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ABSTRACT

Current measurements indicate that there is a semi-permanent countercurrent below the
Norwegian coastal current in Skagerrak. Comparison with local windstress, earlier findings from
laboratory experiments and model simulations indicates that the Coriolis force, horizontal
pressure gradients and vertical entrainment by the surface current may be the driving forces of
this countercurrent, while the windstress is a modifying factor.

1. Introduction, previous investigations

In order to estimate the current regime of the
Norwegian coastal current in Skagerrak, various
methods have been tried. Helland-Hansen (1907)
and Rodhe (1977) obtained direct current measure-
ments from an anchored ship, Tomzcak (1968)
employed self-recording current meters, Kobe
(1934), Svansson and Lybeck (1962), Tomzcak
(1968) and Dahl (1977) have calculated the
geostrophical current velocity based on hydro-
graphic observations. The direct current measure-
ments carried out by Helland-Hansen and
Tomzcak showed great variations both in direct-
tion and magnitude. Tomzcak’s measurements at
402 m and 510 m in the Norwegian trench showed
that although the residual current went into
Skagerrak at 402 m and out of Skagerrak at 510
m, the daily mean current reversed for some days
at both levels. Rodhe (1977) found from pendulum
current meter measurements along the section
Kristiansand—Hanstholm that there is almost
always an anticlockwise circulation in Skagerrak
below 100-200 m. Ingebrigtsen (1977) showed by
experiments carried out in a tank on a rotating
table that a countercurrent may exist below a
surface coastal current when freshwater is dis-
charged along the coast.

2. Current measurements off Arendal in
1977

On August 18, 1977 two Aanderaa current
meters (RCM4) were put out at 58°14'N,
09°02'E (12.5 nautical miles off the shore). The
water depth at this position is 404 m. The position
is shown in Fig. 1 (site A), and the bottom profile
from site A perpendicular to the coast is shown in
Fig. 2. The current meters were placed 30 m below
the surface and 9 m above the bottom. The
measurements at 30 m were interrupted after 35
days when the surface buoy drifted away. The
current meter at 395 m continued to work another
5 days, then the sub-surface buoy collapsed and the
current meter sank to the bottom. Due to malfunc-
tion in the decoder, the current meter at 395 m did
not record satisfactorily the first 3 days.

The mean speed is defined as

1N
=—> Iy
v N;v

where N is the total number of observations, and v,
is the velocity. The residual current v, =
(1/N)2Y_, v, and the stability § = Iv,|/v-100% for
the two time series are given in Table 1. The table
shows that the current for both times series is very
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Fig. 1. Map showing the position of site A and the Skagerrak area (after O. Holtedahl).
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Fig. 2. The bottom profile between Arendal (Torungen) and site A. Depth in meters.

Table 1. Mean speed (v), residual velocity (v,),
direction and stability (f) of the measurements
Srom 30 and 395 m at site A in August—September
1977

Depth v v, B

(m) (cm s~! (cms™Y) ° (%)
30 27.0 24.7 232 91.5

395 2.0 1.6 40 78.4

stable. The direction for the residual current at 30
m is almost parallel to the coast. The residual
current at 395 m is directed almost opposite to the
current at 30 m.
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3. Discussion

The progressive vector diagrams for both time
series are shown in Fig. 3. The upper scales show
the daily mean current velocity (DMCV), while the
lower scales show the particle displacement
(2%, v; At (At = 600 s)). Fourier analysis of the
velocity components normal to and along the coast
of the measurements obtained at 395 m shows that
there are no significant components in the velocity
spectrum with periods shorter than 60 h. In fact, all
components except the mean value are smaller than
the resolution of the current meter (0.3 cm s™1).

The Fourier amplitude spectrum for the velocity
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Fig. 3. Progressive vector diagrams at 30 and 395 m.
Numbers in figure indicate relative dating which starts at
18 August 1977. Upper scales show the magnitude of the
daily mean current velocity (DMCV) and lower scales
show particle displacement.
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Fig. 4. Fourier amplitude spectrum for the velocity

component along the coast at 30 m for the period 18
August—22 September 1977.
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component along the coast at 30 m is shown in Fig.
4. The figure shows that there are significant
components with periods between M, (~4.47 x 10*
s) and the inertia period (~5.1 x 10* s), but also
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that there are greater components of much longer
periods. It should be noted that the tide along the
Norwegian coast in Skagerrak is semidiurnal. For
this area the ratio T=[0,+K,)/IM,+S,]
between the main diurnal and semidiurnal tidal
components is approximately 0.15. At 30 m, the
greatest semi-diurnal tidal component is only 4.7
cm s~!, while the residual current is 24.7 cm s~ L
The characteristic tidal “loops™ are not found in
Fig. 3, nor is there any reverse in the main current
either at 30 m or at 395 m.

From Fig. 3, it can be seen that there are signi-
ficant variations in the DMCV at both levels. If
these variations are compared with variations in the
windstress, it may be seen that there is some
coupling between the variations in the windstress
and variations in the DMCV. Fig. 5 shows the
components of the windstress normal to (towards
315°) and along (towards 225°) the coast, com-
puted from wind measurements obtained at Torun-
gen lighthouse near Arendal. The windstress 7 has
been computed by the formula

- 2
t=C,pui,

where p is the density of air, u,, is the wind velocity
at 10 m and C, is the surface drag coefficient. C,
has been computed according to Miller et al.
(1972) as

C,= (1.0 + 0.07 X u,y) x 1073

The starting time (day 0-18 August 1977) is the
same in Figs. 3 and 5. In the period day 5—day
25, when the windstress is directed nearly 180°
opposite to the main surface current direction, the
DMCYV at 30 m is smaller than in the period day
29-day 37 when the windstress is small or is
directed in the same direction as the main surface
current. It should be noted that the direction of the
DMCYV at 395 m is almost opposite to the direction
at 30 m. The current in this area can therefore not
be barotropic. It seems that the local windstress
over Skagerrak can not be the driving force of the
deep countercurrent, either as a barotropic or as a
baroclinic response. As mentioned above, Ingeb-
rigtsen (1977) has shown by experiments in a tank
on a rotating table that a deep countercurrent may
exist below a surface coastal current, when fresh
water is discharged from the coast. Under station-
ary conditions, Ingebrigtsen found that the ratio
between the surface velocity and the deep layer
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Fig. 5. Windstress towards 315° (upper) and along the coast, towards 225°, computed from wind measurements at
Torungen lighthouse near Arendal. Horizontal scales show relative dating which starts at 18 August 1977.

velocity is approximately 6, while the ratio between
the residual currents found at 30 m and 395 m is
approximately 15. The good agreement of the
ratios found indicates that the driving forces in the
laboratory experiment the earth’s rotation and
horizontal density gradients, may be of major
importance to explain the dynamic of the counter-
current found at site A. It should also be noted that
Mork (1977) has simulated the coastal current in a
model where fresh-water supply, mixing and
entrainment were parameters of major importance.
Mork found good agreement between field obser-
vations and model calculations if the entrainment
coefficient was given a suitable value. By reasons of
continuity vertical entrainment will set up a
compensation current. It is therefore possible that
the countercurrent found may also be partly

explained as a compensation current set up by
vertical entrainment by the coastal surface current.

To summarize, the deep countercurrent found
below the surface coastal current along the
Norwegian coast in Skagerrak may be a permanent
phenomenon driven by horizontal density gradients
or as a compensation current put up by vertical
entrainment of high density water into the coastal
current, or most probably, a combination of both.
There is evidence that the windstress may have an
impact on the countercurrent by baroclinic res-
ponse to piling up of water in the inner Skagerrak
by northeasterly windstress or increased transport
out of Skagerrak by southwesterly windstress, but
it seems justified to assume that the local wind-
stress is only a modifying factor, not the driving
force of the deep countercurrent found.
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O CYWECTBOBAHUU I'JTYBOKOBOAHOI'O IMPOTUBOTEYEHWSA HOPBEXCKOMY
NMPUBPEXXHOMY TEYEHUIO B CKAT'EPPAKE

H3mMepedns CKOPOCTH yKa3blBAlOT Ha CylECTBOBAHHE
KBa3UNOCTOAHHOTO MpoTHBOTedeHus noa Hopsexc-
KM GeperossiM TeueHdeM B mnponuse Ckareppax.
CpaBHeHHe C JIOKalbHBIM HalpsAXeHWEM BeTpa,
OpeablayIUMe Pe3yNbTaThl J1AGOPAaTOPHBIX JKCIEPH-
MEHTOB W MOIENUPOBaHHMsA YKa3bIBalOT, 4YTO CHJa

Kopuonuca, ropusoHTaibHble TPAJHEHThl AABJICHHA
W BEPTHKAILHOE NPOHUKHOBEHHE MOBEPXHOCTHOIO
Te4eHHsd MOTYT OBITb (pakTOpaMHM, BBI3BIBAIOLIUMH
3TO NPOTHBOTEYECHHE, B TO BPEMsl KaK HamnpsikeHue

BETPA ABJIAETCA JTMIIb MOAHPHLMPYIOLLHM HaKTOPOM.
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