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ABSTRACT

Baroclinic wave drag, due to internal wave generation at steep topography, is shown to be a mechanism that
effectively subdues barotropic seiches in fjords. A two-layer model for a fjord with a sill at the mouth is applied
to the Gullmar Fjord, Sweden. The damping of the fundamental seiche mode observed from sea level records
iswell predicted by the model. Thisincludes the observed seasonal variation in damping due to the corresponding
variation in vertica stratification. It is shown that ordinary bottom friction should contribute less than 1% to

the damping in this fjord.

Simultaneous current records from different depths, obtained on the slope of the sill in the fjord, are analyzed.
Spectra of al records show a significant energy peak at the seiche frequency. The vertical variation of the phase
of the current at this frequency shows that the motion is essentially baroclinic.

1. Introduction

A long barotropic natural mode of oscillation with
a node at the fjord mouth, a seiche, is a prominent
feature in sea level records from Bornd Hydrograph-
ical Station in the Gullmar Fjord, Sweden (Fig. 1).
The fundamental mode, with a period of approxi-
mately 1 h 56 min, totally dominates over higher
modes. The seiche occurs frequently with maximum
amplitudes in the range 2—15 cm. The seiche was an-
alyzed and discussed by Zeilon (1913) who also noted
that a vertical oscillation with the period of the bar-
otropic seiche was evident in the halocline. The latter
was recorded at Borno by a so-called boundary gauge
(halocline rider) constructed in 1910 by Otto Petter-
son; see Kullenberg (1932). Zeilon claimed that these
internal waves are topographically related to the sur-
face seiche in the same way as internal tidal waves
are related to the surface tide, arelationship he earlier
investigated in Zeilon (1912). He thought that the bar-
oclinic waves with the period of the barotropic seiche
consist of a system of progressive waves. However,
the energy transfer from the barotropic seiche to bar-
oclinic waves and the damping of the surface seiche,
the themes of the present paper, were not discussed
by Zeilon (1913).

Provided that the topography of a fjord is not very
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complicated, the strongest currents due to the funda-
mental seiche should occur at the mouth. If the vertical
cross-sectional area of the fjord mouth is reduced by
the presence of a sill, this will further enhance the cur-
rent there. Thus, strong currents across steep topography
are mainly found at the mouth of sill fjords. Generation
of internal waves by oscillating barotropic currents
across steep topography is a well-known phenomenon
described in several papers, for example, Zeilon (1912),
Proudman (1953), Rattray (1960), Stigebrandt (1976,
1980), Baines (1982), de Young and Pond (1989), and
Sjoberg and Stigebrandt (1992).

This paper is devoted to processes that remove energy
from barotropic seiches in fjords. In particular, we con-
sider energy transfer from barotropic seiches to pro-
gressive internal waves taking place at fjord sills. An
expression for the damping of a seiche by such baro-
clinic wave drag has been derived earlier and applied
to the inner Oslo Fjord (Stigebrandt 1976). It was con-
cluded that a barotropic seiche in that fjord should be
so strongly damped that it hardly would be detectable.
Thiswas confirmed by the apparent absencein sealevel
records of barotropic seiches with nodes at the mouth.
To our knowledge, damping of seichesin fjords has not
been studied in other papers.

A slightly modified version of the model in Stige-
brandt (1976) is used to estimate the damping of the
seiche in the Gullmar Fjord by baroclinic wave drag.
The modification essentially includes internal wave
drag also occurring at the seaward side of the sill. The
theoretical damping will be compared with the damp-
ing of the seiche as observed from a one-year-long sea
level record. We also analyze current meter data from
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Fic. 1. Map over Gullmar Fjord. The current meter mooring is marked by (x), the position of the mea-
surements of salinity and temperature is marked with (©), and the Bornd hydrographical station is marked

by (e).

three depths located just inside the mouth to demon-
strate the presence of internal waveswith the frequency
of the seiche. Contributions to the damping by bottom
friction will be discussed. The paper is concluded by
a short discussion of the damping of higher seiche
modes and the process of baroclinic wave drag as an
efficient low-pass filter. The energy contribution by the
internal waves generated by the seiche to turbulence
and mixing in the basin water of thefjord isalso briefly
discussed.

2. Theory

In arectangular fjord of constant width B, the energy
of the fundamental barotropic seiche is E. If the fjord
has a sill at its mouth and is vertically stratified, the
seiche loses energy through baroclinic wave drag at the
sill. Following Stigebrandt (1976), but with the modi-
fication that internal waves are allowed to be generated
also on the seaward side of the sill, the seiche loses
energy to progressive baroclinic waves radiating away
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from the sill. The rate of change of seiche energy due
to this loss then is

dE

i G )
where g; (o) is the rate of energy transfer from the
barotropic seiche to baroclinic waves inside (outside)
the sill.

For a continuous vertical stratification the distribution
of internal wave energy among vertical modes depends
mainly on the relative height of the sill (Stigebrandt
1980) and the form of the vertical density profile (Sjob-
erg and Stigebrandt 1992). If the sill height is about
half of the height of the water column, which isthe case
in the Gullmar Fjord, much of the energy should go
into the first vertical mode (Stigebrandt 1980). Here we
assume that the stratification may be described as two-
layered with the mean level of the pycnocline coinciding
with thetop of thesill. Thistype of stratification prevails
in the Gullmar Fjord, see section 3 below. The situation
isthen similar to that in Stigebrandt (1976). The energy
transfer to progressive baroclinic waves at a sill can be
computed as the product of the energy density and group
velocity of the waves times the width of the sill. From
Stigebrandt (1976) one obtains

2A,, dc,
€ = p0u02|_r|n |’ (2)

where p, is a reference density, u, is the amplitude of
the oscillating seiche current over the sill, H isthe water
depth inside (outside) the sill, d is the height over the
bottom (which may be different on the two sides of the
sill if the H are different), ¢ is the phase speed of an
interfacial long internal wave (may be different on the
two sides of the sill), and A, is the vertical cross-sec-
tional area of the mouth (above the sill).

The phase speed ¢, of long interfacial internal waves
in two-layer stratification is

A — dyd
c = | p(HpOH ), 3

where Ap is the density difference between the layers
and g is the acceleration of gravity (e.g., Gill 1982).

The damping of a barotropic seiche may be described
by the damping coefficient C defined by

E = Ege©, (4)

where E, is the seiche energy at t = 0. This description

of the damping is well suited for comparison with ob-

servations. The timescale for damping is the inverse of
the damping coefficient; C may be written

1dE

C=—=—. 5

E dt ®

For later comparison with observations we need to

derive the theoretical value of C due to baroclinic wave

drag, where dE/dt is given by Eq. (1), which is valid
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for damping by the combined baroclinic wave drag on
both sides of the sill.

In arectangular fjord of constant depth the sealevel
1 due to a seiche is described by

n = & sin(kqsin(wt), (6)

where a, is the amplitude and w is the frequency. The
x axisis directed into the fjord with x = 0 at the mouth.
The wavenumber isk = (n + 1/2)wL-*, where n = 0,
1, 2, - and L is the length of the fjord. For the fun-
damental mode n equals 0 and the only node is located
in the mouth.

The energy of the seiche in a rectangular fjord of
width B may be computed from

1 L

E = SpgB f n?(X) dx, (7
0

which is the potential energy at timest equal to =/4,

3@/4, . .. when the kinetic energy is zero; cf. Eqg. (11)

below. Using Eq. (6) one finds that

1
E = Zpga?A,. ©)

Here A; = LB isthe horizontal surface area of the fjord.

In the following we assume for simplicity that ¢, =
g;; that is, the transfers of energy from the barotropic
seiche to baroclinic waves are of equal magnitude inside
and outside the sill. This assumption will be discussed
later. Using Egs. (1), (2), (5), and (8) one then obtains

4uzA, de
gazHA,

The current amplitude u = u(x) of the seiche may be
computed from the continuity equation for volume

©)

L

BDu(x) = Bf w dx, (10)

X

wherew = dn/dtisthevertical velocity at the seasurface
and the depth D is equal to H in the fjord and H — d
at the sill (x = 0). Using Eg. (6) one obtains

u) = %cos(kx)cos(wt).

With BL = A, and B(H — d) = A, the current am-
plitude u, = u(0) of the seiche at the sill is

(11)

_ 2a,0A

b=~ o (12)
Inserting (12) in (9) yields
_16dw?A; | Ap(H — d)d
C= A NS (13)

This is identical to the expression in Stigebrandt
(1976) except for the numerical constant, which hereis
a factor of about 2 greater since energy transfer to bar-
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TABLE 1. Parameter values for application of the model to the
Gullmar Fjord. The seiche frequency is an average value.

Fjord area A 51 X 10° (m?)
Mouth area A, 23 X 103 (m?)
Thickness of the lower layer d 34 (m)
Thickness of the upper layer H-d 42 (m)
Acceleration due to gravity g 10 (ms?
Seiche angular frequency ) 9.0 X 10+ (s

oclinic waves is assumed to take place also at the sea-
ward side of the fjord sill. The theoretical damping co-
efficient C due to baroclinic wave drag given by Eq.
(13) will later be compared with the observed damping
coefficient of the seiche in Gullmar Fjord. However, we
will first discuss energy transfer from the barotropic
seiche due to bottom friction.

Ordinary bottom friction may contribute to the damp-
ing of barotropic seiches; its magnitude may be esti-
mated in the following way. The stress at the bottom is
7 = pCou|u|, where p is the density, C, the drag co-
efficient, and u the current velocity of the seiche (first
horizontal mode) given by Eq. (11).

The average over a seiche period of the energy trans-
fer to dissipation due to bottom friction in the fjord is

given by
1 T t
o== f f pBCou?|u| dx dt.
T 0 0

Using Egs. (11) and (14) with BL = A, and w = #/2L
\/gD one obtains

(14)

o (15)

_ 16pCoA: a?( g )3’2

972 5

This expression may be compared to the energy trans-
fer e + & = 2¢ due to baroclinic wave drag at the
sill, which may be obtained from Egs. (2) and (12). One
obtains

(16)

2_ei_9w2dAfCiB

Usinga = 0.05m, ¢ = 1ms?* D =45m (the
mean depth of the fjord), and C, = 0.003 for the Gull-
mar Fjord, it follows that ¢/2¢,~0.008 (for additional
numerical values, see Table 1 above). Thus, the energy
flux to the frictional bottom boundary layer is only of
the order of 1% of the energy flux to internal waves
due to topographic baroclinic wave drag at the sill. For
all practical purposes, bottom friction may thus be ne-
glected as a mechanism for seiche damping in this par-
ticular fjord.

o 4CDHAmai(g>3'2

3. Fjord characteristics

The Gullmar Fjord on the Swedish Skagerrak coast,
with length about 30 km and width about 2 km, is ori-
ented approximately in the SW-NE direction (Fig. 1).
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The main part of the fjord is straight with steep rocky
and rather high shores (~100 m). In the inner reaches
the fjord is split into two arms: the deep Saltkalle Fjord
and the shallow Farlev Fjord. The maximum depth, 118
m, is found about 10 km from the mouth. The mean
depth is about 45 m. However, for the two-layer model
we take the depth of the upper layer equal to the sill
depth (42 m), and the depth of the lower layer is com-
puted as the volume of the sill basin divided by the
maximum horizontal surface area of this basin (i.e., at
the sill depth). This gives the thickness of the lower
layer equal to 34 m (Table 1). The Fjord mouth is wide
with irregular topography and islands and the water is
quite shallow around the islands. The major connection
to the sea is close to Lysekil where the sill depth is
about 42 m. As the vertical cross-sectional area of the
mouth A, (Table 1) we have taken the minimum area
of the major connection to the sea.

The tide is quite weak in the Skagerrak: The domi-
nating semidiurnal tide has an amplitude of only 0.15—
0.20 m. The annual mean freshwater runoff to the fjord
is about 25 m3 s (Svansson 1984). Most of this, about
21 mes%, is supplied to the innermost part of the Salt-
kéalle Fjord by the Orekil River. In periods with high
runoff, mainly in spring and autumn, there may be a
distinct brackish layer occupying the uppermost layer
of the fjord.

The density of the coastal water at the Swedish Skag-
errak coast varies greatly in response to outflow of low
salinity (2025 psu) water from the Kattegat and time-
dependent wind-driven circulation within the Skagerrak
(cf. Gustafsson and Stigebrandt 1996). The varying den-
sity field outside the Gullmar Fjord forces an intense
baroclinic water exchange through the mouth such that
the vertical stratification above the sill depth in thefjord
is rather similar to the stratification in the coastal water
outside the mouth. However, the basin water below the
sill level always has high density since the sill traps the
densest coastal water occurring at sill depth. Because
of this thereis almost always a pycnocline at sill level
in the fjord.

4. Field data

Sea level recording on paper, that is, a mareograph
series, started at Bornd Hydrograpical Station around
1911 (Pettersson 1921). Records are reproduced in Zei-
lon (1913) and Pettersson (1917). We have used re-
cordings from the year 1985 when the sea level was
recorded continuously during 341 days.

In August 1974 a rig with three Aanderaa current
meters was anchored near the mouth in the Gullmar
Fjord (see Fig. 1). For 28 days data were recorded every
10th min. The current meters were placed 4, 30, and 55
m below the sea surface. The bottom depth was 62 m.

The density stratification is computed from measure-
ments of salinity and temperature (see Fig. 1 for the
position of the measurements) stored in the hydrograph-



JUNE 1997 PARSMAR AND
13f i
12 - A
= — Meanvalue [
11 ------- Moz value FEERY
10 f i
S 8 / 4 / ’
< T7F i \
S ey ! . !
6 \‘\ i o
5
4t
3L
2 L 1 1 L L L 1 n 1 1 1 1 1 1 1

1
1 2 3 4 5 6 7 8 9
Month

Fic. 2. Monthly mean and maximum seiche amplitude g, in 1985
as recorded at Bornd.

ic database held by the Swedish Meteorological and
Hydrological Institute (SMHI). From the year 1985 we
found 12 vertical density profiles, one for each month,
and for 1974 one profile taken from the 28th of August.

5. Results

First, we determined the period and amplitude of the
seiche in 1985. By manual reading of 75 daily sealevel
records, having awell-developed seiche and evenly dis-
tributed over the year, we observed that the seiche period
variesin therange 90 < T < 132 min and that the mean
period is 115 min. The variation of the seiche period
(also noted by Zeilon 1913) is aso confirmed by the
spectral analysis of current meter data as discussed | ater.
The reasons for the varying seiche period should prob-
ably be found in the topography of the fjord, which
permits different modes of oscillation. To explain this
is, however, beyond the aim of the present paper.

The seiche amplitude a, varies from 2 to 13 cm, and
from 233 observed amplitudes we obtained a mean val-
ue of 3.8 cm for this particular year. In Fig. 2 we show
the mean value of the amplitude for each month, and a
seasonal variation with maxima in April, August, and
November can be seen. The maximum observed am-
plitude for each month is also plotted in this figure,
showing maxima in August and November with values
of 13 and 10 cm respectively. Since Borno is located a
distance of about 2L/3 from the mouth, the seiche am-
plitudes above should be corrected by multiplication
with a factor 1/sin(7/3) = 1.15 in order to obtain a
more precisely; cf. Eq. (6).

In the model for seiche damping, it is implicitly as-
sumed that the forcing may be neglected in the decay
process. This should be true if the seiche is generated
in arelatively short period of time. A visual inspection
of the sea level records shows that there is no build-up
phase with successively increasing amplitude of the
seiche, which suggests that the seiche is generated al-
most instantaneously. This should imply that the seiche
is generated by a sudden change (in, maybe, wind stress)
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Fic. 3. Monthly probability P of occurrence of the seiche in 1985.

and not by a periodic forcing acting during a longer
period of time. The assumption that the forcing may be
neglected in the decay process thus seems valid.

Since the sea level has been measured almost con-
tinuously, one may investigate the frequency of occur-
rence of the seiche. The ratio between the number of
hours when the seiche can be seen and the total number
of hours in the record gives the probability P for the
appearance of aseiche. In Fig. 3 we show the probability
for each month in 1985. As can be seen, P increases
from 0.13 in June to a maximum in December when P
equals 0.50. The mean value for the year is P = 0.33.
The seasonal variation of P is quite similar to the vari-
ation of the wind stress; cf. Gustafsson and Stigebrandt
(1996). This relationship suggests that the wind is in-
volved in some way in the generation of the seiche.
However, mechanisms for seiche generation will not be
discussed in the present paper.

For the application of our model, it is necessary to
approximate the observed vertical density profile p(2)
by a two-layer stratification with the “‘interface’” at sill
depth and with the densities p, and p, in the upper and
lower layers respectively. In this approximation we ac-
count for the volumetric effects due to the vertical de-
pendence of the horizontal fjord area. The density dif-
ference between the two layers, Ap = p, — p,, iSim-
portant for the speed of internal waves [Eq. (3)] and by
that also for the energy transfer to baroclinic waves[Eq.
(2)]. As explained in section 3, there is almost always
apycnoclineat sill depth in the Gullmar Fjord. However,
the vertical stratification above the sill level varies on
the seasonal and shorter timescales (see Fig. 4). The
strongest measured stratification during this particular
year (1985) occursin April, August, and October, when
the upper layer isrelatively fresh. In the lower layer the
density varies only slowly during the year. The variation
in Ap istherefore essentially dueto the density variation
in the upper layer. The annual mean of Ap based on the
monthly measurements in this particular year is 4.3 kg
m-3,

Figure 5 shows an example of a barotropic seiche in
the sea level record. The amplitude, initially about 13
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Fic. 4. The observed density difference Ap between the two layers
in 1985.

cm, is about 1.5 cm after 8.5 h. Using Egs. (4) and (8),
one obtains an experimental value of C equal to 1.4 X
10— Appyling our model, Eq. (13), to Gullmar Fjord
with the parameters given in Table 1 and with Ap =
5.87kgm—2and o = 9.0 X 10*s*, wegetC = 1.36
X 104 This shows that energy flux to internal waves,
in contrast to dissipation due to bottom friction (cf. sec-
tion 2), isalikely mechanism for the observed damping
of the seiche. However, the result, albeit close to the
experimental value, is of course sensitive to the choice
of parameter values. The most uncertain of these, the
density difference Ap between the two layers, was mea-
sured only two days before this seiche event and is
therefore considered representative of the stratification
during the event.

We compute from the sea level record experimental
values of C from 75 occasions in 1985 when the seiche
was well developed and find that C variesin theinterval
043 X 104 < C < 2.39 X 10-* From Eg. (13) the
damping depends upon »? and Ap. Results show that
the seiche in Gullmar Fjord has frequencies in the in-
terval 79 X 10 < w < 11.6 X 104 and that the
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Fic. 6. Model and experimental values of the damping coefficient
C monthly means for 1985.

observed stratification in 1985 variesin the interval 1.8
< Ap < 6.0 (kg m3). As a consequence of the variation
in these parameters, the damping described by the model
would vary in the interval 0.55 X 104 < C < 2.30 X
10-4. Thus, the model seems capable of explaining even
the observed range of the damping. One might possibly
suspect that variations in the seiche period T may be
linked to changes in the damping coefficient C. For the
75 occasions the correlation between C and T was, how-
ever, found to not be significant (r = —0.18).

For each month we compute a mean value of the
experimental damping coefficient based on the sealevel
observations. This value may then be compared with
the model prediction. From Fig. 4 we get Ap for each
month and with the parameters given in Table 1 we
obtain the result shown in Fig. 6. The experimental val-
ues of C arefairly well predicted by the model. Greatest
values of C occur in April, August, and October when
the stratification is strongest. The experimental values
in August and October are a factor of about 1.2 greater
than the model values. This corresponds to a density

A Aug.15, |6 8 1[0 12 16 116
1985
Start at
05.34a.m
S0cm /x
\ L
T ——— et

Fic. 5. Sea level record obtained at Bornd 15 August 1985.
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Fic. 7. Energy density spectra of current records from Gullmar
Fjord in August 1974 and the model spectrum GM.

difference between the two layers that is a factor of 1.5
greater than the value used for the model computations.

The description of the density field in the fjord is
based upon monthly profiles. This is admittedly very
sparse since it is known that quite rapid changes of the
density field may occur in the Skagerrak (e.g., Gus-
tafsson and Stigebrandt 1996) and, as consequence of
this, in Gullmar Fjord (Djurfeldt 1987). Thus, there is
asubstantial uncertainty with regard to the density field,
which may explain some of the difference between ob-
served and computed damping of the seiche. We have
also made the approximation that the internal waves
generated at the Skagerrak side of the sill obtain the
same energy transfer from the seiche as the waves gen-
erated inside the fjord. These uncertainties may con-
tribute an additional explanation for the discrepancy be-
tween theory and observations.

We have also analyzed current meter records obtained
in August 1974 for quite different purposes (cf. section
4). Unfortunately there is no simultaneous sealevel rec-
ord so one cannot relate the recorded currents to an
actual seiche event. The location of the current meter
rig on the slope of the sill (Fig. 1), where small-scale
topographical features may also influence the recorded
currents, is not perfect for observing internal waves ra-
diating away from the wave generator (the fjord sill).
For this one would have preferred current measurements
well away from the wave generator. However, we be-
lieve that it is still of interest to show that the currents
at seiche frequency have strong baroclinic components
that are hard to explain by mechanisms other than in-
ternal wave generation at the sill.

Applying spectral analysis to the time series of the
current meter data, energy density spectra are obtained
from each current meter. The coherence and phase be-
tween the current meters are calculated. Here, 16 de-
grees of freedom have been used from 4096 points to
obtain good significance of the coherence; see Thomp-
son (1979). The seiche frequency Sf is estimated to be
0.516 cph, that is, a period of T = 116 min. (Fig. 7).
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This frequency has high energy density in all records
and there is high coherence between the current meters
(Fig. 8). There is much energy in a bandwidth of about
+0.078 cph around this frequency, indicating that the
period T of the seiche may vary in the interval 100 <
T < 140 min. To obtain the mean current amplitude it
is necessary to integrate over the bandwidth. Such an
integration gives mean speeds of 1.5 cm st (at 4 m),
1.2cm st (a 30 m), and 1.7 cm s * (at 55 m). As
already mentioned there is no sea level record for the
period of the current measurements. Accounting for the
probability of occurrence of the seiche in August (P =
0.4, see Fig. 3) speeds are estimated to be in the range
3-4cmst

Seiching events apparently occur occasionally and the
amplitude of the seiche in each event declines quite
rapidly. In addition, the seiche frequency is variable.
Spectral and harmonic analyses are thus not perfect
methods to analyze seiches. However, to demonstrate
the character of the currents we show results from the
spectral analysis for the frequency w = 9.0 X 104s*
for which the results are statistically highly significant.
The current at 55 m lags the current at 30 m by 166
deg and the current at 4 m leads the current at 30 m by
92 deg. Thisclearly showsthat more than one baroclinic
component is present. Since we have neither indepen-
dent information about the barotropic mode (no sealevel
record for this period) nor the vertical stratification for
the whole period, we may only conclude that the current
measurements show strong baroclinic components.

The dominating semidiurnal tidal constituent M,, is
also marked in Fig. 7. Above the sill, at depths 4 and
30 m there is no accentuated semidiurnal peak and the
low-frequency part of the spectra (sub-semidiurnal)
looks much like spectra usually obtained at nearby off-
shore locations (cf. Shaffer and Djurfeldt 1983). How-
ever, the transmittance of low-frequency subinertial mo-
tions from the coastal water to the basin water, below
the fjord sill, is obviously weak, probably due to the
shielding effect of the sill in combination with stable
stratification in the basin water. This enhances the ap-
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Fic. 9. Observed density stratification in the fjord 28 August 1974.

pearance of the semidiurnal energy peak at 55 m, which
may be explained as due to internal tidal waves gen-
erated at the sill. Unfortunately, the coherence for this
frequency is weak, wherefore the vertical variation of
the phase is uncertain. One exception is for the phase
difference between 30 and 55 m, which is about 85 deg
with a squared coherence of 0.36 (about 95% signifi-
cance). This result is also confirmed by harmonic anal-
ysis, which gives a corresponding phase difference of
95 deg.

In Fig. 7 we have also included for comparison the
modal energy spectrum GM from Garrett and Munk
(1972, 1975). This spectrum is assumed to describe the
energy level in the internal wave field in the ocean. The
GM spectrum is given by

F.(0) = AmEbsNN—2 T2
w) = 477l —_—,
‘ oV - T2
where the empirical parameters E = 6.3 X 1075, b =
1.3km, and N, = 5.2 X 10-3 st are the nondimensional
energy level, the vertical buoyancy scale depth, and the
buoyancy frequency respectively. The latter is assumed
to have an exponential profile given by

N(2) = Noe 2. (18)

For this particular fjord, the inertial frequency f is
about 1.24 X 10~* st and the buoyancy frequency N,
obtained from the density profilein Fig. 9, isabout 2.41
X 1072, 3.17 X 1072, and 1.83 X 10~2s ' at 4, 30, and
55 m respectively. We have used the mean buoyancy
frequency (2.47 X 1072).

The spectra from the current meters are more ener-
getic than the modal GM spectrum (Fig. 7) for the seiche
frequency and higher frequencies, indicating that there
is an energy input at the seiche frequency.

(17)

6. Concluding remarks

A model for the damping of a barotropic seiche
through baroclinic wave drag has been applied to the
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Gullmar Fjord. According to the model, about 1% of
the initial seiche energy remains after 8.5 h for typical
stratification, which corresponds well with the observed
damping. The model predicts that the damping of
seiches varies with the density stratification, as verified
by the observed damping. Ordinary bottom friction can
explain at most 1% of the observed damping in thefjord.
Therefore, bottom friction may be neglected as a mech-
anism for seiche damping in this fjord, and probably
also in other deep fjords. Furthermore, from the rapid
generation of seichesit seemsthat the forcing of seiches
does not influence the decay process.

Analysis of the 1985 sea level record shows that the
seiche period T isin the interval 90 < T < 132 min
and the mean period is 1 h 55 min. There are seasonal
variations in the seiche amplitude a, and in the prob-
ability of occurrence P, probably reflecting the activity
of seiche generating mechanisms. The annual mean val-
uesarea, = 4.4 cmand P = 0.33.

Spectral analysis was applied to current meter data
from the fjord-side slope of the sill for August 1974.
Three current meter records were analyzed, and from
coherence and significance levels the seiche frequency
is estimated to be 0.516 cph, that is, 116 min. However,
there is much energy in a band around this frequency
indicating that the period of the seiche may vary in the
interval 100 < T < 140 min, a result in accordance
with that from the sealevel record analysis. The vertical
variation of the current phase indicates that the motion
has strong baroclinic components. This result further
strengthens the conclusion that the damping of the
seiche is due to baroclinic wave drag.

Equation (13) shows that the coefficient of damping
dueto baroclinic wave drag is proportional to w?. Higher
seiche modes are therefore much more strongly damped
than the fundamental mode. The second mode should
have a damping coefficient 9 times greater than the first
(fundamental) mode. Baroclinic wave drag should thus
act as an efficient low-pass filter on the barotropic nat-
ural modes of oscillation, which may be the reason why
the fundamental mode is so dominating in Gullmar
Fjord.

In most sill fjords the tides are the dominating energy
source for mixing processes. Stigebrandt and Aure
(1989) observed that about 5% of the energy transferred
from the surface tide to internal tides at sillsis used for
mixing in the basin water of most fjords. Internal waves
generated at the sill by a barotropic seiche should also
contribute energy to mixing processes. In Gullmar Ford
the mean energy flux by such internal waves when oc-
curring is about 145% of the mean energy flux by in-
ternal tidal waves. Here the annual mean values of the
squared observed amplitudes have been used, which are
about 23 cm? for the seiche and about 273 cm? for the
tide. The annual mean value of the squared angular fre-
quency of the seicheis 8.4 X 10-7 s~2. For the annual
timescale, for which P = 0.33, we find that the energy
transfer to internal waves generated by the seiche should
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be about 48% of the energy transfer from the tides to
internal tidal waves. Thus, the energy transfer from
seichesto internal waves and turbulent mixing processes
in the basin water should be quite significant in Gullmar
Fjord. This makes it particularly interesting to find out
how the seiche is generated.

It is interesting to note that the fjord sill in combi-
nation with stable vertical stratification effectively hin-
der motions of periods longer than semidiurnal from
penetrating into the basin of the fjord, as recorded by
the current meter at 55-m depth. However, for periods
shorter than semidiurnal the velocity spectrum in the
basin is very similar to those above the sill level.

Finally, it may be noted that seiching seems to be
much more common in inland lakes than in fjords. The
major reason for this may be that seiche damping by
baroclinic wave drag in general is much more efficient
in fjords where the nodal line (with maximum transport)
is a the mouth. In lakes, however, the nodal line is
situated about midway between the ends of the lake
where often the cross-sectional areais maximal and the
bottom topography smooth.
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