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Abstract

Ormen Lange is an offshore gas field located in the Storegga region off the
Norwegian west coast. The gas will be transported on-shore for processing by
means of a pipeline. Due to the abrupt topography this pipeline will have many
long free spans and meet challenging hydrodynamic conditions. Thisreport is part
of alarger study which is underway, with the main goal to build up a profound
knowledge on hydrodynamic phenomena in the area.

Wefocus on locations along apossible path for the pipeline, and inasimulation
study the effects on the flow due to the passage of a very strong and idealized low
pressure system. We describe how the simulation is done by using a numerical,
hydrostatic, sigma co-ordinate ocean model. From the produced time series, sam-
pled at five locations along the pipeline path, we present distributions for absolute
velocity and direction at four depths near the bottom.

We demonstrate that the effect of the event can be seen all the way through
the boundary layer, and present some simple statistics for the absolute velocity
produced from the time series.

1 Introduction

Ormen Lange is an offshore gasfield located in the Storeggaregion off mid-Norway in
water depths from roughly 800 to 1100m. Thefield being considered for development
under the leadership of Norsk Hydro, is located in the core of the Storegga dlide that
left an almost 300m long headwall at the shelf break. Extracting and transporting gas
from thereservoir includes sea-bed pipelinetracks which makeit essential to have good
knowledge on the current conditionsin the region. An extensive program is underway
with analysis of data from measurements as well as humerical modeling applied to a
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large range of scales and phenomena. See reports by Eldevik, Eliassen, Berntsen and
Furnes ([4], [2] and [5]) for more background information.

In this report we will focus on the time series from one single event, the passage of
a strong idealized low pressure system described in two previous reports by Eliassen
[3] and Vikebg et a. [12]. The event is modeled with a fine resolution model covering
a few tens of kilometers around the production site and a resolution of 400 meters.
Applying a one way nesting method, this model is forced with boundary conditions
produced with another model that is set up with 20 km resolution covering the Nor-
wegian sea. By a close inspection of the model bathymetry, we pick out five locations
along the pipeline path where the slope of the topography has large changes. At these
locations we save time series and vertical profilesfrom the smulation.

It was observed that the effect of the storm event can be experienced all the way
through the boundary layer at the bottom, and that the direction of the flow in thewhole
water column is strongly steered by the topography and direction of the wind-forcing.

2 Description of the model setup

The system of equations and the numerical o-coordinate ocean model are described in
[1]. The equationsare the continuity equation for anincompressiblefluid, the Reynolds
averaged momentum equations horizontally, conservation equations for temperature
and salinity and the UNESCO-equation of state, see [7]. The model assumes Boussi-
nesq and hydrostatic approximation.

Themodel is set up for an area surrounding the Ormen Lange production site, The
bottom topography is shown in Figure 1. The horizontal spatial resolution is 400m,
and the vertical distribution rangesfrom a couple of meters near the bottom up to about
50m resolution in the middle of the water column, beforeit is reduced towards 7m near
the surface. Figure 2 shows the distribution of vertical layers for a depth of 700m. We
ran the model with 52 layers.

Theinitial and lateral boundary conditionsfor this study were produced with an ex-
ternal model, a 20km resolution model of the Norwegian sea. The external model was
set up with climatological initial and boundary conditions. The boundary conditions
were imposed through a 7 cell wide relaxation zone using a method due to Martinsen
et a. [9] called the Flow Relaxation Scheme (FRS).

The model area for the external model covers the Norwegian Sea basin, Figure
3. The horizontal grid size for the external model was 20km. The vertical 30 layers
were distributed according to Lynch et al. [8]. Their formula distributes the layers
symmetrically around the mean depth such that a gradually finer resolution towards the
surface and the bottom is obtained.

The external model was run for 240 hourswith an internal 3D time step of 360sand
30 2D time steps per 3D step. Initial values of water elevation, velocity, temperature
and salinity were taken from the diagnostic climatology described in [6]. At the lateral
open boundaries, except at the boundary to the Baltic, theflow rel axation scheme (FRS)
was implemented as for the inner model with a 7 grid cell wide zone. Climatological
values of velocity, temperature, salinity, and water elevation in addition to four tidal
congtituents (M, So, K1, N») were used to specify the lateral boundary conditions.
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Figure 1: The bottom topography. Contour units are in meters.
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Figure 2: The distribution of layersin the vertical. All units are meters.



The flow to and from the Baltic was implemented according to an algorithm due to
Stigebrandt [11]. The flow is determined from the difference in modeled water level
between the southern Kattegat and the Baltic, taking climatological freshwater input to
the Baltic into account. The water entering Kattegat from the Baltic is given a salinity
of 8.0 p.s.u. Theinflow/outflow isplaced at Storebelt. Fresh water runoff from 27 rivers
around the North Seaisincluded. For experimentsover longer periodsthisforcing will
strongly affect the coastal circulation, but in the present study this forcing has minor
importance.

Traveling low pressure systems are important driving mechanisms for the oceanic
flow. Martinsen et al. [10] constructed an analytical model for a cyclone and studied
barotropic effects of the moving cyclone. Following Martinsen et al. the atmospheric
pressure disturbance is described by

p(x,y,t) = pO(t)e{_[(JC—xo—uot)z+(’£/—y0—’Uot)2]/R2}7 (1)

where py(t) is the pressure disturbance at the center of the cyclone; x ¢, yo the initia
position of the center of the pressure disturbance; uq, vy are the z and y components
of the propagation velocity; and R defines the horizontal extent of the pressure distur-

bance. Wind velocity componentsu 4 and v, inthe z and y directions, respectively, are
computed from the atmospheric pressure gradients as
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where f isthe Coriolis parameter and p,, the density of the air (1.3 kg m—3).
Thewind stressis computed from the wind velocity components as
Ty = pacD(ug + vg)l/ng , 4
Ty = PaCD (u?] + Ui)l/Qvg ) 5)

where cp is the drag coefficient. In our experiments, ¢ is chosento be 3 x 1073
following Martinsen et a. [10].

The model is first run 24 hours with po(t) = 0. The low pressure system is then
started at position (zg,y0) = (—12.5,115.84) and po(t) is decreased linearly over
the next 12 hours to -60hPa and held constant for the remaining simulation period,
where the coordinates are the same as those in the external model of Figure 3. In the
grid coordinate system, x and y components of the propagation velocities are u ¢ =
8.59ms~! and v = -4.81ms™! respectively, in all experiments.

Figure 3 is taken from Vikebg et al. [12] and shows the four trajectories that
were used in alarger scale experiment with similar storms. Their results showed that
the maximum velocities near the shelf break were obtained when storms with radius
R=500km passed Ormen Lange along Run_track 2. The maximum velocity occurred
between 70 and 80 hours after the start of the experiment. This storm was used as
forcing for our model.
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3 Resaultsand discussion

The main limitation of this study is clearly the resolution of the topography. Figure 4
shows a detailed image of atypical part of the bottom topography around the pipeline
near the tangentia points TP11 to TP12. We observe that the bottom is dominated

Figure 4: Detail from the Ormen Lange pipeline path at TP11-TP12 showing typical
bottom topography. The distance between TP11 and TP12 is approximately 1km.

by small hills breaking up from layers of clay and mud. The horizontal extent of the
hills is typically of the order of 50 meters, and the height a few tens of meters. To
resolve this topography, or in other words representing the hydrodynamic effects of
such topography, a humerical model would need a horizontal resolution of at least
10 meters. At the same time, the horizontal extent of the area covering the part of the
pipelinewe are interested in (see Figure 5) is about 30 kilometers. Thiswould, with the
ideal resolution, mean 3000 grid points in each horizontal direction — at least an order
of magnitude more than we can cope with using our state of the art supercomputer
equipment. We use a horizontal resolution of 400 meters, which roughly lets us cover
thedomain in Figure 1.

We also meet with resource limitations for the vertical direction due to the large
depth of thearea. By the use of astretched coordinate system that lets usfocusthe effort
on the surface and bottom boundary layer, we get a good resolution where assumedly
most of the dynamics will happen. The distribution of layer thickness can be seen in
Figure 2. It is not entirely clear how the effects of a very coarse grid in the middle of
the water column will influence propagation of e.g. internal waves in the vertical, but
thisis beyond the scope of this report.

The tool used in the study is a free surface model. Due to the large depth of the
model areg, it isnecessary to march forward in time using rather short time steps, in our
case typically of order 2 seconds for the barotropic part of the system. The baroclinic
or three dimensional part is propagated with a time step of 72 seconds. time series
of velocity and temperature are sampled once per hour at the locations marked TP1
to TP20. We present results from point TP1, TP7, TP9, TP15, and TP19 since we
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observe at these locations rather large changes in the slope of the model topography.
It is expected that the flow will be focussed at such locations. The depths for the five
stations are shown in Table 1.

Name  Long Latt Depth
START 5.39196 63.5108 846
TP1 5.39677 63.507 835
TP2 540351 63.503 826
TP3 5.40963 63.5003 829
TP4 542034 63.4883 818
TP5 541895 63.4697 811
TP6 5.42328 63.461 798
TP7 5.42747 63.4573 792
TP8 545222 63.4482 770
TP9 549929 63.4422 731
TP10 552219 634353 703
TP11 5.53424 63.4285 683
TP12 555135 63.4229 663
TP13 5.56435 63.4206 653
TP14 55731 634185 642
TP15 557937 634166 634
TP16 5.588 63.4145 618
TP17 5.60894 63.4109 560
TP18 5.62178 63.4073 514
TP19 5.63309 634025 459
TP20 564104 63.3979 411

Table 1: Geographical coordinatesfor tangential points. Depth is given in meters.

3.1 Timeseriesof absolute velocity and temperature

Figure 6 shows the time series of absolute velocity in point TP19 for the four reference
depths. The velocity peaks after about 75 hours are consistent with the external model
ran separately by Vikebg et al. [12]. Since this part of the pipeline is mostly normal
to the flow due to the storm, there is no significant delay between the peak velocity at
the different locations, and the time series for absolute vel ocity at the other stations has
avery similar evolution to TP19. The only difference is the magnitude of maximum
velocity, which can be found in tables 2-21.

The other feature that is clearly visible in this figure is the effect of the boundary
layer. The time series were sampled at depths 2,5,10 and 20 meters above the bottom,
and we observe that the velocity at the 2m level is approximately 30% lower than
the 50m level under the peak of the event. The boundary layer is visible throughout
the whole experiment, but grows during the peak. Figures 7-9 show the evolution of
the vertical profile for absolute velocity at point TP19. We observe that the bottom
boundary layer is well resolved, and that the strong wind influencesthe flow in at least



0.70 x x x x x x x x x x x

0.60

0.50

0.40

0.30

0.20

0.10

0.00

Velocity 2Zm - == === Velocity 5m
Velocity 1Om  ——mmmime Velocity 20m

Figure 6: time series of absolute velocity at TP19 20m,10m,5m and 2m above the
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the upper 100 meters of the water column. Near the bottom we see the boundary layer
grow from approximately 30m thickness to a maximum of about 60m thickness when
thewind-forcing is near its maximum.

3.2 Direction and magnitude of velocity at the five stations

In Tables 2 to 21, we computed some simple statistics from the time series. The tables
show a probability equal to the number of samples in a certain velocity interval and
sector, divided by the total number of samples. A direction of 0 degrees means flow
towardsnorthinthe model domain, while 90 degrees means eastward flow. Thedomain
isdlightly rotated with respect to geographical coordinates, about 3 degrees clockwise.

The tables generally show that the background flow with velocity up to 5-10 cm/s
has large directional variability, which is reasonable due to the abrupt topography in
the area. The depthsfor which the time series were taken are mostly inside the bottom
boundary layer. This boundary layer is most likely too thin, because the model cannot
represent the fine scal e bathymetry we know dominate the area. This indicates that we
may overestimate the velocities. On the other hand flow over fine scale features such as
small sea-mounts may give increased velocities as studies with even higher resolution
have shown. These uncertainties make comparison of idealized model resultswith real
measurements difficult.

The tables show that when the velocity goes above 10-15cm/s, the direction is
mostly uniform, both with respect to the velocity and the depth of the sampling point.
This direction is often not (as expected) aligned with the local topography, but seems
to beinfluenced mostly by the wind field. An example of this can be seenin Figure 10,
which showsthe velocity at 5 meter height above the bottom after 72 hours, very close
to the peak of the storm event.

3.3 Distributionsfor absolute velocity at the stations

By doing simplestatistical calculationson thetime series, we cal culated the probability
density distribution and the cumulative density distribution for absolute velocity, see
figures 11 to 14. The cumulative distribution for absolute velocity are curves which
givesthe probability that the velocity is smaller than agiven value. All curvestherefore
end at y value equal to 1. The shape of the cumulative distributions for different depths
are strikingly similar, which makes sense since the statistics is made from one event.
The event is wind driven and should work on the water masses below in a similar way
for the model area since the length scale of the low pressure system is much larger
than the extent of the model domain. The local topography will give differences, but
the model bathymetry is quite smooth due to the resolution, so the differences will be
smaller than statistics for corresponding measurements.

The probability density distributions in figures 13 and 14 are curves that give the
probability for the velocity to be in a certain interval that is equal to the integral of
the distribution over that interval. These distributions show the event more clearly
than the cumul ative distributions. We observe that the background flow has the highest
probability with velocities in the range 0-15cm/s. All distributions have a small “tail”
in the rightmost end of the spectrum, that identifies the low pressure event. Also here

10



5 -
éﬁ;
100 o
x
200 x
% 0 x
300 | X o x
: o &
£ 400 - & o X
< h 5
o b 1] *
& 500 | / :
X Ju *
o *
600 12H ——
)= ¥ 60H ---x-—-
Y " 72H %
, ? 84H @
700 - % 120H --m-—
d %
800 | M
900 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Absolute velocity (m/s)
Or———— g T o I BV —
T R
100
200 x
300 *
_ *
B :
£ 400 v ¥
Q.
a I
500 %
*
600 X 12H —+—
% 6OH ---x---
; 72H %o
* 84H ~E-
700 % 120H -—=-—
800 mx%%*M I I I

0.4 0.5 0.6 0.7 0.8 0.9
Absolute velocity (m/s)

Figure 7. Time evolution of vertical profile for absolute velocity at TP1(top) and
TP7(bottom)

11



100 -

200 -

300

400

Depth (m)

500

600 |

700 -

800 IV 1 1 - 1 1 1 1 1 1

100 | ) o 77-77-7777-77>7777-77>7777-777;;77-k """" N

200

Depth (m)
w
o
=)
T

400 | : 12H —+—
500

600 -

0.4 0.5
Absolute velocity (m/s)

Figure 8: Time evolution of vertical profile for absolute velocity at TP9(top) and
TP15(bottom)

12



Depth (m)

I e e T
100
200
300 12H —+—
x BOH —--x-—-
T2H ---%
X 84H -8
120H ——=—
X
400 *
500
1 1
0.4 0.6 0.8 1 12

Absolute velocity (m/s)

Figure 9: Time evolution of vertical profile for absolute velocity at TP19

13



Y
S N N N N N N N N NI N

////////////////4&%
SOCEEN RRRASA

///m///

110

90

'e]

Figure 10: Velocity 5 meter above the bottom after 72 hours. The five stations

TP1,TP7,TP9,TP15, and TP19 marked with crosses and a connected line. Axis units

are in grid coordinates, grid spacing is 400m in both directions. The longest arrow

indicate a velocity equal to 1.26 m/s

14



Table 2: Direction and magnitude probability at station 1 for velocity at 2 meters depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210° 240° 270° 300°  330° 360°

0-5| 30 08 0.2 0.3 0.6 05 25 4.6 1.9 4.1 9.4 19.6

510 | 0.0 00 00 0.0 0.0 3.0 2.2 3.2 17 0.6 19 4.9
10-15 | 101 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.6 16
15-20 | 25 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 15
20-40 | 93 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.1
40-60 | 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 3: Direction and magnitude probability at station 1 for velocity at 5 meters depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210°  240° 270° 300°  330° 360°

0-5| 57 17 0.3 0.4 0.5 05 11 4.2 15 18 4.9 13.9

510 | 0.0 00 00 0.0 0.0 16 2.0 4.2 29 16 5.0 8.0
10-15 | 6.6 00 00 0.0 0.0 20 0.0 0.0 0.0 0.0 0.0 2.2
15-20 | 5.1 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14
20-40 | 95 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.4
40-60 | 1.8 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19
60-80 | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 4: Direction and magnitude probability at station 1 for velocity at 10 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210°  240° 270° 300°  330° 360°

0-5| 89 29 04 0.6 0.6 05 0.9 41 20 0.6 32 8.0

510 | 05 00 00 0.0 0.0 1.0 1.9 4.2 3.0 2.9 4.1 10.8
10-15 | 41 00 00 0.0 0.0 24 0.0 0.0 0.0 0.0 0.0 15
15-20 | 25 51 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11
20-40 | 86 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.4
40-60 | 3.7 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35
60-80 | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 5: Direction and magnitude probability at station 1 for velocity at 20 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210°  240° 270° 300°  330° 360°

0-5| 52 2.7 14 20 11 0.6 0.9 4.2 16 04 21 75

510 | 33 0.9 0.2 0.0 0.0 0.9 18 4.1 34 35 4.3 8.7
10-15 | 20 00 00 0.0 0.0 22 0.0 0.0 0.0 0.0 0.0 11
15-20 | 2.8 63 00 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 1.0
20-40 | 74 05 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.2
40-60 | 56 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.6
60-80 | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** | 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15



Table 6: Direction and magnitude probability at station 7 for velocity at 2 meters depth

0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-51| 146 14 1.0 0.3 0.2 12 0.9 13 18 21 2.0 4.2
5-10 | 13.9 41 0.0 0.0 18 39 28 0.9 0.0 04 14 7.1
10-15 11 6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21
15-20 0.7 19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20
20-40 | 111 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2
40-60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 7: Direction and magnitude probability at station 7 for velocity at 5 meters depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210° 240° 270° 300°  330° 360°
0-5 1| 10.8 17 0.7 0.2 0.3 0.9 0.8 0.7 18 20 2.0 21
5-10 | 19.2 5.8 0.0 0.0 0.0 0.0 24 18 0.0 04 13 4.0
10-15 11 25 0.0 0.0 0.0 53 04 0.0 0.0 0.0 0.0 25
15-20 0.0 58 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17
20-40 5.6 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.7
40-60 6.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 8: Direction and magnitude probability at station 7 for velocity at 10 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210° 240° 270° 300°  330° 360°
0-5 6.9 22 0.8 0.2 0.4 0.7 11 0.5 18 22 19 0.5
5-10 | 221 6.5 0.8 0.0 0.0 0.0 0.8 24 0.1 0.2 12 17
10-15 24 10 0.0 0.0 0.0 4.7 20 0.0 0.0 0.0 0.1 3.0
15-20 0.0 7.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16
20-40 38 25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 59
40-60 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 9: Direction and magnitude probability at station 7 for velocity at 20 meters
depth
0- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180° 210° 240° 270° 300°  330° 360°
0-5 4.7 4.2 15 0.3 0.5 04 12 0.5 17 22 19 0.8
5-10 | 139 74 21 0.0 0.0 0.0 04 2.7 0.2 0.2 11 3.7
10-15 5.0 2.6 0.0 0.0 0.0 4.0 27 0.0 0.0 0.0 0.0 18
15-20 0.0 6.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11
20-40 2.2 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 55
40-60 9.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35
60-80 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table 10:

Direction and magnitude probability at station 9 for velocity at 2 meters

depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60°  90° 120° 150° 180° 210° 240° 270° 300°  330° 360°
0-5 ]| 165 4.0 12 0.2 0.3 0.3 13 20 11 19 23 6.5
5-10 89 54 0.0 0.0 0.0 18 3.2 04 0.0 0.0 17 4.2
10-15 0.0 7.6 0.0 0.0 2.6 22 0.0 0.0 0.0 0.0 0.0 21
15-20 0.1 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 0.7
20-40 | 116 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0
40-60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 11: Direction and magnitude probability at station 9 for velocity at 5 meters
depth
0- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-51| 120 20 0.7 0.9 0.1 0.0 12 15 12 19 14 4.4
5-10 | 148 1.7 0.2 0.0 0.0 0.0 25 12 0.0 0.0 18 4.0
10-15 0.0 6.4 0.0 0.0 19 43 0.5 0.0 0.0 0.0 0.0 1.9
15-20 0.0 27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18
20-40 4.4 15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.3
40-60 7.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 12: Direction and magnitude probability at station 9 for velocity at 10 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-51| 123 18 0.7 10 0.0 0.0 12 12 12 14 2.0 26
5-10 | 148 9.0 0.3 0.0 0.0 0.0 0.3 23 0.0 0.0 15 17
10-15 10 21 0.0 0.0 0.0 39 25 0.0 0.0 0.0 0.0 29
15-20 0.0 6.6 0.0 0.0 0.7 0.9 0.0 0.0 0.0 0.0 0.0 16
20-40 2.7 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.8
40-60 9.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 13: Direction and magnitude probability at station 9 for velocity at 20 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5 6.8 6.2 18 0.3 0.0 0.0 13 0.9 14 12 20 19
5-10 | 138 8.9 2.6 0.0 0.0 0.0 0.0 2.6 0.0 0.1 15 23
10-15 12 18 0.0 0.0 0.0 2.7 3.2 0.2 0.0 0.0 0.0 24
15-20 0.0 6.6 0.0 0.0 0.0 18 0.0 0.0 0.0 0.0 0.0 11
20-40 12 35 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.9
40-60 9.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9
60-80 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table 14:

Direction and magnitude probability at station 15 for velocity at 2 meters

depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180°  210° 240° 270° 300° 330°  360°
0-51| 20.2 2.6 12 10 04 0.2 10 11 2.6 11 4.4 9.6
510 | 41 2.6 0.6 2.8 4.1 35 0.9 0.0 0.0 0.0 4.9 6.1
10-15 0.0 0.0 15 0.2 0.0 0.0 0.0 0.0 0.0 0.0 17 0.0
15-20 0.0 0.7 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.9
20-40 28 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12 4.0
40-60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.2
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 15: Direction and magnitude probability at station 15 for velocity at 5 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5 | 19.7 20 23 0.3 0.0 0.0 0.6 0.7 2.7 0.5 4.4 8.3
5-10 5.7 27 0.1 0.0 24 25 24 0.0 0.0 0.0 13 10.6
10-15 0.0 0.0 15 23 16 0.0 0.3 0.0 0.0 0.0 0.0 16
15-20 0.0 0.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13
20-40 12 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.6
40-60 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.2
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 16: Direction and magnitude probability at station 15 for velocity at 10 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5]| 172 19 15 0.0 0.0 0.0 0.6 0.6 2.7 0.8 2.6 114
5-10 7.4 2.6 0.0 0.0 0.0 15 27 0.0 0.0 0.0 0.2 111
10-15 0.8 0.1 13 14 38 1.2 0.6 0.0 0.0 0.0 0.0 16
15-20 0.0 0.1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11
20-40 0.5 18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.6
40-60 26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 17: Direction and magnitude probability at station 15 for velocity at 20 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5 | 16.8 29 0.3 0.0 0.0 0.0 0.8 04 0.6 31 0.6 9.4
5-10 | 10.3 17 0.0 0.0 0.0 19 3.0 0.0 0.0 0.0 0.0 12.2
10-15 20 0.8 1.0 0.0 53 0.6 0.0 0.0 0.0 0.0 0.0 16
15-20 0.0 0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11
20-40 0.1 19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0
40-60 28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 26
60-80 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.5
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table 18:

Direction and magnitude probability at station 19 for velocity at 2 meters

depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90° 120° 150° 180°  210° 240° 270° 300° 330°  360°
0-5| 152 145 3.6 16 17 21 7.1 18 0.0 0.0 0.0 11.9
510 | 4.7 23 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18 53
10-15 0.0 14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 31
15-20 0.0 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8
20-40 | 111 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8
40-60 7.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 19: Direction and magnitude probability at station 19 for velocity at 5 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5] 165 127 0.6 12 0.6 04 28 23 10 0.0 0.1 8.6
5-10 6.3 25 0.8 0.0 0.8 23 28 0.0 0.0 0.0 12 8.1
10-15 0.0 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35
15-20 0.0 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14
2040 | 46 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
40-60 | 14.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 20: Direction and magnitude probability at station 19 for velocity at 10 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-5 ]| 16.3 8.9 0.0 0.0 0.0 04 35 04 0.8 20 0.3 7.1
5-10 | 10.0 23 0.0 0.6 17 33 17 0.0 0.0 0.0 10 8.8
10-15 04 15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 39
15-20 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19
20-40 3.0 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13
40-60 | 141 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 21: Direction and magnitude probability at station 19 for velocity at 20 meters
depth
0°- 30°- 60°- 90°- 120°- 150°- 180°- 210°- 240°- 270°- 300°- 330°-
cm/s | 30° 60° 90°  120° 150° 180° 210° 240° 270° 300° 330° 360°
0-51| 123 23 0.0 0.0 0.0 0.6 4.6 04 0.3 0.7 25 5.7
5-10 | 181 16 0.0 0.0 16 38 0.0 0.0 0.0 0.0 04 9.0
10-15 | 4.3 14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30
15-20 13 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11
20-40 2.8 15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15
40-60 | 10.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60-80 79 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
80-** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

19



we see the effect of the boundary layer, with a probability of higher velocities at larger
distances from the bottom.

4 Conclusions

In this report we have investigated the effects of the passage of a very strong, ideal-
ized low pressure system over the North Sea on the flow around the Ormen Lange
production site.

The study has been done by setting up a fine resolution model of an area with an
extent of afew tensof kilometers, covering the production site and parts of the pipeline,
aswell asimportant topographical features such as the Storegga edge.

The horizontal resolution is high for an ocean model of this kind, but still does not
resolve small scale topography that will have important effects on measured data. The
report therefore mainly describes the effect of larger scale topography.

Themodel boundary conditionswere produced with abasin scale model with 20km
resolution. The model system was set up to simulate the passage of a strong idealized
low pressure system over the Norwegian seas. The strength and extent of the low
pressure system were chosen on the basis of results from a report by Vikebg et al.
where the chosen passage was found to generate the strongest currents along the shelf
break.

Simple statistics from the extreme event are presented. As expected the event can
clearly be seen in the density function and cumulative distribution for absolute vel ocity.
We also identify the effect of the bottom boundary layer, and observe that the stormis
influencing the flow all the way through the boundary layer.

The direction of the flow has large variability before and after the event, while
during the event the direction is clearly steered, mainly by the wind direction, but also
to some extent by large topographical features.

Generating statistics from one single event gives us distributions like the ones pre-
sented in this report, where the event can be seen as an abnormal tail in the probability
density distribution. It is likely that a distribution more similar to e.g. the Weibull
distribution would be obtained if a Monte Carlo type of simulation were done, using a
large number of forcings drawn from distributions of more realistic storms and density
fields.

The climatology used in the study is too smooth compared with real data. By do-
ing simulations with sufficiently low viscosity, we might also discover extreme events
related to non-linear interactions between waves and density fields with sharper fronts.
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