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Abstract

The second largest gas field in Norway, Ormen Lange, is located at Storegga
140 km west of Kristiansund. Ormen Lange lies in the continental shelf slope
where several slides have created a rough bottom topography. The depth
varies between 800 to 1100 m.

A three-dimensional, time split, o-coordinate model is used to study the
combined effects of thermohaline and atmospheric forcing on the currents
at Ormen Lange. Earlier studies of effects of atmospheric forcing have been
performed with climatological values of temperature and salinity. Climato-
logical fields of hydrography are generally smooth. The internal pressure
forcing has therefore been too weak in previous work.

To create more realistic gradients in the density field the model has been
run in 165 days and temperature and salinity fields from this experiment
are used as initial and boundary values in the present study. The stronger
thermohaline forcing creates a stronger thermohaline circulation, and also
during strong storm events the maximum velocities at Ormen Lange may be
significantly larger.

Topographic Rossby waves are generated at Ormen Lange due to the
atmospheric low pressure. Periods found in time series of model velocities
are in agreement with the theory of such waves.
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1 Introduction

An ongoing data acquisition program at Ormen Lange, an offshore gas field
located in the Storegga region off mid-Norway, has identified several events in
which the currents close to the sea bed exhibit peak values in their speed and
temperature over a short period of time. This may cause problems for near
sea bed installations needed for exploration of the gas field. It is therefore
important to understand the generation mechanisms of these events and to
investigate the possibility of forecasting them.

Earlier reports (e.g., Eliassen et al. 2000) have commented on these events
and suggested two plausible explanations for the high current speeds occur-
ring at Ormen Lange. Internal waves that break towards the shelf slope or
currents at strong internal density fronts. Both these explanations indicate
the connection between very local strong effects and larger scale internal
wave phenomena. The most pronounced generation mechanism behind in-
ternal wave phenomena in this area is atmospheric forcing, Vikebg et al.
(2001).

In Vikebg et al. (2001) the generation of currents in the different water
levels at the shelf and the shelf slope was investigated closer. By changing the
radius, magnitude and path of an idealized atmospheric low pressure forcing
the ocean surface, different scenarios where simulated.

In the present paper the additional effects of the thermohaline forcing will
be investigated. Four of the events from Vikebg et al. (2001) will be simulated
with corresponding boundary conditions. In Vikebg et al. (2001) the initial
conditions were taken from climatological values (Engedahl et al. 1998) that
are known to be too smooth spatially. The initial conditions in this paper
will be taken from Eldevik et al. (2001). These initial conditions correspond
to several months (165 days to be exact) spin up from the climatological data
of Engedahl et al. (1998), producing relative strong thermohaline fronts.

Figures of the current speed at 10 and 50 meters above the sea bed will
be made at 5 different locations in the Ormen Lange area. See Figure 1 and
Figure 2. The depth at the locations are given in Table 1.

Loeenien | OlLdt | QL2 | OL3 OL4 @5
Eepth 2570 | 499.0 | §35.9 | L1201 || 7eda

Table 1: Depths in meters at stations OL1 to OL5
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Figure 1: Model area given in grid coordinates. The grid size is 20 km. The
Ormen Lange area is outlined.
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Figure 2: Ormen Lange with the locations OL1-OL5.



2 Model

This model study uses the numerical o-coordinate ocean model of Berntsen
(2000). The equations are the continuity equation for an incompressible
fluid, the Reynold averaged hydrostatic momentum equations, conservation
equations for temperature and salinity and the UNESCO-equation of state.
The reader is referred to Berntsen (2000) for further details concerning the
governing equations and numerical methods.

The model area covers the Norwegian Sea basin, see Figure 1. The hori-
zontal grid size is 20 km. In the vertical 30 o-layers are applied and these are
distributed according to a formula given in Lynch et al. (1995). Their for-
mula distribute the layers symmetrically about the midpoint in the vertical
with a gradually finer resolution towards the surface and the bottom.

The model is run for 240 hours with an internal 3-D time step of 360s.
There are 30 2-D time steps per 3-D step. Initial values of water elevation,
velocities, temperature and salinity are taken from Eldevik et al. (2001). At
the lateral open boundaries, except at the boundary to the Baltic, a flow
relaxation scheme (FRS) is implemented (Martinsen and Engedahl, 1987).
The FRS-zones are 7 grid-cells wide. In addition to the initial values for
water elevation (7), velocity (u and v), temperature (7') and salinity (S) four
tidal constituents (Ms, Se, K1, N3), are used to specify the lateral boundary
conditions.

The flow to and from the Baltic is implemented after an algorithm due
to Stigebrandt (1980). Fresh water runoff from 27 rivers around the North
Sea is included. For experiments over longer periods this forcing will affect
strongly 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. (1979) constructed a model of a cyclone and
studied barotropic effects of the moving cyclone. The atmospheric pressure
disturbance is described by, following Martinsen et al. (1979),

p(z,y,t) = po(t)6{—[(I—Io—uot)2+(y—yo—vot)2]/32}

) (1)

where po(t) is the pressure disturbance at the center of the cyclone, zg, yo the
initial position of the center of the pressure disturbance, ug, vy are the z and
y components of the propagation velocity and R defines the horizontal extent
of the pressure disturbance. Wind velocity components u, and v, in  and y
directions, respectively, are computed from the gradients in the atmospheric
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Above f is the Coriolis parameter and p, the density of the air (1i3kamid).
From the wind velocity, wind stress is computed

s bl pacD(u3+vZ)l/2ug : (4)

i — pacD(uanv;)l/Qvg ’ (5)

where ¢p is the drag coefficient. In our experiments cp is chosen to be 3 i
(cf. Martinsen et al. 1979).

A finding of Vikebg et al. (2001) is that the strongest response of the
currents at Ormen Lange occurs when the maximum wind speed was ap-
proximately along the shelf slope. In the present study the model system
will be run for the four different scenarios of Table 2. In all the experiments
maximum wind speed will be approximately along the shelf slope. The model
is first run for 24 hours with po(t) = 0. The low pressures are then started
at positions (zg,%o), given in grid coordinates, see Table 2. The pressure
disturbance po(t) is increased linearly over the next 12 hours to the values
given in the table and held constant for the remaining simulation periods.
The propagation velocities are uy = 8.59ms™! and vy = -4.81ms™" in all
experiments.

In the experiments with R = 1000km the shortest distance between the
center of the low pressures and Ormen Lange is 667 km. The distance between
the center to the point with maximum wind speed is 707 km (R/V/2). When
R is 500 km, the pathway of the storm is also based on the pathway given for
R = 1000km. The starting points (zo,%o) are, however, adjusted such that

Experiment Do T Yo R

RUN1 (RUN_TRACK1) -60 -12.50 115.84 1000
RUN2 (BRUNTRLOO0) Sl 500 1156.84 1000
RUN3 (RUN_P10000) g2 500 1 150E4 1000
RUN4 (RUN _R500) ol I 1]0)

Table 2: Experiments discussed in this paper. In parantheses the correspond-
ing simulations in Vikebg et al. (2001). The pressure p, are given in hPa and
the radius R in km.



the position of maximum wind speed along the shelf slope at Ormen Lange
i1s unchanged.
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3 Model results

This section is divided into subsections for each experiment. For each ex-
periment a table is presented with maximum speeds. The word " Climatol"
refers to simulations run with initial conditions as discribed in Vikebg et al.
(2001), and "Spun up" to simulations with initial conditions from Eldevik
et al. (2001) as described in section 1. Time series of horizontal speed are
shown in order to visualize the thermohaline effect.

The first two days are a transient phase and data from these two days are

excluded from the tables.

3.1 RUN1

The low pressure at the cyclone center is py = -60 hPa and the cyclone radius

R = 1000 km.
10 m | Climatol | Spun up
OB Ress (735 | 0568 (73.5)
QL2 [F0305 (76:5) | 0:337 (75.0)
@3 RN 6 5y PO s (7500
OL4 | 0.094 (73.5) | 0.104 (189.0)
@15 | 0157 (s8I0 0185 (R7.0)
50 m | Climatol| Spun up
OL1 | 0.480 (71.0) | 0.459 (68.5)
@I (RO 806 5 422576 1)
OLoT el ) B Ee 76 0)
OL4 | 0.094 (87.0) | 0.124 (189.5)
OL5 | 0.202 (89.0) | 0.243 (88.5)

Table 3: Maximum velocity in ms~! at OL1-OL5, 10 and 50 m above the sea
bed during low pressure passage. Times of maximum velocity occurrences in
hours after simulation start are given in parenthesis.
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Figure 3: Time series of speed OL1-OL5, 10 m above the sea bed. Solid line
Spun up and dotted line Climatol.



8 3 MODEL RESULTS

0.45F OL1 50m SP 165d 0.4 i— OL2 50m SP 165d
F OL1 50m £ OL2 50m

04F 035F
0.35F L
= 03
= @S
= 2 F
= E = 02s5f
Qo025 F— w [
w £ E
- o 02F
o2 £ > F

0.15 0.15
0.1 0‘1:__
0.05 E
et S L S N TR R LR T 2 | Uy i e | (105 [ S U e e ) |
2 4 6 10 4 6 8 10
TIME [days] TIME [days]
(a) OL1 (b) OL2

OL3 50m SP 165d
OL3 50m

SP 165d

e O (S I | S i e L 10 S |

4 6
TIME [days]

4 6
TIME [days]

(c) OL3 (d) OL4

024
E oLs 50m SP 165d
022 = OL5 50m
02fF
018f
016

O o
IS
T

SPEED [m/s]
(=)
5

0.1

A N A 1R Y [ T 1o |

4 6
TIME [days]

(e) OL5

Figure 4: Time series of speed OL1-OL5, 50 m above the sea bed. Solid line
Spun up and dotted line Climatol.
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The currents 10m and 50 m above the sea bed show much of the same
response to the low pressure. The currents are less in magnitude 10 m above
the sea bed than 50 m above the sea bed, due to friction.

The maximum speed is produced by the model with spun up initial data
except for OL1. Especially the currents after the storm has passed through
the area are stronger with stronger density gradients.

3.2 RUN2

The low pressure at the cyclone center is py = -10 hPa and the cyclone radius
R = 1000 kme.

10 m | Climatol | Spun up
OLL | 0.153 (38.8) || 064 (144°5)
OIL2 W 6,118 (74:5) D6sHHLES
OL3 | 0.042 (158.0) | 0.089 (207.5)
OL4 | 0.053 (36.5) | 0.064(237.0)
OL5 | 0.051 (239.0) | 0.108 (233.0)
50 m | Climatol | Spun up
OL1 | 0.166 (219.5) | 0.184 (145.0)
OL2 | 0.168 (103.0) | 0.207 (144.5)
QL3 ¥ 0.057 (158.0) | 0:1208(207 5)
QL4 | 0.050(37.5) N0 0R5(23210)
OL5 | 0.065 (166.5) | 0.150 (207.5)

Table 4: Maximum velocity in ms~! at OL1-OL5, 10 and 50 m above the sea
bed during low pressure passage. Times of maximum velocity occurrences in
hours after simulation start are given in parenthesis.
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Figure 5: Time series of speed OL1-OL5, 10 m above the sea bed. Solid line
Spun up and dotted line Climatol.
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The currents show similar response to the low pressure 10 and 50 m above
the sea bed, except at OL1.

The maximum speed is produced by the model with spun up initial data.
After four days the model with spun up initial data is the one with the
strongest currents. At OL3 and OL5 (~ 800m) the currents in the model
with spun up initial data are more than two times the speed of the model

with initial data from the climatology.

3.3 RUNS3

The low pressure at the cyclone center is po = -100hPa and the cyclone

g & = 110010 ke

10 m | Climatol | Spun up
QL1 % 0.789 (71.0) | 0.740'(70.0)
OL2 [0.603 (74.5) | 0651 (7.0)
OL3 | 0.334 (83.5) | 0.393 (80.0)
OIL4E0223(84.5) | 0.204(72.0)
QL5 M0B41 (32.0) | 0393 (81.5)
50 m | Climatol | Spun up
OL1 | 1.004 (71.0) | 0.941 (69.5)
@28 0.777 (7655) | 0.:8304(6.5)
@L3 | 0420(825) (0502 (74.5)
OL4 | 0.264 (84.5) | 0.259 (73.0)
OL5 | 0.431 (81.0) | 0.500 (80.5)

Table 5: Maximum speed in ms™! at OL1-OL5, 10 and 50 m above the sea
bed during low pressure passage. Times of maximum velocity occurrences in
hours after simulation start are given in parenthesis.
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Figure 8: Time series of speed OL1-OL5 50 m above the sea bed. Solid line
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3.4 RUN4

The currents 10m and 50m above the sea bed show much of the same
response to the low pressure. The maximum speed at OL2, OL3 and OL5 are
produced by the model with spun up initial data. After four days the model
with spun up initial data is in general the one with the strongest current
present. At OL4 the maximum speed decays more rapidly for the model

with spun up initial data.

3.4 RUN4

The low pressure at the cyclone center is py = -60 hPa and the cyclone radius

41 == 500 e,
10 m | Climatol | Spun up
OL1 | 0.987 (73.5) | 0.947 (73.5)
OL2 | 0.684 (74.0) | 0.730 (75.0)
QL3 | 0.377 (76.9) [E0M53 (77.6)
OL4 | 0.277 (74.5) | 0.292 (74.0)
OL5 | 0.354 (75.0) | 0.398 (75.0)
50 m | Climatol | Spun up
OLA " 1.260(73.5) 12043 5)
OL2 | 0.885 (74.0) | 0.928 (74.5)
OIL3 e 50 06 L4 (@H0)
QL4 0330 (745 8 0BG )
OL5 | 0.436 (76.0) | 0.501 (74.5)

Table 6: Maximum speed in ms™! at OL1-OL5, 10 and 50 m above the sea
bed during low pressure passage. Times of maximum velocity occurrences in

hours after simulation start are given in parenthesis.
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Figure 9: Time series of speed OL1-OL5, 10 m above the sea bed. Solid line

Spun up and dotted line Climatol.
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The currents response to the low pressure is very similar 10 m and 50 m
above the sea bed. Highest maximum speed is produced by the model with
spun up initial data except for OL1.

In subsection 3.4 and 3.3 we saw that the maximum speed peak was nar-
rower for radius 500 km than for radius 1000 km. This can be explained by
the entering of the low pressure. When the radius is 500 km it takes longer
before the low pressure enter the OL1-OL5 section, and it passes sooner then
if the radius is 1000km. This results in that the maximum speed peak is
wider for radius 1000 km than for 500 km.

4 Topographic waves at Ormen Lange

From the second to the fifth day, the dominating force is the low pressure.
After the fifth day, the low pressure has left the model area. What we see in
the figures in section 3 after the sixth day must therefore be regarded as the
signature of the passed storm.

From Figure 9 c¢) and e) in subsection 3.4 it is clearly seen that there are
some kind of wave phenomena present due to the passed low pressure. Re-
membering that the figures referred to show the horizontal speed, a splitting
of the speed into the components u and v will reveal the feature of the phe-
nomena. We consider Figure c) in section 3.4. Splitting into u and v gives
Figure 11. Figure 11 indicate that the period of the wave is approximately
30 hours. And the frequency w = 2?" ~ 5.82-1075s71. (P is the period of the
topographic wave.) In order to find some measurement of the the wavelength
(A) we use the equation (6)

Qog k
w= TR (6)

from Cushman-Roisin (1994) for topographic waves. Equation (6) is derived
under the assumption:

Linear

Barotropic

No viscous forces

Constant f

Sloping in one direction (y)
6. Weak uniform bottom slope

AL D N e

Here f = 2Q2sin ¢ is the Coriolis parameter, where 2 is the rotation of the

o ° . R e
earth and » = 63,5° the latitude. The slope, ap = = = s =10.01
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Figure 11: u and v velocities 10 m above the sea bed at OL3 for RUN4.

and the reference depth is set to Hy = 850m. This gives the deformation
radius (Rossby radius) R = —ngHO ~ 700km and A; = 2 =~ 240km and
Ao &~ 260750 km. The latter must be excluded.

Solving equation (6) with respect on A, remembering that w = 27, R = —ngHO
SR — Qf gives
8n2gH

flapgP £ \/(Paog)2 — 16729 H,

Equation (7) shows that A depends on three parameters when we expect
small changes in latitude. The reference depth Hj, the period P and the
slope o which all can contain errors. Table 7 will give an estimate of A’s
sensitivity to changes in Hy, P and ayp.

HO ’ (%)) /2 A
1000 | 0.01 | 30 | ~ 282
1000 | 0.01 | 32 | =~ 264
1000 | 0.007 | 30 | ~ 404
ro U ORI S BT =

Table 7: Sensitivity of A (km) to Hy (m), P (h) and ap.
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From Table 7 we see that the period and the depth do indeed alter the
wavelength, but not to the same extent as the slope ap. Using the depth
and the periods at OL1-Ol5 a span in wavelengths from 75km to 300 km
are found (ay is kept fixed at 0.01). The period and the reference depth are
usually easier to obtain good approximations for than the slope ap. Knowing
that equation (6) is derived under the assumption that the slope is weak and
uniform, something that is not the case at Ormen Lange, ag will be a crucial
parameter. The slope at Ormen Lange changes with depth. One can thus
not expect to find only one single wave along the slope. Gill (1982) showed
that wind forcing generate wave modes. To each mode there will be one
particular free speed of propagation c¢,, and one particular Rossby radius
gl CT" This means that there exist one forcing depth for each mode. . The
net effect seen in Figure 11 a) and b) is the superposition of all the modes
present.

This wave phenomenon is found at all stations OL1-OL5. It seems to be
a difference in the period depending on depth. For RUN4 the period showed
an increasing tendency for increasing depth, but this was not uniform. The
slope () is kept fixed. See Table 8.

Loeaitom | QL | ©L2 | QL3 OL4 QIL5
Depth 9257.0 | 499.0 | 835.9 | 1120.1 | 764.4
Period 20.3 | 290 | 30.7 30.8 .7

Table 8: Connection between period (h) and depth (m).

Solving equation (6) with respect to P gives

/\\2f2 = 47T29H0
P= ,
aogAf

which shows that an increase in period is expected for an increase in depth.
Figure 2 shows that for OL2, OL3 and OL4 the slope is almost uniform. A
growth in period with depth is expected for these locations. This fits with
the results from Table 8. It is also seen from equation (8) that a steep slope
(growing ag) gives decay in period. Since OL1 is located in an area that is
not as steep as OL2, this can explain why OL1’s period is longer then OL2’s.
OL5 is not located at the same straight line as OL1-OL4, see Figure 2. This
means that more than the slope parameter g is changed.

(8)
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Experiment P

RUN1 256
RUN2 25.2
RUN3 28.6
RUN4 S0

Table 9: The period in hour at OL3, 50 m above the sea bed for the simula-
tions in this paper.

Splitting the time series for the speed into time series for v and v com-
ponents will reveal that similar phenomena also are present for the weaker
storms. In these cases the speed will be less, and that means the topographic
wave phenomena is expected to be more influenced by the advection of the
flow. This makes it more difficult to determine a period of the topographic
wave. At OL3 the period P are calculated for the different storm scenarios,
see Table 9. This indicate a link between the period of a topographic shelf
wave and the gradient (the forcing) of the low pressure. As Table 9 shows, a
weak low pressure give shorter period than a strong low pressure. The power
of a low pressure is given by the gradient of the low pressure. The gradient
can be regarded as
P

G ~ 7 (9)
where G is the gradient of the low pressure, p is the pressure and R is the
radius of the low pressure. This is summarized in Table 10.

Experiment G

RUN1 -0.006
RUN2 -0.001
RUN3 -0.010
RUN4 -0.012

Table 10: The low pressure gradient in N/m?.

From Table 10 we can see that the atmospheric forcing in RUN4 is twice
as strong as for RUN1. If we compare the figures from subsection 3.1 and
3.4 we see that there is a certain agreement between the atmospheric forcing
and the speed that occurs at OL1-OL5.
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Figure 12: Velocity in y-direction (v) at OL3 50m above the sea bed for the

four scenarios in this report.
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After 6 days, figure 12 a)-d) reveals that the two periods in hours (not exact)

= 26.9 (10)

=13.9 (11)

kﬁ} ?wl\[ [:\f

are present. One interesting feature is that for powerful low pressure gra-
dients as in Figure 12 d), the period P; in equation (10) is dominating
throughout the simulation. Weaker low piessure gradients allow the period
P; in equation (11) to reveal itself earlier. Figure 12 b) and ¢) also show
that when P; appear this can cause dramatic fall in speed. For these two
figures the maximum velocity between day 9 and 10 are reduced to half the
maximum velocity between day 7 and 9.

5 Temperature versus speed

Observations from Ormen Lange, Vikebg et al. (2001), show that changes
in temperature and speed often are connected. The numerical results show
similar behavior for temperature and speed at Ormen Lange. Flow up or
down will rise or sink the isotherms and also cause mixing between the warm
Atlantic Water (upper) and the colder Norwegian Sea Arctic Intermediate
Water (lower). It was found that an increase in speed usually led to an
increase in temperature. The increase in speed came before the temperature
change. As examples see Figure 13 (a) and (b). Notice that rapid change in
speed leads to rapid change in temperature.
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Figure 13: Increase in speed usually leads to increase in temperature. The
figures are from OL2, 10 m above the sea bed.

The results also showed that strong storms as in subsections 3.3 and 3.4
led to temperature differences that was stronger and maximum currents that
was higher than for weaker storms as in subsection 3.2.

TEMP [degrees]
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6 Discussion

In the present studies a three-dimensional, time split, o-coordinate model is
used to study the combined effects of thermohaline and atmospheric forcing
on the currents at Ormen Lange. Earlier studies of effects of atmospheric
forcing have been performed with climatological values of temperature and
salinity (Vikebg et al. 2001). Climatological fields of hydrography are gen-
erally smooth. The internal pressure forcing has therefore been too weak in
previous work.

To create more realistic gradients in the density field the model has been
run in 165 days (Eldevik et al. (2001)) and temperature and salinity fields
from this experiment are used as initial and boundary values in the present
study. The stronger thermohaline forcing creates a stronger thermohaline
circulation.

The dominating force in the numerical experiments is the atmospheric
forcing. The model results show that a strong thermohaline field leads to
an increase in maximum speed. The relative increase is dependent on the
magnitude of the storm.

In experiments with a weak low pressure the maximum speed is doubled
in some locations when stronger thermohaline effects are added.

For more powerful storms the maximum increase in speed is limited to 25
percent of the speed for the model with initial conditions from climatological
values at approximately 800 m depth.

For shallow sections the thermohaline effect has not the same influence
on the maximum current as it has for deeper sections. This seems reasonable
since density gradients at the upper shelf slope and the shelf break are small
due to the dominance of the warm and salt Atlantic Water (AW).

The strongest change in temperature is at about 800 m depth when the
incoming storm is powerful. The magnitude of the low pressure determines
the magnitude of the temperature change. The interface between AW and
the fresh and colder Norwegian Sea Arctic Intermediate Water (NSAIW) is
usually located at approximately 500 m depth. When strong low pressures
are present in the simulations, the interface of AW and NSAIW is shown to
be dragged down the shelf slope to at least 800 m depth. This leads to the
large rise in temperature at deeper stations. For weaker storms, the shallower
sections has approximately the same temperature change as deeper sections.

The experiments reveal that low pressure certainly is an important gener-
ation mechanism for topographic Rossby waves (continental shelf waves) at
Ormen Lange. In this paper linear theory is used in order to get a dispersion
relation. It should be noted that this theory probably is too simplified for
this complex system at hand. The dispersion relation is used to study which
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parameters the period /wavelength depend on. The period of this wave phe-
nomenon is a superposition of modes. We found that the period depends at
least on the wavelength, the depth, the slope, the forcing and the latitude.
The numerical results show that if the atmospheric pressure gradient is in-
creased, the period of the topographic wave becomes longer. The wavelength
is expected to lie in the interval 75 — 400 km.

In this study the effects that are expected to play a significant role in gener-
ating currents at Ormen Lange are discussed. The simulations also include
other effects such as tidal forcing and runoff from rivers. With grid size
20 km there will be important processes that are not resolved by the model.
These processes may play an important role for magnitude of the currents.
Bottom topography that is expected to be a generator for such small scale
phenomena is poorly resolved. To resolve more of the topography and oceanic
phenomena, a first step will be to run the model system with 4 km horizontal
resolution for large parts of the Norwegian Sea, including the Ormen Lange
area. Results from such higher resolution studies may then be used to force
even finer resolution studies focusing on Ormen Lange.
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