say eddies passing a particular
location during a season or year, may still be correctly simulated. Under these circumstances
the forecast skill will be poor, but the model’s statisticalskill will be good. While a model’s
forecasts skill is reasonably well analyzed by simple scatter diagrams, the model’s statistical
skill is best assessed by analyzing the frequency distribution of events or so called probability
density functions (PDFs). Thus to evaluate the skill of a particular model we must not only
consider its ability to forecast particular events in the ocean, but also consider its ability to
reproduce known statistical properties. The latter is for instance of importance in the design
of offshore structures where the tail or wings of the distributions are of crucial importance to
simulate correctly.

The work performed for this particular purpose builds on met.no’s capability to produce
current hindcasts and forecasts in Norwegian waters (Martinsen et al., 1995;Engedahl, 1995b;
Engedahl and Røed, 1999;Hackett and Engedahl, 2000;Engedahl et al., 2001;Jenkins et al.,
2001;Røed and Fossum, 2004;LaCasce and Engedahl, 2005;Fossum, 2006;Albretsen, 2007;
Røed and Albretsen, 2007;Albretsen and Røed, 2010). To this end met.no for many years
used a local version of the ocean modelPOM (Blumberg and Mellor, 1987) namedMIPOM
(Engedahl, 1995b;Engedahl et al., 2001). PresentlyMIPOM is replaced by a more modern and
recently developed ocean model namedROMS. For the time being, they both run in parallel
and are set up to produce up to 66 hours forecasts once a day year round for Norwegian waters.
These forecast includes smaller local domains, with eddy resolving capacities, nested into a
the main forecasting model. The latter covers the entire Nordic Seas with a grid size of 4 km.
Daily updates of the latter forecasts are available at the web portalwww.yr.no.

Recently met.no in collaboration with the Institute of Marine Research (IMR) and the Nor-
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wegian Institute of Water Research (NIVA) embarked on a project with the goal of estab-
lishing a fine mesh ocean model for the Norwegian Shelf areas with a grid size of 800 m
(hereafter NorKyst800). Moreover, as part of the MyOcean project (myocean.eu.org) funded
by the European Commission’s seventh Framework Programme,met.no in collaboration with
the Nansen Environmental and Remote Sensing Center, is alsoresponsible for running and
disseminating operational forecast products from the TOPAZ system (available at the site my-
ocean.met.no).

The present work take advantage of the work done in NorKyst800 in that we use the bottom
topography and land sea mask already provided, and use this to cut out a nested model domain
as displayed on the front page figure. In Sections 2 and 3 we describe this work in more
detail and also provide information about the models we use.In Section 4 we describe and
analyse the results and include a thorough discussion of theresults. Since the models velocity
distributions and the wings of these distributions are important for establishing the design
currents, we focus in particular on how good the models are atcapturing the higher end of the
velocity distributions. A summary is provided in the Executive summary up front and also in
Section 5.

2 Configuration of the model

In setting up theLOVECUR version ofROMS for the one year simulation covering the LV
area there is some crucial input needed. This includes definition of the computational domain
and the topography. Other important input is mesh size, atmospheric driving forces (momen-
tum, freshwater and heat fluxes), input from rivers, tidal forcing, initial conditions and lateral
forcing at open ocean boundaries.

2.1 Computational domain

The computational domain and area of theLOVECUR model is displayed in Figures 1 and
2. The major topographic feature of the LV area is the steep shelf slope in which the depth
changes from about 200 m on the shelf to an abyss of about 3000 meters deep in the Lofoten
basin. The lateral distance over which this happens is only 30 to 40 km. Furthermore we note
that the shelf is highly irregular with small scale canyons and promontories cutting across
it. The circulation in the upper water layers is dominated byan inflowing jet that follows the
shelf slope northwards. The jet is associated with the frontseparating the coastal water masses,
comprised of the fresh and (in winter) cold Norwegian Coastal Water (NCW), from the saltier
and warmer inflowing water of Atlantic origin (Sætre, 2007a) as for instance depicted by
Figures 3. The front is unstable and theLOVECUR area is therefore a region of complex
dynamics, with many mesoscale features such as eddies, fronts and jets (Sætre, 2007b) which
is also depicted by our model results (Figure 4). In particular we note the robust eddy located
in the vicinity of 69◦N, 12◦E, an eddy also noted byRøed et al.(2010). As argued byFossum
and Røed(2006),Fossum(2006) andAlbretsen(2007) these structures are dynamically similar
to the cyclone systems found in the atmosphere, and are caused by a combination of baroclinic
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Figure 2:Displayed are bottom topography contours and location of IMR hydrographic stations (blue
dots) used for validation purposes in the LV area or. Also shown (red dots) are the locations
of the nine stations at which contracted time series of modelresults are extracted. Note that
most of the hydrographic stations are on the shelf in water ofdepths less than 200 m, and
that all of the stations were model results are extracted areon the shelf.

and barotropic instabilities. Moreover they are associated with strong velocities and, as is well
known, constitute a potential threat to any offshore and/ormarine operation.

2.2 Model set up

2.2.1 Mesh size

The mean mesh size is slightly about 820 m with a maximum mesh size of 835 m and a mini-
mum mesh size of 815 m. Note that this relative fine mesh makes the models eddy resolving.
We emphasize that the phrase eddy resolving is used to acknowledge that the model not only
resolve the eddies once formed, but also the processes that cause mesoscale features in general
and eddies in particular to be generated. The one and a half year simulation commenced on
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Figure 3:Satellite image depicting the sea surface temperature (SST) in the northern North Atlantic.
The image is a one week composite centered on March 3, 2006, with a contour interval of
1◦C. This and similar images are available at http://saf.met.no/.

January 2, 2009 00UTC and ended on June 30, 2010 00UTC. The first half year 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 topography. NorKyst 800 is a col-
laborative project between met.no, IMR and NIVA to establish an eddy resolving operational
model for Norwegian coastal areas covering the coast from the Swedish border in the south to
the Russian border in the north (Albretsen et al., 2010).

2.2.3 Atmospheric forcing

The atmospheric variables necessary to derive momentum, heat and freshwater fluxes at the
surface are extracted from archivedHIRLAM12 analyzes fields.HIRLAM is met.no’s opera-
tional numerical weather prediction model. TheHIRLAM12 version is the core model, and as
the name indicates it has a mesh size of about 12 km. Also finer mesh model versions are
available, for instanceHIRLAM8 andHIRLAM4, of respectively 8 and 4 km mesh size. The
atmospheric variables extracted and made available to theROMS model are the two lateral
wind components at 10 meter height, the mean sea level pressure, the temperature at 2 meter
height (must be specified in◦K), the specific humidity at 2 meter height, the total cloud cover
(in %) and the precipitation rate (must be specified in mm per 24 hours).

TheHIRLAM12 analyzes fields have a temporal resolution of 24 hours. We emphasize that
this somewhat low temporal resolution may result in less energy transfer from the atmosphere
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Figure 4:Displayed is the daily mean of the simulated surface currents in the Lofoten-Vesterålen area
derived by theLOVECUR model August 30, 2009. The curly arrows shows the direction
of the currents while their color indicate the speed in accord with the color bar to the right.
Note the many jets and eddies present. Note also the dominantsomewhat larger eddy located
slightly north of 70◦N and at about 12◦E at this time.

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

2.2.4 Lateral boundary forcing

The lateral boundary forcing is provided by archived analyzes fields consisting of daily mean
currents, water level, temperature and salinity. The inputdata are extracted from the archived
operationalMIPOM analyzes. The archive is build up of daily mean fields saved automatically
once per day based on the operationalMIPOM in which the Nordic 4 km version ofMIPOM is
used. As indicated this version has mesh size of 4 km. It covers the entire Nordic Seas, and
has open boundaries to the south and north.
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At the open boundaries ofMIPOM we specify monthly means of the above mentioned vari-
ables. These data are extracted from the so called EKASC archive. The latter are generated by
usingMIPOM with fixed hydrography to produce consistent velocity fieldsfrom a given cli-
matology (in this case the Levitus climatology augmented with observations from the Nordic
Seas regionEngedahl et al., 1997, 1998). The fields represent monthly means, and so lacks
somewhat in temporal resolution. However they offer a fullyconsistent barotropic flow com-
ponent, which is important for the inflows to the Nordic Seas and its throughflow.

3 Characteristics of the models

The LOVECUR model is the met.no/IMR version of the public domain modelROMS. The
canonical version of the latter is described in some detail inHaidvogel et al.(2008). The model
MIPOM that provides the lateral boundary forcing on the southern,western and northern open
boundaries, is described in some detail inEngedahl(1995b);Blumberg and Mellor(1987).
Here we focus on what is new and on the characteristics of theLOVECUR set up.

The version ofROMS we use is the canonical version 3.2 with extensions from IMR.The
main reason for the change is to take advantage of the reworking of theROMS at IMR with re-
gard to tidal formulation, including the nodal correction,and the coupling to a sea-ice model.
The former fixes the phase error of the previous version prominent in earlier operational prod-
ucts (e.g.,Røed, 2006). The mesh sizes and number of vertical levels are given in Table 1. The
ROMS simulation was completed on the supercomputer Titan. In fact it was run by people at
the Norwegian Meteorological Institute with help from people at IMR.

3.1 Vertical coordinate

We note thatROMS utilizes a generalized terrain-following vertical coordinate. Terrain-
following implies that the vertical levels follow the bottom contours and transform the depth
coordinate from a depth coordinate to a non-dimensional vertical coordinate, inROMS de-
noteds, which has the ranges∈ [−1,0] with s= 0 at the surface ands= −1 at the bottom.
For a detailed description of vertical coordinate system inROMS we refer toSong and Haid-
vogel(1994). For a general description we refer toGriffies(2004, Chapter 6). The advantage
of the generalization is that it allows us to simultaneouslymaintaining high resolution in the
surface layer in deep water as well as dealing with steep and/or tall topography. This is crucial
in our case because of the steep slopes encountered in the LV area (e.g., Figure 1). Depth of
thes levels can be calculated using thes-coordinate formula ofSong and Haidvogel(1994).
In theLOVECUR application we useθs = 8, θb = 0.1 andhc= 10. At a depth of -1000 meters
these values gives levels at (from bottom and up) -904, -741,-611, -508, -426, -361, -308,
-266, -233, -205, -183, -164, -147, -132, -117, -102, -86, -71, -56, -43, -32, -24, -18, -13, -10,
-8, -6, -5, -4, -3, -2, -1.5, -1.1, -0.7, -0.2 meters, respectively for the density levels.
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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

diffusion1

Vertical mixing - GLS mixing
scheme2

Mode splitting - yes
Horizontal advection scheme - 3rd order

upwind
Long (internal) time step s 45
Ratio of internal to - 15
external time step

1There is some weak horizontal diffusion due to the application
of the third order upwind advection scheme,
2Umlauf and Burchard(2003)

3.2 Advection scheme

ROMS has a wide variety of advection schemes of relative high order. Here we use a 3rd
order upwind biased scheme for the horizontal advection of momentum, salinity and temper-
ature (Shchepetkin and McWilliams, 1998). In our experience this scheme has good proper-
ties in maintaining fronts and permitting mesoscale eddiesand filaments. In the vertical the
parabolic spline-based representation ofShchepetkin and McWilliams(2005) andHaidvogel
et al.(2008) is used. This scheme gives effectively a very high order vertical advection.ROMS
also offers several vertical mixing schemes. The one used here is the two-equationk−ω
scheme of the Generic Length Scale (GLS) formulation ofUmlauf and Burchard(2003). The
implementation of this scheme inROMS is documented inWarner et al.(2005). Note that
no explicit horizontal diffusion is used. As displayed in Table 1 we emphasize that although
no explicit horizontal diffusion is employed inROMS, the 3rd order upwind scheme provides
some implicit diffusion. The vertical diffusion is embedded in the GLS scheme.

3.3 Lateral forcing and open boundary conditions

The computational domain has large open boundaries to the south, west and north, at which
lateral open boundary conditions are imposed. The conditions consists of daily means of
the two lateral components of current, temperature, salinity and sea surface elevation. This
information is extracted from the daily mean archivedMIPOM analyzes once per day. The
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information we extract is available at 0, 5, 10, 20, 30, 50, 100, 200, 500, and 1000 m depth.
Tidal elevation and tidal currents are specified separately(Section 3.5.

A variety of open boundary conditions are available inROMS. Here we use the recom-
mended Chapman/Flather combination for the free surface and the 2D volume fluxes, (external
mode) and for the 3D (internal mode) we use a radiation condition and 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. For river locations and discharges
we use the same as for NorKyst800 (Albretsen et al., 2010) as displayed in Figure 5. Thus
the river outlets are located as close as possible to their real position in the model grid, which
sometimes are at the bottom of some of the fjords that cut inland from the main shoreline.
We specify the rivers as a volume flux across the land-sea boundary approximately. A vertical
profile is used, giving highest flow in the uppers-levels.

 

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

To convert atmospheric values to a momentum and heat flux input to the model we use have
replaced the standardROMS bulk flux routine by the routines outlined inRøed and Debernard
(2004) as described inAlbretsen et al.(2010). The bottom friction is quadratic and follows
the formulation ofGerritsen and Bijlsma(1988), that is,

τb = C|ub|
2ub (1)

whereτb is the bottom stress,u is the bottom velocity andC is a constant dependent on the
equilibrium depth (decreases with increasing equilibriumdepth). 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 potential (not
used inLOVECUR) and nodal correction. Both tidal elevation and depth integrated current is
included in the boundary forcing by the aforementioned Chapman/Flather boundary condition
which is designed for this purpose. Tidal information is extracted from the TPXO tidal data
base. We extract eight constituents as outlined inAlbretsen et al.(2010), namely theM2, K1,
K2, N2, S2, P1, O1, andQ1 constituents.

3.6 Time stepping

To speed up the integration we use the mode splitting technique that comes withROMS
to separate the external and internal modes. It is a fairly advanced and recently developed
scheme in particular regarding the exchange of informationbetween the modes (Shchepetkin
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 and the longer internal time step (Table
1).

4 Analysis

Hereafter we will analyse the model results. In particular we will compare the model results to
temperature and salinity observations. We focus onstatisticalcomparisons. As demonstrated
for instance byLaCasce and Engedahl(2005) andAlbretsen and Røed(2010), predictabil-
ity (forecast skill) off the Norwegian coast is relatively low due to the energetic, small scale
(order 10 km) eddies there. In fact we expect the eddies to be even more energetic in the
present application since we employ a mesh size about five times smaller than used byLa-
Casce and Engedahl(2005) (4 km mesh size) and about two times smaller thanAlbretsen and
Røed(2010) (1.5 km mesh size). Accurate predictions will therefore require widespread data
assimilation, but comparing the model with such assimilation would obscure the workings of
the model itself. As the latter is the focus here, a statistical comparison is the most sensible
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Figure 6:Displayed is the approximate postions of the IMR station Skrova (left panel) and IMR station
Eggum (right panel) at which semi-continuous time series for the hindcast period exists and
are extracted (in our notation denoted Station 10 and 11, respectively).

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

The temperature and salinity observations available to us are extracted from the IMR hy-
drographic data base. We have only extracted observations that have a location inside of the
LOVECUR computational domain (Figure 2). Since the IMR data did not contain any velocity
measurements for this period we have no observations to compare with regarding currents and
water level for the hindcast period.

For velocity observations, we use an estimate of the mean regional surface velocities, de-
rived from the “Rio05” product of the CLS Space OceanographyDivision of AVISO. Rio05
estimates the mean dynamic sea surface height for the 1993-1999 period using a multi-variate
analysis of hydrographic data, surface drifter velocitiesand altimetry (the geoid is corrected
using both the CLS01 MSS - EIGEN-GRACE 03S geoid and the NOAA (Levitus) WOA98
climatology1, referenced to 1500 dbar). The geostrophic velocities are then estimated by dif-
ferencing the sea surface height. We emphasize that the Rio05 fields are based solely on in
situ and satellite data, i.e., they do not involve a numerical model. The primary drawback is
that the Rio05 fields are calculated on a 50 km grid and thus capture only a smoothed version
of the surface flow.

4.1 Currents

We consider first the yearly, monthly as well as daily means fields of currents and water level.
The one year average spans the complete hindcast period (July 1, 2009 through June 30, 2010).
We focus primarily on the means at 10 m depth, but we also show some corresponding fields
at the surface.

1http://www.cdc.noaa.gov/cdc/data.nodc.woa98.html
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Figure 7:Surface velocities (upper panel) and speeds (lower panel) from the Rio05 product. The
velocities correspond to means from the period 1993-1999. The color scale shows speed in
cm/sec.

4.1.1 Observations

Contours of the horizontal velocity speeds based on the “Rio” data are shown in Figure 7. The
fields are in line with circulation schemes derived from hydrography (e.g.,Mauritzen, 1996;
Sætre, 2007a;Skardhamar and Svendsen, 2005). Of primary relevance here is the inflow
from the southwest consisting of an “outer branch” that follows the main shelf slope across
the Vøringsplateau and an “inner branch”, consisting of Norwegian Coastal Water (NCW),
hugging the coast.

The “inner branch” veers offshore shortly after it enters the LOVECUR area. Only a very
small fraction continues along the coast and enters the Vestfjorden. The offshore veering is
caused by the constriction imposed by the Lofoten Island chain and its associated shallower
shelf. The major portion that peels offshore meets the outerbranch at the shelf break where it
turns to the right to follow the shelf slope northward. Wherethe two branches meets the front
intensifies. In evidence of this, and as displayed in Figure 7, the shelf slope jet associated with
the front intensifies with speeds of 15-25 cm/sec as it continues northward along the shelf
break. The jet reaches its maximum speed of about 25 cm/sec atabout 70◦N and 17◦E. The
maximum speeds are somewhat low compared to in situ estimates from current meters, which
indicate mean speeds of up to 60 cm/sec in the upper layers of the jet. 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. Thejet is known to be unstable and

hence generate eddies. These eddies spread laterally away from the current cores. In addition,
drifter and current meter observations (Orvik and Niller, 2002;LaCasce, 2005) suggest that
due to the highly time dependent nature of the flow it is difficult to observe the flow with
stationary measurements, like current meters.

 

Figure 8:Displayed is the mean sea surface currents for the hindcast period (one year mean). Currents
are depicted as curly vectors where its color indicates the speed in m/s in accord with the
color bar to the right. The red circles indicate the positionof the nine stations at which model
results are extracted for analysis by a third party. We observe that all of them are situated
up on the shelf where the currents are generally weaker with speeds less than 0.3 m/s. Only
those closer to the shelf break are in the vicinity of the jet and 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, consider the yearly mean velocity vec-
tors from theLOVECUR simulation shown in Figure 8. In line with the mean “Rio” circulation
pattern shown in Figure 7 the inflow in the southwest has two branches, one hugging the coast
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and one offshore follwing the shelf slope. As in the “Rio” data the inner branch meets the
outer branch at the shelf breaks at which points in veers northward to flow along the shelf
break west of Lofoten archipelago. Here the simulated jet intensifies which is very much in
line with the “Rio” data. This circulation pattern is also inline with that ofSætre and Aure
(2007). A primary difference between the theROMS means and the Rio data is the strenght
of the current jet. TheROMS 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 “Rio” data on the other hand has
a pronounced maximum at the northern end of theLOVECUR computational domain. We also
note that the width of theROMS jet is narrower than the one estimated in the Rio data. This
comes at no surprise and is undoubtly due the course resolution in the Rio data as alluded to
in the preceeding section.

   

   

Figure 9:Monthly mean currents at 10 m depth. The upper panels shows (from left to right) July,
August and September of 2009, while the lower panels show October, November and De-
cember of 2009. The figure is continued in Figure 10 showing the remaining six months of
the hindcast period. Note the presence of the many robust mesoscale features showing up
even in these monthly averages. In particular note the strong eddies in July and September
of 2009.

According toSætre and Aure(2007) a pronounced characteristic of the circulation pattern
in the LV area is its high temporal and spatial variability. The models appears to capture this
as illustrated by Figures 9 and 10. These figures show the twelve monthly mean currents for
each month in the hindcast period. In most of them we notice the presence of a dominant eddy
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Figure 10:As Figure 9, but showing the monthly mean currents at 10 m depths for January, February
and March (upper panels from left to right) and April, May andJune (lower panels) of
2010.

of diameter about∼ 40 - 50 km. Its location varies, but it appears to be located offshore of the
shelf and the shelf slope jet, and within an area limited by 69-70◦N and 10-14◦E. The eddy is
most pronounced in September 2009, but traces of it is visible in all monthly mean pictures.
This indicates that the dominant eddy is a semi-permanent feature of lifetime at least a month
or longer. We also note with interest the appearence of a series of smaller scale eddies inside
the Vestfjorden in October-December of 2009. These eddies are also reported inSætre and
Aure(2007) to be semi-permanent features.

The reason for the richness in mesoscale features is no doubtdue to the instability of the
intensified front. The formation of one of them is depicted inFigure 11 showing a series of 12
daily mean surface currents two days apart starting on May 3,2010. 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. To this end we examine the PDFs
from four of the nine stations, specifically Stations 1, 7, 8 and 9. We note that these stations
are the ones closest to the shelf break, while the remaining stations are further up on the shelf
(Figure 12). We would therefore expect, given the high temporal variability of the circulation
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Figure 11:Eddy shedding in the model. The series shows daily mean surface currents two days apart
for a twelve day period. Upper left is on May 3, 2010, while lower right is at May 8, 2010.
The colors of the curly vectors indicate the current strength in accord with the color bar to
the right of the figure.

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

From their PDFs (Figures 13 and 14) we note that Station 9 stands out. While Stations 1,
7 and 8 all have mean speeds of about 0.15-0.25 m/s Station 9 has a mean speed of about
0.4-0.5 m/s. Moreover Station 9 has more high speed events, in particular in the upper layers
(above 50 meters) where high speed events with speeds above 1m/s occur. We also note the
marked reduction in mean speed with depth below 30 m at Station 9, which is markedly less
pronounced in the three other stations. This is undoubtly due to Station 9 being the shallowest
station with a bottom depth of 76.3 m. The higher mean speed atStation 9 is in line with the
mean field pattern shown in Figure 8. Moreover, the occurenceof more frequent high speed
events at this station is expected when examining the the monthly mean fields (Figures 9 and
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Figure 12:Location of the nine stations were data is extracted and delivered (red dots). Also shown
are the stations along IMR’s Gimsøy section (blue dots). Note that Station 8 is the only
station located in one of the canyons cutting into the shelf.The remaining stations are
located at hilly areas. We also note that Stations 1, 7, 8 and 9are those closest to the shelf
break.

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

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

4.2 Sea surface height

Next we examine the sea surface height (SSH). It should be emphasized that the SSH is the
total water level changes and includes the combined effect of tides and storm surges. To extract
the tidal signal we have used Pawlowicz’s MATLAB toolbox TTIDE (Pawlowicz et al., 2002).
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Figure 13:Frequency diagram (PDF) of the speed (m/s) and direction at various depths at Station Nos.
1 (upper panels) and 7 (lower panels). The depths are at 1, 5, 10, 20, 30, 50, and 75 meters.
The model bottom depth at the stations are 141 and 96 meters, respectively. The direction
is with respect to north, that is, 0◦ is due north while -90◦ is due west.

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

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

4.3 Hydrography

Finally we examine the temperature and salinity. To comparemodel results and observations
we focus on data from all of the IMR stations (the blue dots in Figure 2). Regarding time series
we focus on Stations 10 and 11 (Figure 6). These are two of IMR’s fixed stations along the
Norwegian coast and they therefore have an almost continuesdata coverage 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 height (red curve) and the storm
surge contribution (blue curve) at Station 8. We note that the tides are the dominant signal
and that the dominant variablity in the storm surge responseis on the seasonal scale.

4.3.1 Model salinity fields

As shown by Figures 17 and 18, depicting the average sea surface salinity for the month of
September 2009 and June 2010, respectively, the fresher NCWis transported offshore by the
active eddy field. In particular we note that the core of the prominent eddy discussed in Section
4.1 (Figure 9, upper right panel) is decidedly fresher than its surrounding water.

Also to be observed are the filaments of less saline water protruding offshore off the shelf
slope perhaps most pronounced in June 2010. Interestingly these dynamics are similar to what
is observed and modeled in several of the worlds most prominent upwelling areas such as off
the Iberian Peninsula (Røed and Shi, 1999, and references therein) and off the California coast
(Brink and Cowles, 1991;Barth, 1994, and references therein). The primary difference is that
in the upwelling areas the lighter coastal water is caused bylocal upwelling. Here the lighter
density water (less saline) along the Norwegian coast appears because of the many freshwater
sources feeding into the NCC of which the Baltic water entering the Skagerrak is the most
prominent source for the NCW (Røed and Albretsen, 2007).
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Figure 16:Monthly mean sea surface height. The upper panels shows (from left to right) July, Septem-
ber and November of 2009, while the lower panels show January, March and May of 2010.
Note the presence of the many mesoscale features in line withFigures 9 and 10.

4.3.2 Comparison against observations

To examine the forecast skill we may examine Figure 19 showing the model against observed
salinities for all IMR stations (blue dots in Figure 2) throughout the entire hindcast period at
various depths. We observe that, except for the somewhat fresh bias in the four upper levels (5,
20, 50 and 100 m depth), the model is actually doing pretty well. We also observe that at 500
m both model and observation are depicting Atlantic water of35 psu or above. At 200 m the
model is clearly off the mark. This may indicate that this is in the vicinity of the pycnocline
depth and thus the model may appear to have deeper mixed layerthan observed.

Examining the similar scatter diagrams for temperature (Figure 20) we observe that there
is a tendency for the model to underestimate the warmer temperatures above 6-7◦C and to
overestimate the temperatures below these values in the upper layers (above 100 m). Since
the warmer temperatures happens at the end of the summer season (August-September) the
model appears to be slightly too cold in the summer and too slightly to warm in the winter.
In support of this we may examine the time series at Station 11located west of the Lofoten
Archipelago (Figure 6) clearly showing that the model is toocold in the summer.

The above conclusions are further supported by the PDFs for Station 11 shown in Figure
22.
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Figure 17:Average sea surface salinity for the month of September 2009. Colors indicate salinity with
a contour interval of 0.25 psu as displayed by the color bar. It is interesting to note that
the eddy visible in Figure 9 (upper right panel) has a freshercore than its adjacent waters.
In fact the graph shows that the active eddy field is transporting the fresher NCW offshore
across the shelf.

5 Summary and conclusions

We consider the results from a one year simulation employingthe numerical ocean model
ROMS on an eddy resolving grid (mesh size of∼ 820 m) for a region along the Northern
coast of Norway, specifically the Lofoten-Vesterålen (LV)area (Figure 1).ROMS employs a
generalized terrain-following coordinate which allows high vertical resolution near the surface
even in the deep water areas off Lofoten.

The particular aim of the study is to assess whether the simulated numerical ocean weather
is able to reproduce what is observed. Ocean weather is connected to eddies, jets and meanders
with a typical length scale of order 10 km in these waters. It should be emphasized that these
features are responsible for most of the high current eventsin the ocean. The present results
are to be compared with other numerical ocean weather simulations by 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 observations for the hindcast/simulation
period (July 1, 2009 through June 30, 2010) we focus on a comparison with temperature and
salinity data extracted from the Institute of Marine Research’s hydrographic data base. In light
of the active, small scale eddy field giving rise to a high spatial and temporal variability in the
area (e.g., Figure 11) we focus onstatisticalcomparisons of time series. In addition we have
examined the spatial structure (lateral and vertical) of the velocity means (yearly, monthly and
daily means) at different depths.

The simulated one year mean flow (Figure 8) is generally in line with a similar product
constructed from observations alone (Figure 7). A primary difference is that theROMS mean
along-slope jet is narrower and more energetic than the jet estimated from observations, with
generally higher speeds in theROMS means. The flow pattern is however very similar with an
intensification of the northward flowing jet west of Lofoten.The jet is clearly baroclinically
unstable (Shi and Røed, 1999;Fossum and Røed, 2006) shedding off eddies of diameter∼
40-50 km, and a host of smaller scale eddies (Figure 11). The larger scale eddy is a long-lived
feature once formed and hence shows up in the monthly mean fields as well (Figure 9).
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Figure 19:Scatter diagram of salinity extracted from all IMR stations(Figure 2 for 5, 10, 50, 100,
200, and 500 meters. Observations is along the horizontal axis, while model results are
shown along the vertical axis. The scale is from 30 to 36 psu.

A comparison of the observed temperature and salinity with those ofROMSreveals that the
model has a fresh bias of about 0.3 psu. Also revealed is that model tends to be too cold in the
summer and too warm in the winter.
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Figure 20:As Figure 19, except showing temperature rather than salinity. The scale is from -2.0◦C to
15.0◦C.
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Figure 21:Time series of temperature (left panel) and salinity (rightpanel) for Station 11 Eggum. Red
curves correspond to model results, while the observationsare denoted with blue crosses.
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Figure 22:As Figure 13, but for Station Nos. 11.
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