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Abstract

We obtained high-resolution data on a deep-water renewal in the basin of Gullmar Fjord, Sweden, using an
autonomous profiling platform. In the middle of the fjord, where the platform is anchored, renewal starts with the
passage of a gravity current front and continues with a steady thickening of the new, oxygen-rich, low-nitrate
bottom layer and an associated lifting of the old, oxygen-depleted, high-nitrate bottom water. The basin continuously
fills to sill level during a period of 10 d. At the mouth of the fjord, a three-layer structure develops. Renewal is
driven by the density difference between the intermediate water inside and the new deep water outside the fjord.
The volume flux is well predicted by a hydraulic exchange model in which the upper layer plays a passive role.
Local upwelling and downwelling of the upper halocline cause fluctuating baroclinic currents during renewal, but
these seem to have little influence on the average volume flux of new deep water. Entrainment rates are small, and
the associated volume flux increase seems to be balanced by detrainment.

Some fundamental hydrodynamic processes in the ocean
that are quite important but notoriously difficult to study are
activated during exchange of basin water in fjord basins.
Exchange occurs when the water above sill level outside the
fjord is denser than the residing deep water. Being denser,
new deep water descends along the bottom of the fjord basin,
whereby old basin water is pushed away and lifted to higher
levels. The flow of new deep water toward greater depths
should form a gravity-driven turbulent bottom current that
can cause mixing with adjacent water. If the mixing takes
the form of entrainment, adjacent, old deep water is thor-
oughly mixed into the current, which modifies the properties
of the intruding water. However, if mixing occurs just at the
interface between new and old deep water, water of inter-
mediate density will be created and detached from the cur-
rent when reaching the depth where the ambient density be-
comes equal. This type of mixing will lead to a decrease in
the flow of new deep water with depth. The dynamics of
dense gravity currents are of great general interest because
such currents are major components in the vertical advec-
tion—diffusion circulation in ocean basins of all sizes. How-
ever, there are only few detailed observations of dense grav-
ity currents along sloping bottoms. The initial speed and
height and (negative) buoyancy of the flow when entering
the fjord together with the vertical stratification and bottom
topography in the fjord (slope and width) should govern the
dynamics of the gravity current. Other interesting properties
are speed, height and width of the flow, and the rate of mix-
ing with ambient fluid, which are dependent on each other
and cannot generally be studied separately.

Speed and height of dense gravity currents have been ob-
served in vertical cross sections in larger systems with more
permanent currents. Walin (1981) reported extensive obser-
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vations in a vertical cross section of the Bornholm Channel
in the Baltic. The entrainment into such permanent currents
has aso been observed in a number of cases (e.g., Baringer
and Price 1997; Ozsoy et a. 2001). In systems with more
intermittent inflows, entrainment rates have mainly been in-
ferred from the closing of budgets (e.g., Edwards and Edel-
sten 1976; Stigebrandt 1987a; Kouts and Omstedt 1993) and
modeling. An entrainment parameterization was developed
and tested in a vertical circulation model in Stigebrandt
(1987b). The influence of the rotation of the Earth and Ek-
man dynamics on the entrainment process and on Cross-iso-
bath flow were also discussed. This parameterization was
later much used, in particular in models of the Baltic Sea.
Various parameterizations are described and reviewed in
Liungman et al. (2001).

In fjords with relatively wide and deep mouths, new basin
water can be exchanged in the course of days or hours. In
quite large basins, inflow of new deep water can be an al-
most continuous process. Density variations in coastal water
cannot be predicted in advance because they are governed
largely by weather conditions. This explains why ongoing
renewal of basin water is so hard to observe. The frequency
of basin water exchange in fjord basins depends both on the
intensity of vertical diffusion, which determines the rate of
density decrease of the basin water, and on the characteristics
of density variations outside the fjord. This problem has
been treated and modeled by, for example, Gade (1973) and
Aure and Stigebrandt (1990).

Only a few publications describing observations taken
during events of basin water exchange in fjords are known.
In the reported cases, intense measurement programs were
running when exchange occurred by chance. Helle (1978)
presents current time series and hydrographic observations
during basin water exchange in the Byfjord on the Norwe-
gian west coast. Molvaa (1980) describes observations of
basin water exchange in the Frierfjord at the Norwegian
Skagerrak coast. Liungman et al. (2001) describe observa-
tions of basin water exchange in the Byfjord on the Swedish
Skagerrak coast. Because the basin mouths are relatively
narrow and shallow, the exchange of deep water continues
for 1 week or longer in these fjords. In all three fjords, some
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main characteristics of water exchange could be observed
indirectly—namely, the uplift of the old, less dense basin
water. In the Swedish Byfjord, it was also possible to infer
the rate of entrainment of old deep water into the inflowing
new deep water that is supposed to take place in dense grav-
ity currents, although direct measurements were not under-
taken.

The rate of exchange of basin water should depend on a
baroclinic transport capacity of the mouth. This is generaly
thought of as a two-layer exchange, in which upwelling out-
side the fjord leads to a two-layer hydraulic control with a
deep inflow and a surface outflow. Fluctuating barotropic
currents can influence the transport capacity (Armi and
Farmer 1986), and strong barotropic currents can temporarily
sweep away the baroclinic controls and thereby increase the
transport capacity of the mouth (Stigebrandt 1977). In the
case of strong stratification above sill level inside and out-
side a fjord, one can suspect that the above results are in-
adequate to describe the baroclinic transport capacity. If the
stratification inside and outside the fjord are well described
by atwo-layer stratification with the interface located above
sill level, then a dlight increase of the bottom layer density
outside the fjord will be sufficient to generate a deep-water
renewal. In that case, the exchange flow in the entrance will
be a three-layer rather than a two-layer flow. This situation
seems to be relevant for the Gullmar Fjord on the Swedish
west coast, and probably for many other fjords, and will be
discussed further in this paper.

The aim of this paper is to elucidate some of the hydro-
dynamic processes occurring during exchange of basin water
in the Gullmar Fjord. To this end, we use a set of observa-
tions obtained by an oscillating platform operating along a
vertical guide line in the fjord during an event of basin water
exchange. Measured time series of salinity, temperature, ox-
ygen, turbidity, and nitrate with high resolution, vertically
and in time from the deepest part of the fjord, allow us to
closely follow changes associated with the deep-water re-
newal. The physical oceanography of the Gullmar Fjord has
been described in recent papers focusing on general water
exchange (Arneborg 2004), internal waves (Arneborg and
Liljebladh, 2001), and diapycnic mixing (Arneborg et al. in
press).

I nstrumentation

During 17 d in April 2002, the Seatramp platform (Ocean
Origo) was deployed in the central basin of Gullmar Fjord
at 110 m depth (Fig. 1). Seatramp is an autonomous profiling
platform that adjusts its volume, and thereby its buoyancy,
by pumping oil between an internal and an external bladder.
In Gullmar Ford, it was deployed on a guiding line, restrict-
ing horizontal movement, but alowing vertical profiling
from the bottom up to 2 m below the surface. It carries a
number of sensors and can be programmed to sample these
in either profiling mode or break mode. In profiling mode,
the sensors are sampled continuously while the platform ris-
es from the bottom to the surface. In break mode, which was
used in Gullmar Fjord, the platform stops at selected depths
and samples the sensors.

11°40'E

— 58°30'N

-

Fig. 1. Map of Gullmar Fjord showing the location of the Sea-
tramp mooring and the control section in the main entrance.

The platform was equipped with a Seabird MicroCat con-
ductivity-temperature-pressure (CTD) logger, an Oxyguard
505 oxygen sensor, a WS Ocean NAS-2E nitrate sensor, a
Wetlab C-star transmissometer, and a Chelsea Instrument
Minitracka 11 fluorometer. The oxygen sensor is a standard
membrane-type sensor calibrated against humid air to 100%
oxygen saturation before deployment. The nitrate sensor is
an in situ autoanalyzer, reducing nitrate to nitrite in a cad-
mium column and measuring the concentration in water by
conventional wet chemistry and colorimetric analysis tech-
niques. The transmissometer measures the fraction of a red
light beam (660 nm) that passes through a 25-cm water col-
umn. This has been calibrated against sediments from the
deepest parts of Gullmar Ford, giving the following rela-
tionship (Eg. 1) between the fraction of transmitted light,
Trans, and sediment concentration, ¢ (mg L—%).

C In(Trans
c= —7( ) D
L bearn
C =183 mg m Ltis acalibration constant and L, =
0.25 m is the beam length. The fluorometer is an optical
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Fig. 2. Contour plots of (a) salinity, (b) temperature, (c) dis-
solved oxygen concentration, (d) chlorophyll a, (€) suspended sed-
iment concentration, and (f) dissolved nitrate concentration.
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Fig. 3. (&) TS relations for vertical profiles on 14, 16, and 22
April. The curve marked with filled circles is a profile from station
P2, 100 km south of the fjord on 15 April. The oblique lines are
lines of constant density, and the density anomalies of these are
indicated (kg m=2). (b) Temperature—depth relations for the same
profiles as in panel a

sensor that uses a single high-intensity blue light source and
is calibrated by chlorophyll a dissolved in acetone.

The platform was programmed to profile from the bottom
to the surface every fourth hour, stopping at 5-m intervals
in the interior and decreasing the intervals near the bottom
and surface. To ensure flushing of all instruments, the plat-
form was set to wait for 2 minutes at each stop depth before
sampling began. All instruments except the nitrate sensor
sampled at all profiles and all stop depths. The nitrate sensor
sampled only every third profile (i.e., two times a day) at
selected stop depths because of limitations in analysis ca-
pacity of the sensor.

Results

The results presented in this paper are from a deployment
between 7 and 23 April 2002. Figure 2 shows the observa-
tions as functions of time and depth. The white areas at the
surface are missing data, caused when the platform stopped
before reaching the surface. Erroneous balancing caused the
platform to stop at the 1,016 kg m~3 density surface rather
than continuing to the surface. Temperature profiles from 14,
16, and 22 April are shown in Fig. 3b.

Initial conditions—The salinity plot (Fig. 2a) shows a hal-
ocline that separates the relatively homogeneous bottom wa-
ter with salinities ~34 from the surface water with salinities
<25. The halocline migrated vertically between 5 and 30 m
depth. These movements were forced by similar movements
of the halocline outside the fjord and are the main mecha-
nism for the exchange of water above sill level (Arneborg
2004). The reason for these vertical movements outside the
fjord have been discussed intensively in the past (Pettersson
1920; Shaffer and Djurfeldt 1983; Bjork and Nordberg
2003). In the most recent publication (Bjork and Nordberg
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2003), the largest migrations were explained in terms of up-
welling caused by local winds aong the coast.

The temperatures initially had a local maximum of 6.6°C
at 80 m depth, decreasing to 6.4°C at the bottom and 4.2°C
in the coldest water in the halocline. The relatively warm
water below 65—-70 m depth was the stagnant bottom water
residing there since the previous winter. The local tempera-
ture maximum was a memory from the previous summer/
fall, when the bottom water was gradually heated by dia-
pycnal mixing with the water above sill level, which was
warmer at that time.

The dissolved oxygen concentrations decreased with
depth from 8 ml L at the upper levels, which is ailmost
100% saturation, to 1 ml L-* at the bottom. The strongest
decrease in rate was located at 60—70 m depth at the top of
the stagnant bottom water. The low oxygen levels in the
stagnant water were caused by remineralization of organic
matter.

The chlorophyll levels were close to zero below the hal-
ocline and increased in the halocline. The chlorophyll levels
were probably larger above the halocline, but we do not
know this because the platform stopped at the top of the
halocline. Local patches of relatively high chlorophyll levels
appeared below the halocline, which might have been caused
by falling organic matter.

The suspended sediment concentrations increased toward
the bottom. This maximum must have been caused by re-
suspension of sediments from the bottom because of the tur-
bulent bottom boundary layer (Arneborg et al. in press). The
maximum below the halocline was caused either by falling
organic matter or by inflows of turbid water from outside
the fjord.

The nitrate concentrations increased downward from ~5
pmol L-* at the surface to 1820 umol L-* at the bottom.
The relatively high nitrate levels below sill level were caused
by remineralization of organic matter since the previous
deep-water renewal.

Deep-water renewal—On 15 April, an inflow that was
dense enough to replace the residing bottom water occurred.
Between 2310 h 14 April and 0310 h 15 April, a body of
cold, oxygen-rich, nitrate-depleted water replaced the water
up to 6 m from the bottom. Even the water 11 m from the
bottom was slightly mixed with new water. Four hours later,
the new water was present up to 26 m from the bottom, and
17 h later, at 1955 h 15 April, it was present at 73 m depth,
36 m from the bottom. After that, the increase in thickness
of the new layer slowed down and turned into a sight de-
crease until the end of 16 April, when the increase in thick-
ness started again at a slower rate than the first day. On 23
April, at the end of the data set, the new water occupied the
basin up to about 50 m depth.

The warm, oxygen-deficient, nitrate-rich old water was
replaced upward as the new water flowed in below (Fig. 2).
The nitrate sensor did not sample at al depths and during
al profiles; therefore, the pictureis not as clear as for oxygen
and temperature.

Another interesting feature is the lower initial salinity of
the new water than the old bottom water. Nevertheless, the
new water was slightly denser than the old water because of

the lower temperatures. Figure 3a shows the temperature—
salinity (TS) relations from 14 April (the day before the
renewal), 16 April (the day after the start of the inflow), and
22 April. The corresponding temperature—depth profiles are
shown in Fig. 3b. The relatively warm, old bottom water is
represented by the cluster of points with temperature 6.5°C
and salinity 34. The new bottom water that entered the fjord
was glightly less saline but colder (5.9°C) than the old bot-
tom water, but gradually, the temperature and salinity of the
new water increased with depth and time. The old water was
seen as a warm, intermediate layer on 16 and 22 April. On
22 April, the density was almost 1,027 kg m~—2 at the bottom,
which is 0.27 kg m~2 denser than just before the inflow.

Discussion

The main questions we want to answer with the data set
are (1) what is the volume flux of the inflow, (2) what con-
trols the inflow, (3) what is the height and width of the
gravity current, and (4) how much is the volume flux of the
new deep water modified by entrainment or detrainment be-
fore it reaches the fjord basin. We will end the section with
a discussion about the local and regional conditions that
cause a deep-water renewal.

Volume fluxes—The volume of the new water can be ap-
proximated as

V. = f " A@ dz @

~H

where z, is the upper boundary of the new water, H is the
basin depth, and A is the hypsographic function. This is not
completely correct because the upper surface of the new wa-
terbody is not horizontal, but it gives a rough estimate of
the volume changes. The volume of the new water, defined
as the water with oxygen concentration >3.5 ml L-* and
density >1,026.7 kg m=3, is shown as a function of time in
Fig. 4. In the same plot, the volume of the old water with
oxygen concentration <3.5 ml L~ is shown, and the volume
below the upper halocline with salinity >28 is shown.

After the largest fluctuations during the first 2 d of the
inflow, the volume of new water increased nearly linearly.
The piecewise linear fit to the curve, shown in Fig. 4, cor-
responds to average volume fluxes of 1,300 m* s* before
17 April and 600 m® st after 17 April.

The time when the new dense water enters the fjord can
be estimated by calculating backward from the time when
the nose of the gravity current passed the mooring. With a
propagation speed of 0.08 m s%, estimated below, and a
distance of 12 km from the entrance to the mooring, one
obtains the propagation time 42 h. This means that the water
entered the fjord on 13 April in the morning. Between 13
and 24 April, the inflow of new water was (Fig. 4) 0.6 km?,
which means that the average volume flux of new dense
water through the entrance was 630 m?® s

The net inflow/outflow below the halocline and the asso-
ciated outflow/inflow above the halocline can be found by
inspection of the halocline movements. As seen in Fig. 2,
the upper halocline migrated vertically with a period of
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about 7 d. This was much longer than the main interna
seiche periods (1-3 d, Arneborg and Liljebladh 2001); there-
fore, the halocline could be taken as horizontal. The vertical
halocline fluctuations were associated with large volume
changes above and below the halocline and thereby with
large baroclinic currents through the fjord entrance. This
method to estimate baroclinic volume fluxes through the en-
trance has been validated against Acoustic Doppler Current
Profiler (ADCP) measurements in the entrance in Arneborg
(in press). The volume below the halocline is shown in Fig.
4. 1t is seen that 0.3 km® was flushed into the fjord below
the halocline between 12 and 16 April, while the same vol-
ume was flushed out from the upper layer (the sea surface
movements were much smaller than the halocline move-
ments). Between 16 and 19 April, the opposite exchange
took place, with 0.3 km=3 being flushed out of the fjord
below the halocline and the same volume being sucked into
the upper layer. Converted to volume fluxes, this means that
the average volume flux into the fjord below the halocline
between 12 and 16 April was 870 m® st The maximum
volume flux into the fjord happened between 13 and 15
April, with a magnitude of about 1,100 m?® s-*. Between 16
and 19 April, the average volume flux out of the fjord below
the halocline was 1,100 m? s,

The maximum inflow below the halocline (1,100 m? s%)
was somewhat smaller than the maximum rate of increase
of new water in the deep basin (1,300 m® s~%). That the latter
figure was larger can be explained either by outflow of old
deep water below the haocline or by entrainment into the
new water on its way from the entrance to the deep basin.
Both of these effects are discussed below.

Control of the rate of inflon—In our analysis of flow con-
trol, we expected that the flow could be described by athree-
layer model, the three layers being the upper layer above the

halocline, the resident water above sill level inside the fjord,
and the new dense water entering the fjord. In addition, we
made the following assumptions.

1. If there is a hydraulic control, then it is situated at the
constriction between Flatholmen and Stangehuvud (Fig.
1) because the narrowest section with full sill depth oc-
curs there. The actual sill is located in the archipelago
outside this section. Current measurements at Flatholmen
have shown that the major part of the water exchanges
to the fjord flow through this section (Arneborg 2004).

2. The control section is approximated by a rectangular
opening with width W,, = 350 m and depth H,, = 43 m.

3. The barotropic currents are small relative to the baroclinic
currents. The argument for this is that the semidiurnal
tides are weak (~0.1 m amplitude) and that low-frequen-
cy fluctuations in surface elevation (<1 m) are much
smaller than the low-frequency halocline fluctuations (5—
15 m amplitude). Current measurements at Flatholmen
(e.g., Arneborg 2004) support this assumption.

4. For small pressure differences in the upper layer, the up-
per layer flow is frictionally balanced rather than hydrau-
lically controlled. This means that energy loss happens
gradually on the way through the entrance, rather than in
a hydraulic jump on the downstream side, and that the
flow could be almost symmetric, rather than strongly
asymmetric as is the case of a hydraulically controlled
flow (e.g., Baines 1995). When the upper layer pressure
difference, and thereby the velocities, become so large
that information about (any) further pressure difference
cannot pass freely through the entrance, the upper layer
flow becomes hydraulically controlled.

5. Thetwo lower layers are hydraulically controlled because
of the strong asymmetry of the density field between the
inside and the outside of the fjord.

6. Aslong asthe upper layer isfrictionally controlled, rather
than hydraulically controlled, we expect that the upper
interface can be approximated with a rigid lid. The ar-
gument for this approximation is that the density differ-
ence between the water above and below the halocline
(Ap; = 10 kg m~3) is much larger than the density dif-
ference between the lower layer of water inside and out-
side the fjord (Ap, = 0.3-0.5 kg m=3).

We continue the analysis by assuming that the upper layer
is frictionally balanced, and we will subsequently show that
this must be valid. If the upper layer isfrictionally balanced,
then assumption 6 is relevant. In other words, the upper in-
terface is arigid lid, and the hydraulic exchange of the two
lower layers cannot be distinguished from the exchange that
would have occurred if the upper interface was the sea sur-
face. Therefore, the theory for two-layer exchange with a
net barotropic flow (Armi and Farmer 1986) can be applied
directly. In our case, the net flow that influences the hydrau-
lic two-layer exchange is

Q=0-Q,=-Q 3

where Q; is the inflow of dense water, Q, is the outflow of
intermediate fjord water, and Q, is the inflow of upper layer
water (Fig. 5). The last equality comes from the assumption
of zero barotropic flow (assumption 3).
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Fig. 5. Sketch of (a) maximum exchange with a stagnant upper

layer and (b) deep-water inflow with a blocked outflow of inter-
mediate fjord water.

In the specia case (Fig. 5a) of no net flow in the two
lower layers (or in the upper layer), the maximum exchange
flow (Armi and Farmer 1986) obtained at the narrowest cross
section in the entrance is

W,
Qi = 7" [%(Hy — )2 4

where g, is the reduced gravitational acceleration based on
the density difference between the water inside and outside
the fjord below the halocline, H,, is the sill depth, and W,
is the width of the mouth. In order for Eq. 4 to be valid, the
upper surface of the new water outside the fjord must be
above the midpoint between the sill and the upper halocline.
Another specia case is that in which the inward net flow
becomes so strong that the intermediate outflow is blocked
(Fig. 5b). In that case, hydraulic control in the lower layer
gives the volume flux (Eq. 5; Armi and Farmer 1986).

Qa = Wm{gé } ©)

The same expression can be used for the outflow of inter-
mediate fjord water when the inflow of dense water is
blocked.

After inserting the relevant numbers for Gullmar Fjord—

2
S(Hy —h)

W, =350m,H, =43m,h, =20m, g, = 0004 ms 32—
one obtains the exchange flows Q,, = 610 m® s~ in the case
of no upper layer motion and Q,, = 1,330 m?® s* for the
case of no intermediate layer outflow.

In the previous subsection, we found that the maximum
volume fluxes in the upper layer were in the order of Q..
~ 1,100 m® s, This is less than is needed (Q,,) to block
the intermediate fjord water outflow or deep-water inflow.
This means that if the upper layer flow is frictionally bal-
anced, then none of the two lower layers are blocked at any
time during the measurements.

It remains to be shown that the upper layer must have
been frictionally balanced (i.e., that it cannot have been hy-
draulically controlled). The strongest upper layer currentsin
the two cases described above occur in the limiting situation
when the intermediate or bottom layers are blocked. If the
upper layer is not hydraulically controlled during these sit-
uations, it is not probable that it is controlled at weaker cur-
rent velocities either, so we assume that the intermediate
layer is blocked. In order for the upper layer to be controlled,
the upper layer volume flux must be described by Eg. 6.

2 \2
gi <§ hl)

Inserting the same values as above and g; = 0.1 m s2, one
obtains Q,. = —5,390 m?® s~%. Thisis amuch stronger current
than the value Q,, = —1,330 m® s * found under the as-
sumption of a frictionally balanced upper layer. It is aso
stronger than the maximum volume flux (—1,100 m?® s?%)
calculated from halocline movements. In other words, the
main assumption behind the calculation of Q,, (that the up-
per layer is not hydraulically controlled) is valid. The upper
layer current is not strong enough to cause hydraulic control
in the upper layer.

The analyses above indicate that the following picture of
the inflow is reasonable. The inflow of dense water began
on 13 April in the morning. After the upper surface of the
new water outside the fjord rose above the midpoint between
the sill and the haocline, the inflow of dense water and
outflow of intermediate fjord water developed into a maxi-
mum exchange flow below the upper halocline. The upper
layer flow was a frictionally balanced subcritical flow. The
maximum exchange flow was influenced by the net currents
below the upper halocline, but these currents were never so
strong that they blocked the exchange.

As an average over the whole period from 13 to 24 April,
the budget calculations gave a volume flux of new water
into the basin of 630 m®* s *. This compares well with the
estimate Q,, = 610 m® s, calculated assuming maximum
exchange in the lower layers and zero net flow above and
below the upper halocline. These two values are, however,
not directly comparable because the volume flux into the
basin includes the effects of entrainment and detrainment
between the entrance and the deep basin. These effects are
discussed below.

1/2

Qlc = W, (6)

Height and speed of the gravity current at Alsback—
Along the sloping bottom inside the sill, the flow of new
deep water should take the form of a gravity-forced dense
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bottom current balanced by bottom friction. When the cur-
rent reaches the greatest depth, the advection of new deep
water further into the fjord should be forced by the density
difference between old and new deep water. We thus expect
that the flow of new deep water experiences two different
dynamical regimes: the first, down the slope, and the second,
further advection into the fjord. Below, we discuss these flow
regimes.

The flow of the new dense deep water down the slope
takes the form of africtionally balanced gravity current. The
mean slope s of the bottom from the entrance to the mooring
is about 80/12,000, so s = 0.007. The slope, together with
the density difference, provides the forcing of the flow
against friction. We assume that frictional forces are pro-
portional to speed squared with the proportionality factor
(drag coefficient) C, equal to about 0.003. The volume flow
through the mouth is Q, and the buoyancy flux isB = Qg’,
where g = gAp/p,. The gravity current has the height h,
speed u, and width W. Applying the model of a frictionally
balanced gravity current in Stigebrandt (1987b), the speed
and height of the gravity current is given by the following

expressions.

s 1/2

- (C—g'h) (7)
D

Co0? 1/3
h=|—2t 8
(e o
Here, g = uh is the specific transport (per unit width). For
slowly varying bottom slope, drag conditions, and ambient
stratification, u and h adapt to the local values. To estimate
u and h, we assume that there is no entrainment into the
gravity current. From the rate of filling (see above), we find
that Q =~ 1,300 m® s* during the first days of inflow. The
local value of the density difference between the gravity cur-
rent and the ambient water is Ap = 0.02 kg m—2 at the bot-
tom of the basin, and the local width of the current is as-
sumed to be W = 500 m. Thisgivesq = 2.6 m? s%. Finaly,
insertion gives the speed u = 0.1 m s* and the height h =
24 m. If the drag coefficient is changed by a factor of two,
the speed and height change by 20—25%.

Because the mean s is greater than C,, the flow should be
supercritical (u > [g'h]Y?) at least in some stretches along
its route. Supercritical flows are often related to low Rich-
ardson numbers, which could lead to the generation of in-
stabilities at the interface and mixing between the new and
old deep water. The mixing can be estimated by the model
in Stigebrandt (1987b), which we do in the following sub-
section.

When the front of the current reaches the bottom of the
basin, it continues to propagate into the fjord because of the
density difference. This is probably the relevant regime for
the current as it reaches the mooring at Alsback. The results
of laboratory experiments show (see p. 103 in Baines 1995)
that gravity currents at high Reynolds numbers propagate at
speeds

U = K(g'h)*? C)
where h is the height of the gravity current and K = O(1)

is a function of the relative height of the gravity current.
Equation 9 just expresses a balance between the acceleration
of the water in front of the head and the pressure difference
between the gravity current and the undisturbed water in
front of the gravity current. With the same density difference
asused in Egs. 7 and 8 (Ap = 0.02 kg m~3) and the observed
gravity current height of about 30 m, one obtains a gravity
current front velocity U = O(0.08 m s~%). The particle speed
behind the front can be estimated by Eg. 10.

_Q
hw

Inserting Q = 1,300 m® s*, h = 30 m, and W = 500 m,
one obtains u = 0.09 m s *. The difference between u and
U might indicate a loss of fluid at the gravity current head,
but the uncertainties in Q and W are too large to make such
conclusions.

If moving at speed U = 0.08 m s%, the nose that passed
the mooring around 0000 h 15 April will have moved 3.5
km further into the fjord at 1200 h 15 April, when the thick-
est part of the current passed the mooring. The length of the
gravity current head was therefore about 100 times longer
than the height. This is very different from laboratory grav-
ity currents in which the height and length are of equal mag-
nitude (Simpson 1987). Possible reasons for this difference
are the irregular bottom topography, continuous rather than
layered stratification, and bottom friction. The difference
will have large consequences for mixing at the gravity cur-
rent head and illustrates the need for observations of geo-
physical gravity currents.

u (10)

Entrainment and mixing—In order to estimate the entrain-
ment, we need to know the water properties outside the fjord.
For this purpose, we have a profile from the monthly mon-
itoring station P2 located about 100 km south of Gullmar
Fjord. The profile is from 15 April (i.e., at the beginning of
the inflow). Because of the lack of measurements closer to
Gullmar Fjord, we will assume that the water masses at sta-
tion P2 are representative of the water masses just outside
the fjord.

The TS relationship (Fig. 3) from before the inflow ends
in a cluster of relatively warm (~6.5°C) and saline (~34)
points. This was the deep water below 70 m depth. After the
inflow, the old deep water was still present, but a new and
colder branch representing the new deep water has been add-
ed to the TS curves. The new branch is situated between the
coastal (station P2) water curve and the old water curve,
which indicates that the new water is a mixture of old fjord
water and coastal water as expected. The new branch in the
TS curves has a temperature minimum of about 5.9°C. The
water masses below (with higher density than) the temper-
ature minimum are situated closer to the P2 curve than to
the old water curve, which indicates that the new water
mainly contains coastal water. By drawing a straight line
from the cluster of old water points, through the temperature
minimum water, and continuing through the P2 water, we
find that the temperature minimum water contains about
25% old water and 75% coastal water. Similarly, we find
that the densest new water contains about 17% old water
and 83% coastal water. During the first day of the inflow,
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before the old water below 70 m is lifted to sill level, the
inflowing coastal water also comes into contact with the
fjord water above 70 m. It therefore is a theoretical possi-
bility that the temperature minimum water is a mixture be-
tween coastal water with density 1,026.9 kg m~—3 and fjord
water with density 1,026.6 kg m=3. In that case, the new
water contains about 40% old water and 60% coastal water.
This must be seen as an absolute maximum content of old
water, possible only for the water that enters the fjord during
thefirst day if all the entrainment happens above 70 m depth.

A second way to estimate the amount of old water in the
new basin water is to look at oxygen concentrations. The
oxygen concentration in the relevant water at station P2 was
about 6.7 ml L-% The old basin water below 70 m depth
had oxygen concentrations ranging from 1 to 4 ml L1, with
a volume average of about 2.5 ml L. The oxygen concen-
tration of the new water was about 5.7 ml L%, which indi-
cates that it should contain ~76% coastal water and 24%
old water. Thisis in good agreement with the estimate from
the TS diagram, which supports the assumption that P2 is
representative of inflowing waters.

The results above, based on water properties, indicate that
the volume flux of new water through the entrance increases
~33% on the way downslope because of entrainment of old
basin water. Thisis relatively little when compared with oth-
er overflows that have been studied, in which the initia vol-
ume flux typically increases by factors of two to four be-
cause of entrainment (e.g., Baringer and Price 1997;
Liungman et al. 2001). Next, we investigate whether such
small entrainment rates can be predicted with existing mod-
els.

It is common to define an entrainment coefficient, E, as
in Eqg. 11,

e _1dq

~udx (11)

where x is the along-channel coordinate. Various parameter-
izations of the entrainment coefficient are reviewed in Liung-
man et al. (2001). Stigebrandt (1987b) developed a model
based on a Kato—Phillips-type entrainment parameterization,
in which the turbulence that entrains the ambient fluid is
generated by bottom shear stress. With his parameter choice,
the parameterization is

E = 0.071s (12)

where s is the bottom slope. This is similar to an empirical
result of Pedersen (1980) that was based on observations of
the Denmark Strait overflow. The same value for the bottom
slope as used above, (s = 0.007) gives the entrainment co-
efficient E = 5 X 10-* The velocity can be calculated from
Egs. 7 and 8. The density difference between the inflowing
and ambient waters decreases from ~0.4 kg m~2 at sill level
to 0.02 kg m=2 at the bottom of the basin. With a volume
flux Q = 1,300 m3 s74, these density differences give veloc-
ities in the range 0.1-0.3 m s *. Initialy, the entrainment
happens over a distance of 12 km, but as the upper interface
of the new water rises, this distance quickly decreases. With-
in the first hours of the inflow, the interface rises to 80 m
depth, which means that the entrainment distance decreases
to 5-6 km. The valuesu = 0.2 m s* and distance = 6 km

give the total increase in specific volume flux Aq = 0.6 m?
s 1. With a channel width of 500 m, the total volume flux
increase by entrainment is Qz = 300 m?® s, or 23% of the
new water that reaches the deep basin (1,300 m?® s73). It is
seen that this prediction, based on the Stigebrandt (1987b)
bottom current model, fits well with the entrainment esti-
mates that are based on water properties (24%). One impor-
tant reason for the small amount of entrainment relative to
what has been observed in other systemsis the small density
difference between the new and old waters. From Eq. 11,
we get Eg. 13.

d E

1 = —

dx h (13)
That is, the relative increase in volume flux is inversely pro-
portional to the thickness. A small density difference gives
a large thickness and, thereby, a small relative volume flux
increase by entrainment.

Besides entrainment, symmetrical mixing at the interface
could create water of intermediate density. Such mixing
could lead to detrainment from the bottom current when the
mixed fluid reaches the depth where the ambient density
becomes equal, as discussed at the beginning of this paper.
This would cause a relatively oxygen-rich layer of the same
densities as the old water located above the gravity current
close to the entrance. There were no signs at the mooring of
increased oxygen levels in the intermediate layer of old wa-
ter caused by intruding layers of high oxygen content. This
does not rule out the possibility of detrainment because the
oxygen-rich mixed layers can be concentrated at the entrance
without spreading out into the interior of the fjord. If we
assume that the isopycnals are reasonably horizontal outside
the bottom current, such a water mass would be seen at the
mooring as an apparent volume increase of the old and
mixed water masses. On the contrary, entrainment into the
bottom current would be seen as a decrease in volume of
the old water masses, which is, however, relatively constant,
as seen in Fig. 4. This indicates that the volume decrease of
the old fjord water by entrainment is balanced by an increase
by detrainment. Similarly, the volume increase of the inflow-
ing new bottom water by entrainment seems to be balanced
by a similar volume decrease by detrainment (i.e., the vol-
ume flux of the bottom current remains constant and the
negative buoyancy flux decreases).

Coastal forcing—The results reported in ** Control of the
rate of inflow” show that deep-water inflow is caused by an
increase in density of the deep water outside the fjord and
that the inflow is relatively insensitive to local upwelling and
downwelling of the layer above the halocline. But what caus-
es the increase in the density of water above sill level but
below the halocline?

Aure and Sadre (1981) showed that persistent winds with
a component from the northeast induce outflow of surface
water from Skagerrak, whereas winds with a southwesterly
component tend to block outflow of low-saline surface water.
This genera behavior has been verified by a model of the
wind-driven surface circulation in Skagerrak (Stigebrandt
1984) and by analyses of hydrographic data (Gustafsson and
Stigebrandt 1996). Thus, persisting northeasterly winds over
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Skagerrak remove low-saline surface water that is replaced
by saltier and denser water welling up from greater depths.
This explains the often noticed circumstance that exchange
of deep water in the fjords along the Swedish west coast can
occur when an atmospheric high pressure cell parks for a
long time over northern Scandinavia. Thus, to explain ver-
tical movements of density surfaces at the coasts of Skag-
errak, one has to account for the large-scale circulation in
Skagerrak and not only consider local effects of the wind.
This is supported by results presented by Aure et al. (1997),
who analyzed 1-yr-long time series obtained from several
depths in amooring at 100 m water depth off the Norwegian
coast. They found that most of the variability of the density
field was from horizontal advection along the coast of hor-
izontal gradients by the large-scale circulation and that only
relatively little could be explained as the result of local up-
and downwelling from the action of the wind. They aso
found that about half of the variability was contained in the
annual cycle, with maximum density in early spring. The
latter was explained by Gustafsson and Stigebrandt (1996)
as a result of northeasterly winds that often occur in early
spring. However, a temperature minimum also occurs in ear-
ly spring, which explains about half of the annual density
cycle, as pointed out by Arneborg (in press).

The reason most deep-water renewal events in Gullmar
Fjord happen in early spring, therefore, is a combination of
the temperature minimum and the salinity maximum at
depth. However, the more specific timing and strength of a
renewal is solely governed by the regional winds and large-
scale circulation of Skagerrak.

In conclusion, an inflow of dense, oxygen-rich, low-ni-
trate, turbid water to the deep basin of Gullmar Fjord, and
the associated rising of the old oxygen-depleted, high-nitrate
bottom water, was observed with an autonomous profiling
platform. The observed part of the inflow lasted for 10 d
and filled the basin to sill level with new water. The inflow
began on 13 April 2002 and passed the mooring 12 km from
the entrance on 15 April as a 30-m-high and 4-km-long grav-
ity current traveling at a speed of about 0.08 m s

The average volume flux in the inflow was 630 m® s
This volume flux was well predicted by assuming maximum
hydraulic exchange between the intermediate fjord water and
the new bottom water outside the fjord. Fluctuating exchang-
es caused by movements of the upper halocline influenced
the bottom-intermediate water exchange but did not block
it and did not change the average exchange from that ob-
tained by assuming a stagnant upper layer. This means that
the renewal was forced by the difference in density of the
intermediate water inside and outside the fjord and that the
local, wind-driven upwelling/downwelling of the upper hal-
ocline was relatively unimportant.

Entrainment was estimated by comparing the water that
reached the fjord basin with the water 100 km south of the
fjord. If this water was representative of the water that en-
tered the fjord, the water that reached the fjord basin con-
tained about 75% coastal water and 25% old basin water
that was entrained into the bottom current. The entrainment
was relatively well predicted by an existing model. The es-
timated entrainment rates were much smaller than had been
found in other overflows. The main reason for the small

entrainment rates was the small density difference between
the new and old waters, which led to a thick gravity current.

The volume of the old water remained constant as it was
lifted upward, in spite of the loss to entrainment into the
bottom current. Thisindicated that entrainment was balanced
by an equal amount of detrainment caused by symmetrical
mixing at the interface between the bottom current and the
old water.

A future study should concentrate on the bottom current
itself by investigating the dynamics of the bottom current
and obtaining better estimates of entrainment and detrain-
ment processes.
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