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Abstract
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Introduction

Provided is a documentation of a new and recently developéafjord model called Fjor-
dOs CL. FjordOs CL is based on version 3.6 of the Regional @d&adeling System -
ROMS Haidvogel et al. 2008; Shchepetkin and McWilliam&005, 2009) utilizing its
curvilinear option. The model is developed as part of thggutd'New Oslofjord model
for prediction of currents, water level and hydrographyiehapplied on oil spill pre-
paredness and harbor development - FjordOBjordOs is a cooperation between MET
Norway, University College of South-East Norway (HSN), TXerwegian Institute for
Water Research (NIVA), The Norwegian Coastal Administna{iKystverket), Exxonmo-
bil, Norwegian Defence Research Establishment (FFI),folestBuskerud and @stfold
county and AGNES AB Miljgkonsulent.

The Oslofjord

The Oslofjord is located in Southern Norway and is about 1@0léng (Figure 1). Its
width varies from about 25 km at the entranee §9°N) to about 1-2 km in the Drgbak
Sound and Drgbak area. The fjord’s main sill, which is markgdhe blue arrow in
Figure 1 (hereafter the Drgbak Sill), is located two thindside of the entrance to the
fijord. This makes the Oslofjord peculiar among Norwegiamdsg in that most of them
have the sill at the entrance to the fjord.

The Drgbak Sill is partly man maéiand partly natural. The natural sill is about 20 m
deep, while the man made part is only 1-2 m deep. The lattegistsnof an underwater
barrier, the Drgbak Jetty, extending halfway across théoBk&Sound from the western
mainland south of Drgbak to south of the small island Kahaolteeated slightly to the
east of the southern tip of the Hagya Island (Figure 2). Thegdwo narrow openings in
the Jetty with a maximum depth of about 6 m. One is locatededoghe mainland on
the western side, while the second runs east-west and ietbgest south of Kaholmen.

The sill area represent a major obstruction for the watehange between the inner
and the outer part of the fjord. Due its narrowness and shiakgs the Drgbak Sill area
is famous for its strong tidal currents that easily exceentgsl We also note that north of
the sill the fjord is separated by Hagya Island into an easted a western channel each

Yhttp://www.fjordos.no
2The jetty was built in the years 1874 - 1879 as a naval defei®slo, the capital of Norway. It forces

large vessels to sail east of the fortress Oscarsborg biktlaolmen.
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Figure 1: The topography and irregular coastline of the Oslofjord &sdocation in Southern
Norway. The right-hand gray scale bar indicates depth irersetThe blue arrow points to the
location of the fjord’s main sill (the Drgbak sill as enlatdgen Figure 2) which is only~ 20

m deep. Note also the 400 m deep basin extending from the Skagerrak towards théeHva
Archipelago in the southeast, the so called Hvalerdjupet.

about 1 km wide. These channels and the openings in the Jettgnportant to include
in any model of the Oslofjord to obtain realistic circulatipatterns and strengths in the
area. Another noteworthy topographic feature is the Hdalget located at the entrance
to the fjord (Figures 1 and 3). It is a 400 m deep basin extendortheastward from the
Skagerrak towards the Hvaler Archipelago. As revealed by 1 there are also several
other somewhat shallower basinsl50 - 200 m deep as we proceed into the fjord.

In addition to the Drgbak Sill area there are other areasarfjtind that features many
smaller and larger islands. For instance to the west we fiadldnsberg Archipelago
including Bolaerne, Store and Lille Feerder (Feerder Lighsiepuand to the east we find
Rauer and Hankg, the Hvaler Archipelago and the smallerdsi&gstrene and Misingene
(Figure 3). Further north on the west side of the fjord we firrd south of Horten, and
to the east Jelgya. Jelgya is separated from the mainlandnlayrew channel about
50 m wide within which water sloshes back and forth with tlieesi Hjelmervik et al,
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Figure 2:The irregular coastline and topography in the Drgbak Séhar

2014). The presence of these archipelagos with its smatidsl give rise to many narrow
sounds, straits and channels impeding the water excharigbe poal is to compute

realistic pathways of any unwanted substances dischaoggetfjord or trajectories of

floating structures including man overboard (Search anauReServices), we need to
resolve, to the best of our ability, these features.

Finally it is worth mentioning the many rivers dischargesfrevater to the fjord. For
instance two of Norway’s largest rivers, namely Glomma amadnimenselv} are emp-
tying their freshwater into the Oslofjord with a mean disgjeaof 729 and 317 Afs,
respectively illiman and Farnsworth2011). This freshwater has a decisive impact on
the salinity and hence on the circulation in the fjord. Farthore, in most fjords the

3Here it is chosen to use Norwegian river names in which “ev\assdrag”, means “river” or “water
course”.
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Figure 3:The irregular coastline geometry and topography in the Eedtdtional Park (left-hand
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channels present in these areas of the Oslofjord.

river outlet is located at the fjord head leading to an egteasirculation. In contrast the
Glomma outlet is located in the outer part of the Oslofjorthim the Hvaler Archipelago,
while the Drammenselva outlet is located in the middle pathe fjord. As a result the
estuarine circulation in the Oslofjord deviates considbrérom a classical textbook ex-
ample.

Why a new model?

The Oslofjord is somewhat special among the Norwegian §j&ram a physical as well
as a societal perspective. The population surrounding mare precisely people living
less than one hours drive from the Oslofjord, comprises 40#%aeNorwegian popula-
tion according to the official statistitsThis is by far the most populated area in Norway,
a population that is steadily growing. Moreover, no otherdjhas anything close to as
high density of leisure boats. In addition the Oslofjordiieas two of Norway'’s national

“http://www.ssb.noas of July 1, 2012
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Figure 4:Map (left) showing the location where the ship “GodafosgjHt) grounded February
17, 2011. The location is in the sound Lgperen between twbehtajor islands in the Hvaler
Archipelago where Norway'’s largest river flows through @witay to the Oslofjord.

underwater parks, the Hvaler National Paaikd the Feerder National PArkThus, taking
into account that the Oslofjord has the largest traffic dgradicommercial vessels of all
the Norwegian fjords the risk of an accident resulting in agpiole, unwanted contami-
nated effluent to the fjord is uncomfortably high

An example of such an unwanted event is the Godafoss acci@@mtebruary 17,
2011 the ship “Godafoss” grounded in a narrow sound in thdefvarchipelago (Figure
4), and a lot of its fuel oil leaked into the fjord. As part oketgovernmental emergency
preparedness MET Norway'’s task is to forecast the disperdiift and spreading of the
oil no later than half an hour after the accidems a matter of fact most of the accidents
like Godafoss tend to happen close to the coast or withinpetigos. The safety of the
people that utilize the fjord, and the protection of its @mment, is therefore a challenge
to governmental agencies, regional administrations acal lnanagement alike.

Together with wind and waves, ocean currents, temperandesalinity are key in-

Shttp://www.ytrehvaler.no/

bnttp://prosjekt.fylkesmannen.no/faerdernasjonalpark/Om-Farder-nasjonalpark/

"According to DNV reporthttp: //www.kystverket .no/contentassets/0£030086ed6e4blaad
£00ac1cd027016/sannsynlighet-for-akutt.pdf

80n behalf of the Norwegian Coastal Administration (Kyskeg)

https://en.wikipedia.org/wiki/List_of_oil_spills
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puts to the model used to forecast oil drift. The presentcasténg model providing the
latter for the Oslofjord, and run operationally by MET Nomwe the NorKyst800 model
(Albretsen et al.2011). As depicted by Figure 5 it covers the entire Norweg@ast and
not only the Oslofjord. In fact it was not developed to captdetails within the Norwe-
gian fjords, but rather to capture mesoscale phenomenaasugt currents, eddies and
meanders along the the Norwegian coast outside of the fjttrdgs set-up with a regular
grid of 800x800 m, a grid of high enough resolution to resahe Rossby radius of de-
formation required to capture the mesoscale phenomenarindy® near coastal waters.
Nevertheless, due to its relatively high resolution of 800itnwas still able to provide
forecasts showing some skill even within the fjords.

6



Figure 6: lllustrated is the impact of grid resolution on how the Oflaf is portrayed. Upper
two panels show what the fjord looks like utilizing respeely a 20 km grid (left) and 4 km grid
(right). Bottom panel show the same for utilizing a 800 m dddaepresen the fjord. As revealed
the smaller the grid size (higher grid resolution) the bidtie coastline geometry is represented.

Despite NorKyst800's relatively high resolution it is btibt fine enough to resolve the
highly irregular geometry and topography of most Norwedjards, and the Oslofjord
IS no exception. These irregularities consist of smallndia narrow sounds, straits and
channels and many smaller scale deep basins and shallsvasidlluded to in Section
1.1 (Figure 1). To properly forecast oil drift, or dispensiof any unwanted substances
or contaminants accidentally discharged to the fjord, ihesefore of utmost importance
that the underlying fjord model has a realistic represémabf the majority of these
irregularities.

The aim of the project FjordOs is therefore to develop an fasid model to resolve
most of these features without requiring excessive connpgdeer. We emphasize that



1.3

such a model, if made operational, will benefit all governtabemergency preparedness
models, including those operated by MET Norway. In additomil drift these are (i)
Search And Rescue or SAR models, which involves forecastimmathways of floating
objects, e.g., man overboard, rafts, small crafts and skiipgransport and spreading
of dissolved substances such as nutrients and toxic suestée.g., nuclear waste), and
(iii) growth and drift of toxic algae. Finally we emphasiz®at resolving the fine scale,
submesoscale motion due to the fjord’s irregular geometdytapography is required to
avoid floating objects, dissolved substances and oil freamsing artificially.

A vizualization of the impact of resolution on how well the debportrays these irreg-
ularities is depicted by Figures 6. As is evident it is only fifD0 m grid that represents the
Oslofjord as we know it from geographical charts and mapsexample is the small is-
lands in Breidangen (Tofteholmen and Mglen simply not presethe 800 m grid model.
Likewise the shape and area covered by Bastgy is improvdwia@0 m grid, and so is
the ridge that cuts into the the Drammensfjord at Svelvike Same is true regarding
topography. Figure 7 compares the topography of the NoB8O@model to the actual
topography, as represented in a nautical chart.

To conclude; today'’s forecasting model available for théo@mrd (NorKyst800) has
an insufficient resolution to properly resolve the small §ibgl scales of the Oslofjord,
and a new model with a resolution of 100 m or less for most pdrtise fjord is needed.
The development of a such a model would also greatly benéfifoakernmental emer-
gency preparedness models including those operated by MIETay.

Organization of the report

Notwithstanding that the purpose of this report is to doaointke technical details re-
garding the development of the new Oslofjord model FjordQs We have included
above some of the characteristics of the Oslofjord (Secti@), and provided some of
the motivation why a new Oslofjord model is needed (Sectidr). 1Section 2 provides
some details on how the curvilinear grid of the FjordOs CL elaslconstructed. Section
3 provides some model specifics while Section 4 gives deadaithe model’'s bathymetry
and external forcing such as tides, ocean input through laperal boundaries, river input
as well as atmospheric input. Section 5 provides some sBolin an almost two year
long hindcast. Finally we offer a summary and some conclyd@marks in Section 6.



Figure 7:The irregular coastline geometry and topography in the ffstbas portrayed in maps
(left-hand panel) and the NorKyst800 model (right-handgbarmhe red star sign marks the loca-
tion of the Feerder lighthouse. Note the difference in sizkdapth of the major Hvalerdjupet basin

near the southern boundary and the general smoothnessgbtigst800 topography compared
to the real topography.

The new model

The FjordOs CL model is based on version 3.6 of the RutgersoRagOcean Mod-
eling System (ROMS) adapted to the Oslofjord. ROMS is an cgmmce, numerical
ocean model as detailed and documenteddbidvogel et al.(2008), Shchepetkin and
McWilliams(2003) andShchepetkin and McWillian{2005, 2009). It is freely available
and may be downloaded from the ROMS web'$ite

In summary ROMS is a free-surface and terrain-followingtieal coordinate ocean
model, based on the fully three-dimensional, rotationaNSA! equations utilizing the

Onttp://www.myroms.org/
1 Reynolds Average Navier-Stokes
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2.2

hydrostatic and Boussinesq approximations. It is a so aajdit—explicit model where
short time steps are used to advance the surface elevatbbantropic momentum
equation, and where a much larger time step is used for texyver salinity, and baro-
clinic momentum. In this ROMS employs a two-way time-avanggorocedure for the
barotropic mode which satisfies the 3D continuity equation.

Why ROMS?

An option in ROMS is to use a curvilinear, near orthogonatida replace the default
orthogonal regular mesh. This option is exploited here. fEt@nale is that it allows
us to minimize the number of, or in reality the area of, “dryidgpoints. Thereby the
number of “wet” grid points is maximized without increasitige number of grid points
compared to an orthogonal, regular grid mesh model covehegame domain. Thus
resolution is increased without increasing the computaliburden. In addition it allows
us, to a certain extent, to put higher resolution in areapetisl interest.

The above may also be achieved using unstructured grid mi¢daj., FVCOM?,
SLIM13). However, the FjordOs research group opted to go for a ROM&Idpment
utilizing its curvilinear option rather than starting a coletely new strand of model de-
velopment. The rationale is that 1) ROMS is MET Norway'’s @penal model, 2) MET
Norway’s scientists are well versed in using ROMS, and 3) NN&fway'’s scientists have
the necessary expertise to operate it. Moreover, none eareisers within the FjordOs
participating institutions have any beforehand expeeenaunning and/or setting up a
three-dimensional, unstructured model. Neverthelesget@ome insight into the capa-
bilities of an unstructured model tao-dimensional versioaf FVCOM was used as part
of the FjordOs project for the work regarding Moss Harlbdpe{mervik et al, 2014).

The curvilinear FjordOs CL grid

Our implementation is inspired in parts by models like the§ROMS* model that ap-

plied the curvilinear option for an implementation of ROM® Chesapeake Bay. There
exists several different software packages (MATLAB, FamirPython, etc.) that can be
used for creating curvilinear grids with variable horizaimesolution for ROMS. We use

nttp://fvcom. smast.umassd. edu/fvcom/
Bhttp://sites.uclouvain.be/slim/
Ynttp://ches.communitymodeling.org/models/ChesROMS/
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Figure 8:The FjordOs CL computational domain showing (a) the curedir grid configuration,
and (b) the resulting grid resolution. The right-hand cdiar indicates grid size in meters, while
the left-hand bluescaled colorbar indicates depth in reet&raxis is degrees east, and y-axis is
degrees north.

the python-based software package OCTARThe outer borders of the model domain
is defined by corners and nodes as depicted in Figure 8 whenersoare depicted as
triangles and the nodes as circular dots. There should talaofexactly four corners to
limit the domain. “Bends” or nodes in the side walls are theec#fied so as to follow the
land-sea matrix. For this first version of the FjordOs mode&,have chosen the corners
and nodes using a “trial-and-error” approach, so the gegymaght be changed in future
versions of the FjordOs CL model.

When creating the grid the main constraint is that the grmushbe as close to be-
ing orthogonal as possible in particular at wet points. Ointh@ advantages of using a
package, as for instant the OCTANT package, is that it autically achieves an optimal
orthogonality. To help OCTANT achieving this we have ket torners and nodes at dry
points. The resulting model grid consists of 300 x 900 grith{sin the horizontal. As

Pnttps://github.com/hetland/octant
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according to the color bar to the right. Model grid numbersoaited with the curvilinear grid
are given along the axes. There are 300 x 900 grid points.

shown by Figure 8 the grid size is less than 200 m in most of tieaneas of the fjord,
and less than 100 m in most areas north of Slagentangen @63 he exceptions are
locations along and close to the southern border where tiné fyidens and borders on
Skagerrak. Here the grid size of the wet points varies frott2®B50 m. The increased
resolution is perhaps best visualized by Figure 9 disptayine Oslofjord in the curvi-
linear grid coordinates. Recall that in this coordinateeysthe grid points are equally
spaced. Thus Breidangen and the inner Oslofjord is strétole in the east-west di-
rection. In reality Breidangen is about one third of the gapdical distance across the
southern open boundary. Thus the resolution in Breidangdrilee inner Oslofjord is in
effect increased with a factor of three. In the Drgbak sotmedstast-west grid size in the
curvilinear grid is about 80 m.
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Model specifics

The version of ROMS we use is downloaded from the main ROM8siéqry'®, and in-
cludes the 3.6 version of the code from Hernan Arango (thgé&tatbranch). This version
is without sea ice, but in contrast to most other ROMS versailows data assimilation.

ROMS consists of several built-in schemes and algorithnbjtaises C-preprocessing
to activate the various physical and numerical options. FEOMa very up-to-date and
modular code written in F90/F95. The entire input and outfaié structure of the model
is via NetCDF which facilitates the interchange of data le&twcomputers, user commu-
nity, and other independent analysis software.

In the horizontal the model state variables are staggered) @ Arakawa C-grid
as shown by Figure 10. The free-surface, density, and #g#issive tracers are located
at the center of the cellpo(points) whereas the horizontal current components) are
located at the west/east and south/north edges of the egfiectively. In ROMS all the
arrays containing state variables are dimensioned witls@nge size in the horizontal to
facilitate parallelization. The size of the model’s hontal grid is defined in the ROMS
input file (ocean.in) with interior points only (denotetd — 1 andM — 1 in Figure 10).
However, all input forcing files must, and output result fitks contain fields at the full
grid, which includes the one extra grid point in the boundaoye.

In the vertical ROMS make use of a stretched terrain-folfmvoordinate denoted
s=s(x,Y,zt), sometimes referred to as modifiedcoordinates $ong and Haidvogel
1994). As a result, each grid cell has a different level thess (denoteti; = dsz) and
volume. The model state variables are vertically staggsodtiat horizontal momentum,
density, and active/passive tracers are located at thercehthe grid cell. The vertical
velocity and vertical mixing variablekt, Aky, etc) are located at the bottom and top
faces of the cell as displayed by Figure 11. The stretcheddouate allows increased
resolution in areas of interest, such as thermocline anindboundary layers.

Regarding the FjordOs CL model we opted forgayers with an increased resolu-
tion in the surface layer and a reduced resolution near ttterbo This was achieved by
lettingVtransform= 2,V stretching= 4, h. = 50 m,6; = 3.0 and@, = 0.5, whereh. is
a critical depth above which the vertical spacing of $devels become nearly uniform
and independent of the local degtlas long a$ >> h.. The minimum depth was set to

nttp://www.myroms.org/svn/src/tags/roms-3.6/
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Figure 10:The horizontal distribution and numbering system of vdealin the ROMS grid. The
figure is downloaded from thettp : www.myroms . org website.

hmin = 2 m. By having thes-levels more confined to the surface layers less smoothing is
necessary to minimize the pressure gradient error inhéneait terrain-following coor-
dinate modelsHaney 1991). The smoothing is controlled by two parameters re€eto

as ther-factors (see Section 4.1). An example of the vertical ifistron of thes-levels is
shown by Figure 12.

ROMS has several options that determines the numericahsehéor lateral advec-
tion of momentum and tracers. In the results displayed ini@e&, we have employed
a fourth-order, centered advection scheme. This necessita application of explicit
lateral eddy viscosity and diffusion. To parametrize thbgsid-scale vertical mixing
processes we use the Generic Length Scale (GLS) schémlaf and Burchard2003).
Values chosen for the various parameters and options tativa derive the results ex-
hibited by Section 5 are listed in Table 1.

To run the model several external inputs or forcing have teupplied, such as atmo-
spheric input, river input, tides, and input of sea levelrents and hydrography at the
model’s open lateral boundaries, in addition to bathymasrdescribed in Section 4.
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Figure 11:The vertical distribution and numbering system of variabtethe ROMS grid. The
figure is downloaded from thettp: www.myroms . org website.

Bathymetry and external forcing

Bathymetry

The bathymetry data for the FjordOs CL model is supplied byAIThe original res-
olution was 25 m. Modifications of some of the topographieatfires were needed to
fulfill the restriction of avoiding one-point bays in ROMSdditionally, effort was made
in opening up narrow straits important for the local cir¢ida, in particular advection of
brackish water originating from rivers. To avoid model atstity and/or spurious deep
currents the final masked bathymetry is smoothed to fulfid@uirement on the ROMS
slope orryp-factor Beckmann and Haidvogel993), defined as
hi_1—h;
0= b Th (1)
whereh is the bottom depth and the indéxndicates a model grid point. The final
bathymetry in FjordOs CL has a maximugy = 2.372424& — 01.

In addition, Haney (1991) argues that in order for diffeeachemes to be hydrostat-
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Table 1: List of FjordOs CL model set-up parameters.

Parameter Symbol Value Unit
Vtransform - 2 -
Vstretching - 4 -
Number of layers k 42

Critical depth he 50 m
Surface resolution factor 65 3.0 -
Bottom resolution factor 6, 05 -

ically consistent, the parameter settings must be definéaago
X
As
wheres denotes the value of the terrain-followisdayer (O at the surface, -1 at the bot-
tom),dkhis the difference in depth over a grid céli is the grid size andsis the vertical
distance betweeslayers. For instance in a grid cell with total deptrhpf= 1000 m, with

a neighboring depth df, — 1 = 900 m, with a grid resolutioAx = 800 m, near the seabed
betweers-layer 0.9 and 1.0, the Haney number would be 1. In practieé¢tdmey number
is estimated by

]::axh <1 )

Z\N(Iajak)_zw(l_17J7k)+ZW(I7J7k_1)_ZW(I_17J7k_1)
Z\N(Iajak)+Z\N(|_17J7k)_ZW(I7J7k_1)+ZW(I_17J7k_1)
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whereZy, is the depth of the water column at grid coordinates)@nd atslevelk. In the
case where the second deepstvel of grid cell {, j) has equal depth to the deepest level
in grid cell ( — 1, j) the Haney number will be 1. Obeying the criteria (2) enstmasfor
a certain grid size the vertical grid increment is small egiofor thes-layer immediately
above (below) remains above (below) within the distancenaf grid interval. Although
there is no mathematically well-defined thresholds a rulthomb isry; < 10. There is
no consensus in the ROMS community on the upper limirfgthough. Thus one has
to consider the recommendations on thresholds to be themetof practical experience.
For instance Kate Hedstrgm allows a Haney number of sevenal while Alexander
Shchepetkin considers a value below 3 as “safe and conserfvand values above 8-10
as “insane®’. It boils down to controlling the pressure gradient errgor&Os CL has a
maximumry; = 1.42499°FE +01.

4.2 Atmospheric forcing

The necessary atmospheric input is extracted from the ARGMEC0oOp model that

runs operationally at MET NorwayMuller et al, 2015). It is a convective scale (non-
hydrostatic) model providing forecasts with a lead time®h®urs four times a day from
analyses at 00, 06, 12 and 18 UTC. It has a grid resolution®ke, and was made
operational in March 2014. Available to us are analyses anectsts saved every six
hours since April 2014, as well as real time forecasts cagdtie are shown in Figure 13.

We extract from AROME-MetCoOp, as listed in Table 2, surfanalysis and fore-
casts of wind, pressure, temperature, humidity and clowércdaily at 00, 06, 12, 18
UTC. Rainfall rates was calculated by using the accumulededall at +6 hours lead
time. AROME-MetCoOp store all these parameters at its grsdlution. From these pa-
rameters and variables fluxes are computed using the ihtarkaflux routines in ROMS
(e.g.,R@ed and Debernard004). FjordOs CL also computes internally, from analytic
expressions, net long wave radiation and short wave radiati

4.3 Input at open lateral boundaries

4.3.1 De-tided input

1"ROMS Discussion Forumhtps: //www . myroms . org/forum/viewtopic.php?f=14&t=612)
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Figure 13:The area covered by the Arome-MetCoop model. Shown is tleeésted (lead time 3
hrs) mean sea level pressure in hPa (black solid lines, cauitterval = 5 hPa), 3 hourly precip-
itation, and 10 m wind valid at 1500UTC on February 22, 2016lo€bar indicates precipitation
with a variable contour interval in the range 0.2-15 mm agéar(deep blue).

The FjordOs CL grid has one wide open boundary located abithern end towards the
Skagerrak. Here we use input from the NorKyst800 model iffdha of daily mean (de-
tided) values of sea level, currents and hydrography. Th&)si800 model covers the
Norwegian coast including the Skagerrak and the Oslofjatd avgrid resolution of 800
m as shown by Figure 5. To include the forcing from the NorR@&t model a one-way
nesting technique is employed as describelllaichesiello et al(2001).

The NorKyst800 is run operationally at MET Norway once a dag provides hourly
forecasts with a lead time of 66 hrs. Daily mean values arepted and stored as
netCDF files. These fields with some modifications may in adibe used as initial
values to "semi-hot" start FjordOs (Section 5). The arcbimetaining daily mean values
is updated automatically and adds back to 2012. The hourgcé&st values are stored
and archived one week back in time only. Both archives ardadla from MET Nor-

18



4.3.2

Table 2: List of atmospheric forcing parameters.

ROMS

Parameter name input name Unit
10 m U wind component  Uwind ms
10 m V wind component  Vwind ms

2 m air temperature ar °C
Mean sea level pressure ailP hPa
Total cloud cover cloud fraction
Specific humidity Qir gkg?!
Total precipitation rain kgm?s—1

way'’s thredds servéf. As input at the lateral open boundary FjordOs CL requirély da
mean sea level values in addition to daily mean depth pradflearrents temperature and
salinity.

Tidal forcing

The daily mean values extracted from NorKyst800 are vievesoeang crudely de-tided.
To get tides into the FjordOs CL model, tidal elevation amthitilbarotropic) currents
have to be specified separately and superimposed on thenakdly NorKyst800 input.

The tidal input in terms of tidal elevations and currentsa®ed on the TPXO Atlantic
databaseHgbert and Erofeeva@002, hereafter ATPXG. Before supplying them to the
FjordOs CL model they were first modified using measured wdéise Viker tidal gauge
station located close to the southern boundary in the Hvlehipelago. Included are
the nine tidal constituents listed in Tables 3 and 4. As id@vi semi-diurnal constituent
M5 is by far the most dominant one, but alse &d $ contributes.

The rationale for the modification of the tidal input is thiae tresolution of the AT-
PXO, which is 1/30, is too coarse to get the exact phase and amplitude of the itide
Skagerrak correct. To modify the tides we first imposed the ebnstituents on the open
boundary of tides from the ATPXO database, and let it run forerthan a year (the actual
period was 12:00 UTC, April 1, 2014 - 12:00 UTC, SeptemberZ8,4). Time series
of water level from a location near the Viker and Oscarsbatgl tyauge stations were

Bnttp://thredds.met.no/thredds/fou-hi/norkyst800m.html
Pnttp://volkov.oce.orst.edu/tides/AD.html
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Table 3: Simulated tidal amplitudes [cm] and phases [detd focation close to the Viker
tidal gauge station. The column "ATPXQO" refers to the sinediides using the TPXO
Atlantic data base as input, while the column "Modified" refeo a run using adjusted
tides as input. The column "Observed" refers to the obsetided at the nearby Viker

tidal gauge station and is added for comparison.
Con- Period Observed ATPXO Modified

stit. [hrs] [cm] [deq] [cm] [deg] [cm] [deg]
M, 124206 124+0.7 1153 9.7+1.1 1226 118+0.3 105+1
N, 12.6583 28+0.7 69%+14 57+11 81+11 31+0.3 6%H5
S, 12.0000 23+0.7 48+15 51+1.0 814+11 32+0.3 675
O1 25.8193 214+0.7 282£20 37+04 19+8 29+0.2 338+3
My 6.2103 14+0.2 2847 0.7+0.2 25t17 114+0.0 354+1
Q1 26.8684 10+0.6 221+42 01+0.3 215+154 Q1+0.1 253t156
Ky 23.9345 07/+0.6 98t49 12405 212t23 01+0.1 198+97
MNs 6.2692 (04+02 270+24 10+0.2 14112 03+0.0 7+3
MS; 6.1033 04+0.2 5+28 114+0.2 111412 06+0.0 80+1

then extracted and analyzed based on the T_Tide packagebeelslby Pawlowicz et al.
(2002). The results are shown under column “ATPXO” in Taldemnd 4. For compar-
ison we have also extracted and analyzed the observed tines $®m the Viker and
Oscarsborg tidal gauge stations compiled from the Norwe@aastal Administration
(Tidevannstabeller for den norske kyst med Svalbard, 20083 result of this analysis is
shown in column “Observed”, and clearly show that the sinaddides off the mark.

To better match the observations tidal amplitudes and spording phases at the
Viker tidal gauge station were then modified by computing muplétude factorc(™, and
a phaseshifiAp(" for each tidal componemtaccording to:

V= afyagn, (4)

2™ = gy i (5)

wherea(" is the amplitude an@" is the phase for tidal component numiveof the
water level in the column “ATPXO”. New amplitudes and phasethe boundary were
then calculated using the computed amplification factordraseshift on both water level

and velocity. The modified tides were then supplied to thed&)s CL and run for a year
with tidal forcing only. The new results were then analyzealatly as for the ATPXO run.
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4.4

Table 4: As Table 3, but for the Oscarsborg tidal gauge statio
Con- Period Observed ATPXO Modified

stit. [hrs] [cm] [deq] [cm] [deq] [cm] [deq]
Mo, 124206 141+0.7 1323 111+1.2 128t7 137403 1114+2
N, 12.6583 30+08 85t15 66+1.4 86+10 36+04 75t6
S, 12.0000 27+0.8 70+18 61+1.3 85+11 37+04 70+7
O; 25.8193 214+0.7 286+17 39+05 21+8 3.1+0.2 340t4
My  6.2103 21+0.3 332t8 14+0.4 44419 20+0.0 14+1
Q1 26.8684 10+0.7 230+36 02+0.4 204t126 Q0+0.2 190+165
Ky 23,9345 12+05 101435 11+05 21327 01£0.2 44479
MNs 6.2692 06+0.3 316+26 20+0.4 163t14 05+0.0 2943
MS; 6.1033 05+0.3 57432 22+04 13511 13+0.0 106+1

The resulting new tidal amplitudes and periods for the ooat close to the Viker and
Oscarsborg tidal gauge stations are shown in Tables 3 andalumn “Modified”. The
results are clearly improved at both stations. In particwi@ are pleased with the results
close to the Oscarsborg tidal gauge station which may beedeag a control station in
that it is far away from the southern boundary where the fi@ing is imposed.

River input

The influence of the freshwater discharged to the Oslofjgrdvay of the many rivers
surrounding it is well known. A relevant example is shown bgufe 20 constructed
from a test run with an earlier version of the FjordOs CL modielparticular the impact
on the daily mean sea surface salinity of Norway'’s two largesrs, namely Glomma to
the southeast and Drammenselva to the northwest, is evillsshown it tends to create
salinity fronts that in turn give rise to high lateral as wasl vertical shear currents. From
time to time these fronts are even strong enough to genersti@bilities. To obtain a re-
alistic, high resolution picture of the circulation in thelGfjord it is therefore paramount
to include the input from these and other smaller rivers.

To obtain the necessary information on the freshwater diggs to the Oslofjord
within the FjordOs CL model domain we make use of discharga ttam a database
constructed by use of the hydrological model HEB&(dring et al, 2003). In essence the
HBV model provides an estimate of the daily mean freshwat&nedd into the ocean (or
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Figure 14: Left panel shows the many rivers (blue solid jnesptying freshwater
to the fjord (from NVE elvenett). The red numbers indicate aitMCatchment Area
(MCA). The red dots indicate the location of the individuaers discharging freshwater
to Oslofjord (cf. Table 5). Some of the larger rivers, fotarece Glomma, Drammenselva
and Numedalslagen, are marked with a thicker blue line.id®tmtwith water discharge
measurements are shown with green dots and numbered witk lanbers, e.g. 8.
Right panel shows the location of the 37 rivers named in Table

fiord) from a preselected set of so called Main Catchmenadr@CAs). Each MCA
has in turn at least one or more rivers with an outlet to the dest Q; be the daily
mean freshwater discharged from tile MCA andA its area. Furthermore, |&fj be
the discharge from thgh individual river associated with théh MCA. Then assuming
thatg;j is entirely determined by the ratio of its local catchmeeia; to the area of the
MCA, that isA; we get
dij = %Qi- (6)
A total of 15 of Norway’s MCAs drains into the Oslofjord witihthe FjordOs model
domain (Figure 14). These MCAs in turn contain a total of 4@mioutlets as listed by
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Table 5. Six of these belongs to Glomma and five to Drammeasélence there are 37
named rivers. Their locations are shown by Figure 14. By ti$é)and Table 5 we may
find the discharge emitted from each of them provi@gds known. The HBV database
contains information o1Q; from 1962 up to and including the previous year with a lag
of about six months. Thu®; was not available for 2015 at the time of the simulations
presented in this report. Our hindcast period is from Apyie@14 up to and including
December 2015. We must therefore obtain informationQprior 2015 from another
source. To this end we make use of observations from the NMEsie° available in
near real time. If we for instance consider the observecdhdige from rivemn within the
ith MCA, we findQ; by rearranging (6), that is,
Qin

Q= Ala (7)
whereqi, is the known discharge of théth river anday,, is the size of its local catchment
area. Having thus foun@; we find the discharges from the remaining rivers of that MCA
by use of (6) and the;j’s listed in Table 5.

Using this method we first calculated the daily mean disahnésgMCA numbers =
1,2,3,6,8,12, and 15 using the NVE station data for rivers nos. 1 (ldodgn/Haldenv.),
2-7 (Glomma), 13 (Mosseelva), 21 (Akerselva), no. 25 (Sé&sdwa), 34-38 (Drammen-
selva) and 46 (Numedalslagen). The NVE station for MCA nos b¢ated far upriver
(Figure 14), so a correction factor is estimated based casa$gjuare fit between the NVE
observations at Ranasfoss and the Glommens og Laagenseimi&sening (glb.no) ob-
servations at Sarpfoss for the period up to and includingt 28, 2015. The result
is

Q,=1123. QRénésfoss (8)

This yields an estimate of the river discharge in Glomma waittRMS error of about 100
mq/s. The corresponding discharges, thatisg for j = 2,3,...,7, are found by use of (6)
and the size of the corresponding local catchment aagdssted in Table 5.

Table 5: Rivers in the FjordOs CL model. The outlet positifmti®w the index convention

in ROMS. The position is at a-point if the direction is along the-axis, and at a-point

if the direction is along thg-axis. The index counting in ROMS starts at 0, except for the
u-points andv-points, where the count starts at 1. MCA: Main CatchmenbAre

2Onttp://www2.nve.no/h/hd/plotreal/Q/index. html
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River MCA Area Outlet Outlet Direction Sign Name
No. no. ajj X-pos. y-pos. O=along
1=alongy

1 1 2512.00 297 44 0 -1  Iddefjorden/Haldenv.
2 2 7222.43 261 77 1 -1  Glomma (QDsterelva)
3 2 7222.43 260 77 1 -1  Glomma (QDsterelva)
4 2 7222.43 259 77 1 -1  Glomma (QDsterelva)
5 2 7222.43 258 70 1 -1  Glomma (QDsterelva)
6 2 7114.64 248 91 0 -1  Glomma (Vesterelva)
7 2 7114.64 248 92 0 -1  Glomma (Vesterelva)
8 3 13.90 273 202 0 -1 Krokstadbekken
9 3 2590 251 230 1 -1  Heiabekken+Kureda
10 3 7.57 213 219 1 -1  Statvikbekken

11 3 3.83 211 258 1 +1 Evjeaa

12 3 555 213 275 1 -1  Gunnarbybekken

13 3 688.34 221 337 0 -1  Mossevassdraget
14 3 19.33 239 373 0 -1  Kambobekken

15 4 138.49 242 423 0 -1 Heelenelva

16 5 6.94 273 634 1 +1  Gloslibekken

17 5 51.72 280 638 1 +1  Arungelva

18 5 85.97 286 784 0 -1 Gjersjgelva

19 6 39.10 289 802 0 -1 Ljanselva

20 6 69.26 267 864 0 -1 Alna

21 6 237.81 266 876 1 -1 Akerselva

22 6 23.24 226 890 1 -1  Frognerbekken

23 7 14.46 213 895 0 -1 Hoffelva

24 7 176.30 188 888 1 -1  Lysakerelva

25 8 227.72 83 843 1 -1  Sandvikselva

26 8 21.74 72 782 1 -1 Neselva

27 9 37.63 84 726 1 +1  Askerelva

continued on next page
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continued from previous page

River MCA Area Outlet Outlet Direction Sign Name

No. no. ajj X-pos. y-pos. O=along
1=alongy

28 9 282 126 665 1 +1 Neersneselva
29 9 112.95 149 607 0 +1  Arosvassdraget
30 9 19.05 158 584 0 +1 Seetreelva
31 10 18.01 179 447 1 -1  Tofteelva
32 10 35.47 156 435 1 -1  Sageneelva
33 11 309.38 22 621 1 -1 Lierelva
34 12 2139.31 1 611 0 +1 Drammeneslva 1
35 12 4278.61 1 610 0 +1 Drammenselva 2
36 12 4278.61 1 609 0 +1 Drammenselva 3
37 12 4278.61 1 608 0 +1 Drammenselva 4
38 12 2139.31 1 607 0 +1 Drammeneslva 5
39 12 8.11 97 501 1 -1  Ebbestadelva
40 12 1454 82 447 0 +1 Bergerelva
41 13 6.59 42 450 1 -1  Sandobekken
42 13 29.84 22 472 1 -1  Selvikelva
43 13 193.23 13 481 1 -1  Sandevassdraget
44 13 33.66 93 351 1 +1 Borreelva
45 14 1115.00 61 186 0 +1  Aulivassdraget
46 15 6514.00 9 23 0 -1  Numedalslagen

For some of the 15 MCAs in the model domain, no observationawailablei(= 4, 5,
7,9, 10, 11, 13, 14). We have estimat@dor these rivers using th@;’s from MCA nos.
2 (Glomma), 3 (Mosseelva), 8 (Sandvikselva) and 15 (Numis&dan). An auxiliary
parameter was calculated that was the sum of the river digebaf all combinations of

the four rivers. A least mean square fit was performed betwl@smew parameter and

the discharge for the MCA in question, namely

Qi = ai (fi2Q2 + fi3Qz + figQg + fi15Q15) + Bi.

(9)

The result of this analysis is shown in Table 6. It is somewhgprising that the discharge

from MCA nos. 2 and 15 did not influence the estimate of theldisge from the other
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Table 6: Estimating discharges in unobserved MCAs basethsereations at four MCAs
with observations using the least mean square fit (9).

MCA fio fiz fig fiis  ai B
no.
0 1 0 0 0.201 0.120
0 1 0 0 0.265 0.274
0 0 1 0 0.625 0.531
9 0 0 1 0 0.750 0.209
10 0O 05 05 0 0.264 -0.276
11 0 0 1 0 1.317 0.417
13 0 0 1 0O 1.081 0.998
14 O 05 05 O 1000 1.087

MCAs.

Finally we emphasize that the rivers, in addition to proviggdireshwater to the fjord,
are sources of nutrients, organic matter, bacteria, pestiand contaminants. Several
of these parameters are monitored in the national monggiogram (Riverine Inputs
and direct Discharges - RICskarbgvik et a).2011). It is therefore possible to include
information from the RID program in the river forcing, andice the FjordOs CL model
may be used in the future to model dispersion of any of the Rifameters.

Sample results

All the results shown below are derived by running FjordOsd®lLthe Vilje supercom-
puter at the Norwegian High Performance Computing faesiin Trondheim. We show
results from a hindcast initialized from NorKyst800 on Adrst, 2014 and continued up
to and including the month of December 2015. All inputs ardescribed in Section 4.

The results from the hindcast are further discussed and&teal in some detail in an
upcoming reportijelmervik et al, 2016). Here we merely present snapshots of fields
of currents, temperature, salinity and sea level at 2 melgpth on March 23, 2015, that
is, about one year after commencing the simulation. To plpp@preciate the level of
details provided by the FjordOs CL model the simulated cusrare shown for selected
parts of the fjord (Section 5.1). Regarding hydrography sea level (Section 5.2), the
whole computational domain covered by the FjordOs CL maldisplayed.
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5.1 Currents

We first note the detailed current pattern returned by thedile CL model as shown by
Figures 15 - 19. Although the speed in the inner OslofjorgyFe 15) is low compared

to other parts of the fjord, e.g. in the Drgbak Sound (Fig@etie pattern is nevertheless
as rich in detail as in the rest of the fjord.

Current at 2 m depth - 27-03-2015 13:00 UTC

59.9°N

59.85°N

Current speed [ms-1]

SOBON fesciiidiimaiinatin

59.75°N

10.5°E 10.6°E 10.7°E

Figure 15:Currents at 2 meter depth for the inner part of the Oslofjauding Bunnefjorden
and Oslo Harbour.

As revealed by Figure 16 the speed in the Drgbak Sound is ntrariger with speeds
bordering on 1 m/s. We also note the presence of the Jettyuchisg the western south-
ward flow to pass through the two narrow openings in the Jatte picture is one of a
strong outflow in which the flow in the Drgbak Sound is a jet honggnore or less the
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Current at 2 m depth - 27-03-2015 13:00 UTC

597N formmrericein

Current speed [ms-1]

59.65°N

0.0

10.5°E 10.6°E

Figure 16:As Figure 15, but for the Drgbak Sound and Vestfjorden area.

western bank due to the effect of the Earth’s rotation.

As we proceed southwards into Breiangen the fjord widengufféi 17). The jet like
outflow from the Drgbak Sound continues southward and islgleaided by the to-
pography. Nevertheless, rich details in the current padgten its flanks are clearly visi-
ble. As revealed also Drammenselva is discharging its waterBreiangen through the
Drammensfjord. Note that the simulation replicates thdtswirrent through the narrow
opening between Drammensfjorden and Breiangen at Svelvik.

Moving further south the topography usher the jet like owtfiay current to follow
the deeper parts of the fjord. Hence it meanders southwarartbBolserne (Figure 18).
Due to the strong main outflow we observe that water is forodtbtv through many of
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Current at 2 m depth - 27-03-2015 1 Current at 2 m depth - 27-03-2015 13:00 UTC

59.75°N

55 T A ) | ———

59.65°N

59.6°N

Current speed [ms-1]

59.55°N

59.5°N

59.45°N

10.2°E 10.3°E 10.4°E 10.5°E 10.6°E

Figure 17:As Figure 15, but for the Drammensfjord left) and southem péthe Drgbak Sound
and Breiangen area. Note the swift currents through narnaixshallow sound in the Svelvik area.

the narrow sounds, straits and other openings betweensslan

Finally the major outflow is emptied into Skagerrak as the flogetting close to the
southern border of the FjordOs CL model domain. Due to théooyc motion in the
Skagerrak the outflowing water is guided westward and flowglenof Store Faerder to
join the westward flowing current in the Skagerrak.

In summary the circulation pattern in upper water masselsarQslofjord on March
23, 2015 is one of strong outflow that more or less is guidedhbydpography and hence
meanders as it flows southward. In addition to this general flee circulation pattern
reveals detailed currents flowing through the many straistow sounds and opening
between islands. The latter is only made possible by the ta@gblution offered by the
new FjordOs CL model.
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Current at 2 m depth - 27-03-2015 13:00 UTC
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10.5°E 10.6°E 10.7°E

Figure 18:As Figure 15, but for the area between the Bastay, Rauer alsdrBe islands.
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Current at 2 m depth - 27-03-2015 13:00 UTC
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Figure 19:As Figure 15, but for the area around the Faerder lighthouse.
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5.2

Hydrography and sea level

It is also interesting to note the rich detail in the saliratyd temperature patterns only
made possible due to the high resolution of FjordOs CL modeksaealed by Figures
20 and 21). Nevertheless the most striking feature to berebdas the impact of the
rivers. In particular this is evident looking at the salndistribution (Figure 20). In
March the river discharge is starting to peak and hence @sang the freshwater content
in the upper water masses of the fjord and in particular ctoseir mouths. This is
particularly evident for the two major rivers Glomma and Draenselva, but also clearly
visible regarding Numedalslagen and Aulivassdraget (bewmp. At these locations the
temperature is somewhat increased, in particular in thenDransfjord, in comparison to
the rest of the fjord. We believe this is due to entrainmentafm water from below due
to the swift currents created there.

Regarding the water level at March 23, 2015 (Figure 22) wendgsthat this date is
one of high sea level in the inner parts with lower sea levelea proceed southwards.
This is in line with the strong outflow described in Sectioh &bove.
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Sea surface salinity - 27-03-2015 13:00 UTC
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Figure 20:As Figure 21, but for sea surface salinity (SSS).
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Sea surface temperature - 27-03-2015 13:00 UTC
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Figure 21: Sea surface temperature (SST) for the entire model domatineofFjordOs model.
Note the high SST in the Drammensfjorden area. We beliegdghmost likely caused by the en-
trainment (mixing) of warmer water from below. This warm esits probably left from imperfect
initial conditions.
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Figure 22:As for figure 21, but for sea surface height (SSH).
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6 Summary and final remarks

A documentation of a new Oslofjord model is provided. The @shofjord model, named
FjordOs CL, is based on the publically available ocean m&@@\S Shchepetkin and
McWilliams 2005, 2009Haidvogel et al. 2008), and is developed as part of the project
FjordOs. FjordOs CL exploits the curvilinear option in ROMSninimize the number of
“dry” grid points at the expense of increasing the numbenaét”® grid points. Thereby
the grid resolution is enhanced and varies in space. In fecFfordOs CL mesh size
varies from about 50 m in the Drgbak area to about 300 m at itheen border.

To satisfy ourselves that the model works technically, &ble and produces results
that are in line with our knowledge of the cirtculation in fjard, we have run several test
cases. Above we have shown examples of results from a hinclse initiated on April
1, 2014 and run through December 31, 2015. A through vatidaif the sresults from
this hindcast will be reported in a separete report.

In summary the results shown provides insight into the retesf resolving the
Oslofjord’s irregular coastline geography, that is, th@djs many small islands, narrow
sounds and straigts, and its topography, that is, deep 9asitt shallow areas. Thus
the new model provides a basis for developing an operatidofioi model once well

identified and validated.
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