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Abstract. Storfjorden in the Svalbard Archipelago is a 1 Introduction

sill-fiord that produces significant volumes of dense, brine-

enriched shelf water through ice formation. The dense watefluxes through the air-sea boundary lead to evaporation or
produced in the fjord overflows the sill and can reach deepcooling and, if intense enough, sea ice freezing that may
into the Fram Strait. For conditions corresponding to a mod-lead to formation of dense waters in the marginal seas or
erate ice production year, the pathway of the overflow, itsover high-latitude continental shelves. Driven by their den-
descent and evolving water mass properties due to mixingity excess relative to the ambient, dense waters flow over
are investigated for the first time using a high resolution 3-topographic features, such as sills and straits (overflow here-
D numerical model. An idealized modeling approach forcedafter), and descend the continental slope under the influence
by a typical annual cycle of buoyancy forcing due to ice pro- of pressure-gradient, Coriolis and frictional forces (Griffiths,
duction is chosen in a terrain-following vertical co-ordinate. 1986). Overflows are bottom-intensified currents and are
Comparison with observational data, including hydrography,typically associated with enhanced dissipation and mixing.
fine resolution current measurements and direct turbulencd he amount of mixing an overflow encounters along its path
measurements using a microstructure profiler, gives confiis largely due to entrainment of ambient water and will de-
dence on the model performance. The model eddy diffusivitytermine the depth of penetration of the overflow plume. For
profiles contrasted to those inferred from the turbulence meainstance, dense waters formed as a result of ice-freezing over
surements give confidence on the skill of the Mellor Yamadacircum-Arctic shelves, depending on the entrainment rate
scheme in representing sub-grid scale mixing for the Stor-and source water properties, can contribute to the Arctic cold
fiorden overflow, and probably for gravity current modeling, halocline (Aagaard etal., 1981) or penetrate deeper below the
in general. The Storfjorden overflow is characterized by lowAtlantic Water (AW) contributing to the intermediate or deep
Froude number dynamics except at the shelf break where th&ater masses, thereby ventilating the Arctic Ocean (Rudels
plume narrows, accelerates with speed reaching Ojﬁlms and Quadfasel, 1991). The Greenland-Scotland Ridge over-
yielding local Froude number in excess of unity. The vol- flows and high-salinity shelf waters descending shelves of
ume flux of the plume increases by five-fold from the sill to Antarctica are modified by entrainment to produce the North
downstream of the shelf-break. Rotational hydraulic controlAtlantic Deep Water (Dickson and Brown, 1994) and Antarc-
is not applicable for transport estimates at the sill using up-tic Bottom Water (Gordon et al., 1998), respectively. These
stream basin information. To the leading order, geostrophydeep waters contribute to the global thermohaline circula-
establishes the lateral slope of the plume interface at the silltion and the latter ventilates the deepest ocean. Dynamics of

This allows for a transport estimate that is consistent with thedense fluid descending an inclined boundary have been ex-
model results by evaluating a weir relation at the sill. tensively studied and the oceanographic context is reviewed

by e.g. Price and Baringer (1994) and Baines and Condie
(1998). Because the ocean general circulation models can-
not resolve the detailed overflow dynamics, an accurate rep-

Correspondence to: I. Fer resentation of entrainment and mixing of overflows is cru-
BY (ilker.fer@dfi.uib.no) cial. The sensitivity of overflow simulations to models of
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Fig. 1. (a) Map showing the bathymetry (color) around Svalbard together with the model domain (bordered in black) shown in (b), the
path of the Storfjorden overflow inferred from a constant descent rate model (Killworth, 2001; black trace) and locations where Storfjorden
water were observed (Quadfasel et al., 1988, squares; Fer et al., 2003, circles). The dashed rectangles mark the three regions from whic
the ambient CTD profile is constructefth) The model domain together with stations (black squares marked from 1 to 7) and sections (lines
marked with white rectangles from 1 to 4). The two dashed rectangles mark the regions shown in Fig. 3. The bathymetries in (a) and (b) are
identical with color bar given on the right in units of metre. Section 1 is roughly aligned with the Storfjorden sill. Station 3 is positioned at
the sill, at the side where the main overflow occurs.

different type and resolution, and covering a range of phys-overflow has significant inter-annual variability (Schauer and
ical regimes is recently reported in Legg et al. (2006) with Fahrbach, 1999; Fer et al., 2003, 2004). BSW is at or near
focus on entrainment and mixing. In addition to the bottom the freezing temperature and salinity is the main factor in
drag and entrainment at the dense plume-ambient interfaceletermining the density excess of the overflow. Storfjorden-
the overflow’s descent can be affected by the detrainmentlerived water was observed at several stations (Fig. 1a) in
into the stratified environment (Baines, 2001), the Ekmanthe deep Fram Strait in 1986 (Quadfasel et al., 1988), and
drainage, the variation of the thermal expansion coefficientmore recently in September 2002 (U. Schauer, 2003, per-
with depth (thermobaric effect, Killworth, 1977), or the pres- sonal communication), consistent with the high salinity re-
ence of wave-like instabilities (Fer et al., 2001; Cenedese eported in April 2002.

al., 2004) or eddies (Lane-Serff and Baines, 1998; Cenedese A previously published numerical modeling study of the
et al., 2004). Storfjorden overflow was conducted employing a hydro-

Storfjorden (Fig. 1) in the Svalbard Archipelago is a well static, reduced-gravity plume model with stagnant ambient

documented site with production of dense, brine-enrichedVater (‘1'/2 layer model") with a local Richardson number

shelf water (BSW). Here, BSW is produced through ice- dependent entrainment parameterizgtion_(Jungclaus_et al.,
formation and subsequent brine rejection in a recurring999)- Jungclaus et al. (1995) used idealized synthetic am-

polynya, at a rate of typically 0.06-0.07 Sverdrup (Sv, bient temperatureT(), salinity () profiles to match the wa-
1Sv=1° m®s~1) when averaged over the freezing period ter mass properties that the plume encounters along its de-
(Skogseth et al., 2005a). Although the BSW volume flux scent a_nd applied stea_dy source conditions by maintaining a
does not show significant inter-annual variability, the salin-30M tt"Ck (above the silllevel) dense layer witk—1.75C

ity of the water accumulated in the basin behind the 120-m2nd S=35.3 during 1850 days of the simulation. Recently,
deep sill ranges from 34.8 to a record value of 35.8 observedK09seth et al. (2008onducted an idealized 3-D numeri-

in April 2002 (Anderson et al., 2004). This shelf-produced cal simulation using the Bergen Ocean Model, with focus on
water overflows the sill, turns wgstvvards in Storfjordrenng, Iskogseth, R., Smedsrud, L. H., Nilsen, F., and Fer, I.: Obser-
ﬂOWS_ northward along th_e contlne_ntal slope and, when ItSyations of hydrography and downflow of brine-enriched shelf water
density excess permits, sinks deep into the Fram Strait. Assdn the Storfjorden polynya, Svalbard, J. Geophys. Res., submitted,
ciated with the variability in the source water, the Storfjorden 2008.
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the fate of the polynya derived water in the Storfjorden basin.3 Experimental set-up

Here, we use a 3-D shelf circulation model in an idealized

set-up to study the pathway and descent of the Storfjorde?.1 Domain

overflow plume (downstream of the sill) and its evolving wa- ) , ,

ter mass properties due to mixing with the surrounding wa-1 € model domain covers Storfjorden, Storfiordrenna and
ter masses. In the present work we also compare the mod&l€ continental slope west of Spitshergen (Fig. 1b). In or-

results to observations including hydrography, year-long cyrder to minimize the pressure gradient errors as_soma‘_[ed with
rent profile measurements at the sill as well as microstructur@Prupt topography changes, the bathymetry is derived by
measurements and inferred diapycnal eddy diffusivity. TheSmoothing ETOPO2 (2001) and interpolating to the grid res-

structure of the paper is as follows. The numerical model©!ution. We employ 30 vertical layers and an eddy-resolving

and the modeling approach (Sect. 2) and the experimentzil‘orizontal resolution of approximately 2km. Near-bottom

set-up (Sect. 3) are outlined with a description of the domain,Vertical resolution, averaged over the deepest five layers, is
.5m, 11 m and 22 m for the water depths of 200 m, 500 m,

ambient conditions and the forcing. Salient features of the? '
model overflow are outlined in Sect. 4. Data extracted at se@nd 1000 m, respectively.
lected sections and stations are compared with the availabl

observations (Sect. 5). Evolution of the plume is presente

in Sect. 6. Subsequently, discussion is given on plume angpg jnitial density structure is at rest and uniform horizon-
interface characteristics, entrainment and rotating hydrauhcsta”y_ An ambient profile representative of the water masses

the plume encounters along its path is constructed using 1
resolution seasonal hydrography from objective analysis of
the World Ocean Atlas 2001 (Conkright et al., 2002). Mean

An idealized modeling approach is chosen in a terrain-profiles are calculated for three regions, covering increas-
following vertical co-ordinate which concentrates the verti- ing along-path distance from the sill, for seasons when the
cal resolution near the bottom boundary — suitable for over-Plume is expected to reach the given region. The three re-
flow modeling. The buoyancy forcing, a typical annual cycle gions are indicated in Fig. 1a as dashed rectangles where
of BSW production in the absence of any other external forc-the bounding south-west and north-east corners ard16
ing, is artificially introduced (Sect. 3) into the basin north 76° N-20° E 77 N for January-March; ITE 76 N-16"E

of the sill and we concentrate on the overflow of the dense?8” N for April-June; and 8E 77 N-12° E 80° N for July—
plume and its descent deep into the Fram Strait. We employ>eptember. The latter period is when the plume has prop-
the Regional Ocean Modeling System (ROMS, Shchepetkirhgated deep in to the Fram Strait, therefore stations with
and McWilliams, 2005) based on the primitive Boussinesqdepth less than 500 m are discarded in the averaging. Fi-
equations, terrain-following coordinate system in the verticalnally, a composite profile is constructed at standard depths
(Song and Haidvogel, 1994) and general orthogonal curvi-using the upper 250 m from January—March, between 400—
linear coordinates in the horizontal. Pressure-gradient er900m from April-June and for depth greater than 1000 m
rors at steep topography are reduced by improved schemdom July—September. Averaged potential temperatuesd
(Ezer et al., 2002; Shchepetkin and McWilliams, 2003). The$ profiles are further smoothed using a 5 data point running
model uses relatively high order explicit finite differences mean. The resulting ambient profile (Fig. 2) is implemented
methods with a time splitting between the fast 2-D barotropicin the model by linear interpolation to the model levels. In
mode and the slower baroclinic 3-D mode. In this study, theorder to approximate the remaining BSW from the previous
turbulence closure is Mellor-Yamada level2with back-  Year, trapped behind the sill, Storfjorden is filled up to the
ground mixing levels set to 1@ m?s~1 for momentum, and ~ Sill depth with dense water of=35.2 and7'=—0.7C, de-
108 m? s~ for heat and salinity. The model employs a non- rived from observations prior to freezing period (Fer et al.,
linear equation of state for seawater, hence thermobaric ef2004; Skogseth et al., 2005b).

fects are implicitly included. In order to remove mesoscale )

variability and to delineate the robust and representative feas-3 Forcing

tures, we average the 5-min model spatial fields over 10 day%he only forcing is the buoyancy forcing as a result of the

centered at monthly intervals (day 30 averaged over day 255 rine production. This is implemented using the “river mech-

35, day 60 averaged over day 55-65 and so on)_. Sect_|0n dae'flnism” in ROMS. Dense water with salinif=35.3 and tem-
are stored as 5-day averages (the model step is 5min). Sta-

tion data are daily snapshots derived from the ROMS dailylf)(—jrat:JrET.:_1'9()C ;]S |rf1trﬁdugﬁd athchogen Iar_1d/sea "’“ef'
history files. ace locations north of the sill. The brine mixes and di-

lutes before reaching the sill from the discharge locations in
the basin (see Sect. 6.2). The source regions are not rep-
resentative of the Storfjorden polynya. Polynya dynamics,
dense water production and its descent, mixing and filling

.2 Ambient and initial conditions

2 Approach and the numerical model

WwWw.ocean-sci.net/4/115/2008/ Ocean Sci., 4, 115-132, 2008



118 . Fer and BAdlandsvik: Descent and mixing of Storfjorden overflow

In a more realistic setting, the density structure of the am-
bient water will depend on the inflow of Atlantic and Arc-
tic water masses across the open boundaries which could
drive tides and the barotropic flow along the slope west of
Spitsbergen. Owing to the idealized forcing employed in this
study, the West Spitsbergen Current and the mean circulation
in Storfjordrenna are absent, as are the effects of tides and
winds. Furthermore, the ambient circulation at the sill is not

100

Jan-Mar

200

300

400

%3 S captured and the density of the winter-cooled water originat-
g 500 :-% ing the plume is prescribed.
2
< 1000 3.4 Passive tracer
1500 [=--i--ndeeedfoobondo b AL
oY Sy a The water mass behind and below the sill levelrab
2000 [~ b [ (§=35.2 and7T=—0.7°C) is marked with a passive tracer
A of concentration equal to unity. e source waters
A - TRO) of trat | t ty. Th t
2500 o supplied during the first 90 days (initial adjustment and the
3000 N I T steady forcing period) and between days 90 and 180 (declin-
-2 -1 0 1 2 3 ing phase) are marked with passive tracERL and TR2,
Potential temperature, 6 ( °C) respectively, each with unit concentration. The introduc-

S — tion of tracers yields a more confident estimate of the plume
346 347 348 349 35 35.1 . . . .
thickness at a given station or the plume cross-sectional area

Salinity . .
L for a given section, hence more accurate transport calcula-
277 278 279 28 28.1 28.2 tions. Using separate tracers for the initial water mass and
Density, o, the source water associated with the different phases of the

forcing provides information on the transport and fate of the
Fig. 2. The idealized ambient CTD profile implemented in the BSW remnants from the previous winter and of the overflow
model. Shown profiles are the potential temperat@yelack solid), ~ during active freezing period and spring.
salinity (S, dashed) and potential density anomaly referenced to
surface pressuresf, gray). Note the change in vertical scale at
500 dbar pressure. The depth ranges for different seasons used in .
the formulation of the ambient profile are marked on the right. 4 Model overflow: an overview

With the onset of buoyancy forcing, the initial water mass
of the basin are not the focus of this study. In prescrib-trapped behind the sill starts spilling over the sill. The plume
ing the brine forcing we rely on results from a wind-driven reaches the shelf-break, out of Storfjordrenna, by day 60 and
polynya width model (Haarpaintner et al., 2001; Skogseth etverflow water with high tracer concentration is trapped in
al., 2004) which provides estimates of ice and BSW produc-depressions in Storfjordrenna. After the termination of forc-
tion using satellite images and wind data together with lim-ing, the plume does not encounter significant descent but
ited information of surface hydrography. Results from five spreads laterally and the bottom water in Storfjordrenna is
winters 1998-2002 (Skogseth et al., 2005a) suggest a reldargely diluted. A fraction of the plume water at the sill es-
tively constant BSW volume flux of 0.06—0.07 Sv throughout capes to the trench between the sill and Spitsbergen. This
the freezing period of typically mid-November to mid-May is further illustrated at a detailed plot of the sill region at
(about 180 days). Accordingly, we apply the following forc- day 150 (Fig. 3a). Typical cross-sill velocity of the plume
ing: The time evolution of the brine supply increases fromis 10-20cm s!, consistent with past observations at the
zero at time=0to 0.1 Sv at=15 day, remains constant until site. When the plume reaches the shelf break, it significantly
=90 day and declines to zero at day 180. The duration andccelerates to about 0.5 misand abruptly descends from
evolution of the forcing is representative of the freezing pe-300 m to 1000 m isobath (Fig. 3b). Daily time series at the
riod. Averaged over 180 days, 0.07 Sv of BSW is suppliedsill station have considerable variability of the thickness and
into Storfjorden. The simulation continues for another 180speed of the plume, suggesting pulsing events (not shown),
days without any external forcing. Early spring hydrogra- possibly due to Kelvin-wave-like traveling disturbances in
phy in the deepest layers behind the sill in Storfjorden is re-the basin. The water depth at the sill is about 120 m, and
viewed in Skogseth et al. (2005b) and our choic&§e85.3  occasionally the plume covers the whole depth. Here and in
andT=-1.9°C represents a season with moderate dense wathe following the plume thicknesBpume is estimated as the
ter production. height above the bottom where the total tracer concentration

Ocean Sci., 4, 115-132, 2008 Www.ocean-sci.net/4/115/2008/
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Fig. 3. Total tracer concentration (color) and velocity vectors for the bottom-most layer at day 150, shown itedl@tdlie vicinity of the

sill and (b) close to the shelf-break at the mouth of Storfjordrenna. The location of each panel is identified on the regional map in Fig. 1b.

Note the different scale of the velocity vector (0.21tsn a and 0.5ms? in b). White enveloped gray traces are isobaths in meter. Only
data withTR>0.05 are shown.

(TR=TRO+TR1+TR2) first falls below 0.05. The velocity  the simulation and differ further due to the mean circula-
component along the mean flow is typically about 10cih's  tion of the modified-Atlantic water and due to the presence
and reaches 25cm$, correlated with high bottom salini- of the Polar Front (Skogseth et al., 2005b). Keeping these
ties. The source water marked at the steady-forcing phaseaveats in mind we compare the model results with obser-
(TR1) and the declining phas&R2) reaches the shelf-break vations conducted in 2002. Section 2 across Storfjordrenna
at about day 60 and day 150, respectively, about 45 days anadnd Sect. 3 extending southwards from the southern cape of
60 days after their initiation. The source water concentra-Spitsbergen are chosen to match the sections worked in Au-
tion in the plume is strongly reduced from the sill to the shelf gust 2002 (Fer et al., 2004) and in May 2002 (Skogseth et
break. At day 150, the plume has descended deep into thal., 2005b), respectively. Temperature and salinity distribu-
Fram Strait down to~2000 m isobath and approached the tion at model days 192.5 (representative of early summer)
northern boundary of the domain. and 87.5 (representative of spring) are presented in Figs. 4
and 5 together with the observations. The freezing period
of 2002 resulted in record high salinity in the basin (An-
derson et al., 2004) which is not consistent with the moder-
ate forcing of the simulation. The observed overflow plume
is therefore more saline at both sections. Nevertheless, the

In the absence of an ice-going vessel, surveys of the storsalient features of the bottom temperature-salinity structure
fiorden overflow are typically conducted in Storfjordrenna &€ captured by the model. In the absence of passive tracer,
in spring or in summer, corresponding to periods with de-00=28.0 is a good indicator of the_exte_nt and thlckness_of

clining or terminated brine production. The summertime hy- the overflow plume at the observation sites and is also sim-

drographic properties of the water column are significantly'lar to theTR=0.05 isoline for the model. In Storfjordrenna

different than the idealized ambient profile implemented in (Model Sect. 2), the model plume extends shallower towards
Spitsbergen, to depths shallower than the sill depth, whereas

2The plume thickness is sensitive to the choice of concentrationthe shallow edge of the observed plume is at approximately
threshold, especially in deep water where the dense plume is cappeghe sill depth (Fig. 4). Because the model ambient for this
by thick but highly diluted source water. However, because the Veregion is from early spring climatology, when the plume is

locity of such mixed water is very low, the volume transport is not first expected to reach this site, the summer ambient differs
very sensitive to this choice.

5 Comparison with observations

5.1 Hydrography

Www.ocean-sci.net/4/115/2008/ Ocean Sci., 4, 115-132, 2008
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August 2002
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Fig. 4. Potential temperaturé, and salinity,S distributions from(a—b) observations in August 2002, section C of Fer et al. (2004 exd)

Sect. 2 of this study at day 192.5. Sections are approximately at the same location and are roughly aligned to ease comparison. Samplin
locations are marked by triangles above each panel including station numbers of CTD observations. White-enveloped grayjs@e is

in all panels.

significantly from the model. The doming of the isotherms per ensemble every 10 min at 4 m vertical bins. The first
and showrr=28.0 isopycnal in Fig. 4a are a result of the bin was centered at about 6 m above the bottom and tem-
mean cyclonic circulation of the West Spitsbergen Currentperature was also recorded by a sensor on the ADCP (about
in Storfjordrenna which is absent in the model forcing. At 0.5m above the bottom). As judged from the temperature
Sect. 3 the model plume on the slope is thicker (Fig. 5) thannear the freezing point and persistent cross-sill velocity di-
the observed plume, the mixing of which is suppressed byrected out of the fjord (except for a reversal around day 70),
relatively strong stratification. This is possibly due to en- the overflow was observed between days 60 to 210 of 2004
hanced shear at the plume-ambient interface and resultingFig. 6). We compare the observed bottom current to the data
mixing imposed by the Mellor-Yamada closure. The over- extracted at model station 3 (sill) at the third layer 6 m hab,
flow water in the observed plume is wider, extending over theconsistent with the bottom-most ADCP bin (Fig. 6, model
whole section on the flat bottom, suggesting that the bottortime is aligned with the ADCP time to match the develop-
friction and resulting Ekman drainage feeding the quiescenment of overflow temperature at freezing point). The ADCP
deep part of the section are not properly represented in theecord comprises signatures of the mean circulation, effect

model. of tides (although the record is 5-days low-passed), and the
_ response to wind forcing, none of which were incorporated
5.2 Current at the sill in the simulation. Nonetheless, both the magnitude and the

_ _ variability of the cross-sill current are comparable to the ob-
In 2004, a self-contained upward-looking 307.2 KHz broad- seryations. The common time frame, indicated by arrows

band Workhorse, RD Instruments acoustic Doppler currenty Fig. 64, is further compared in Fig. 7 by presenting the
profiler (ADCP) was deployed at the sill averaging 33 pings

Ocean Sci., 4, 115-132, 2008 WwWw.ocean-sci.net/4/115/2008/
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May 2002
Skogseth et al. (2005)
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Fig. 5. Same as Fig. 4 but for observations in May 2002 (Skogseth et al., 2005b), and Sect. 3 of this study at day 87.5.

progressive vector diagrams at 6 m hab and the mean praviosby using a loosely-tethered microstructure profiler
files over the ensembles when the bottom temperatures werequipped with two shear probes. Details of the instrument,
less than—1.5°C (i.e. cold overflow periods). Over about typical deployment, and data processing are described in Fer
7 months, the integrated cross-sill displacement from the(2006) for a similar survey. Diapycnal eddy diffusivity is in-
model is in good agreement with the data. The along-sillferred from the measuredand the background stratification
distance covered by the plume at the sill is comparable to theising K,,:O.ZeN—2 (Osborn, 1980), wher&/ is the buoy-
ADCP record at the second half of the period. At times of ancy frequency. Profiles are available in the vicinity of sta-
cold bottom temperature, the mean profile of the cross-silltion 1 in the basin, station 3 at the sill, station 4 and 5, 25 and
component of the velocity differs between the model and the50 km downstream of the sill, respectively. Observed pro-
ADCP data: the observed current profile is directed out of thefiles of K, with respect to distance above the sea bottom are
fiord over the resolved depth range and is relative weak in thecompared to vertical eddy diffusivity profiles extracted from
bottom 30 m, whereas the model profile has a well-definedhe model at the corresponding stations (Fig. 8). The model
plume velocity signature. The profiles of the along-sill com- diffusivity changes smoothly in time and we present profiles
ponent, on the other hand, are in remarkable agreement in th@veraged in 14-day windows centered=af5, 100 and 150
bottom 30 m. At shallower depths, the ambient circulation atday. Day 150 is representative of the summer observations.
the sill is not captured by the model owing to the idealized In the basin, the model diffusivity in the ambient and within

forcing. the dense water behind the sill does not show significant tem-
poral variability and is comparable with the measured pro-
5.3 Eddy diffusivity file. Both at the sill and at the stations downstream from the

sill, the diffusivity is enhanced close to the bottom, as ex-
pected from bottom-attached gravity currents. At the sill, the

Profiles of dissipation of turbulent kinetic energy per unit model diffusivity in the bottom 15 m decreases through time

mass,s, were collected in August 2005 from R. V.akon

WwWw.ocean-sci.net/4/115/2008/ Ocean Sci., 4, 115-132, 2008
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ADCP
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Fig. 6. Time series ofa) bottom temperaturéh) cross-sill component of the velocity recorded by an upward-looking ADCP deployed at the

sill in 2004 (black) and that extracted at the model station 3 (gray). Simulation time is shifted by 25 days to align with the observed overflow
period in 2004, judged from the bottom temperatures near the freezing point. The two arrows mark the common time frame compared in
Fig. 7. Both data sets are daily averaged (ADCP sampling rate is 10 min) and 5 days low-passed.

in response to weakening in buoyancy forcing and the resulté6 Pathway, descent and evolution of the plume

ing shear. The bottom signature at day 150 is in excellent

agreement with the observed profile. Farther downstreang 1 cgre properties

mixing within the plume is also comparable at day 150. Rel-

atively large diffusivity in the model compared to the obser- . . .

vations 25km downstream between 10-25m height abov n this section plume properties are presented for the core

bottom (hab) is an example of the structure that could IeaoStaﬁf)rIS along the path of the p.Iume.. Properties for t.he cross-
to relatively thick and diluted interface layer in the model sections along the path are given in the next section. The

(compare Fig. 5a—b and Fig. 5¢c—d). Farther above the inter0'€ of the plume is derived usin.g 10-day averaged'fielt'ds
face, the mixing in the ambient is typically underestimated avalla'lble every 30 day;. The core is detectgd as the.grld with
in the model, owing to lack of processes leading to rela-the highest total passive tracer c_oncentratlon awces
tively large diffusivity in the ambient imposed by the circu- ]E)_et\(;veerv:dsgtto ]}O%and aloflg-sfl;ges r(}aft:{r me:jsjkmg ?rt]or-
lation, wind and internal waves (Fer, 2006). However, note jorden and Storfjordrenna) fof>-60, where/ and/ are the

that the model stratification in the ambient, as a consequenc%p.’0 horizontal grid indices of the domain, respectively (see

of the implemented hydrography (Fig. 2), is different from ig. 1). Several quiescent deep pools in Storfjordrenna even-
the summer conditions which will also affect the diffusivity tually trap the densest waters and are not representative of

estimates through th&? dependence in the Osborn model. the dynamic path of the plume (Fer et al., 2003). We there-
Comparison with the observeid, profiles gives some con- fore masked several such depres;ioqs after verifying that the
fidence on the skill of the Mellor-Yamada scheme in rep- along path component ofthe velocity is nqtelevated as would
resenting sub-grid scale mixing for gravity current simula- be expected from an active plume but is rather quiescent.

tions. In support of this result, Ezer (2005) reported that inOnce the_ path_ of th_e ovgrflow IS establls_hed_ by joning the
both 2.5km and 10 km resolution terrain-following coordi- '€ stations, its orientation for each station is derived after

nate model, the Mellor-Yamada scheme represented the sug_moothing by 10 pointx20km) moving average. Using the

grid scale mixing very well compared with 0.5 km resolution smooth path orientation, the model horizontal velocity com-
non-hydrostatic model results ponents are aligned with the path direction. The thickness of

the plumeipiume, is estimated to be the height above bottom
(hab) whereTR first falls below 0.05. Along path distance

is estimated by integrating the great-circle distance between
the neighboring core stations. The along-path and temporal
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Fig. 7. Progressive vector diagrams at 6 m hab at the sill derived (eQltADCP observations ang@h) model results. The color code is for the
bottom temperature and arrows are placed at 30 day intervals. Vertical prof{@scodss-sill (positive towards the fjord) arid) along-sill
component (positive approximately towards east) of the time averaged velocity for observations (black) and model (red) for the times with
cold overflow wheril" <—1.5°C. This threshold results in 155 and 150 daily ensembles for ROMS and ADCP, respectively.

evolution of the core is presented in Fig. 9. Figure 9a and bFig. 2, at the appropriate depth of the core along the plume
show the time-distance maps/gfiume and maximum along-  path. The ambient properties at the bottom layer along the
core velocity withinkpume At the shelf-break, between 200 plume path encounter Atlantic Water (AW) core and Norwe-
and 250 km downstream from the sill, the plume accelerategian Sea Deep Water (NSDW) at about 100 km and 400 km,
to maximum core velocity reaching 0.6 m's The along-  respectively, downstream from the sill. At day 150, the core
path transect of core velocity with respect to hab at day 1507 —S properties of the plume are modified as a result of en-
is shown in Fig. 9c together with plume thickness and twotrainment and mixing. The BSW at the sill is a mixture of
chosen isopycnals. Finally profiles of density excess (differ-the dense source water, the prescribed basin water (to the sill
ence betweemy at day 150 and=0), along-path compo- level) and the ambient properties above the sill level. This
nent of the velocity and tracer concentratidi® in the bot-  mixing takes place as the source waters propagate from the
tom 150m, are presented at selected distances from the sidlischarge locations towards the sill. From the sill towards the
(Fig. 9d—g). The plume thickness inferred frofR profile shelf-break (about 220 km), the overflow plume properties
using a threshold of 0.05 captures the interface below whichtrace a mixing line between the diluted source water at the
density excess and speed increases from the ambient valuesill and AW. Farther downstream the mixing takes places in
At the continental slope and farther downstream the interface triangle formed by the plume properties at the shelf-break,
between the plume and the ambient is highly diluted, result-AW and NSDW (Fig. 10). Because the cold plume entrains
ing in plume thickness exceeding 300 m, but with low core relatively warm AW, it appears as heat source for the ambient
speed. The cor& —S properties at the bottom layer &t0 after aboutc~300 km where it is mainly driven by its salinity
and =150 day are shown in Fig. 10. ThoseraD corre-  excess.

spond to the ambient, as specified by the initial profiles in
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Fig. 8. Vertical profiles of eddy diffusivityk, at stationga) inside Storfjorden, upstream of the sill (Station () at the sill (Station 3),

(c) approximately 25 km an@) 50 km downstream of the sill (stations 4 and 5). Vertical axis is the height above the bottom. Observed
K, profiles are derived from shear-probe microstructure measurements from a free-fall profiler using the Osborn model (Osborn, 1980)
and are averages of typically 5 repeat profiles collected within 0.5 h. Model profiles are two-week averages centered at the indicated times.
Observations were made in summer during weak overflow conditions and can be compared to model day 150.

6.2 \Volume transport and entrainment waters encountered while approaching the sill from their dis-
charge locations in the basin. The increase in volume trans-
The net volume transport of the overflow plume out of port at Sect. 4 is close to 600% comparable to about 500%

Sects. 1to 4 is calculated as estimate by Quadfasel et al. (1988) and the modeling result of
441% (standard case) to 678% (large density anomaly case)
Q= // udzdy (1) by Jungclaus et al. (1995).
A Following Legg et al. (2006), we diagnose the entrainment

where A is the plume cross-sectional area bounded by thecoefficient (ratio of net entrainment velocity and the local
seafloor andR=0.05 surfacey is the component of velocity ~current speed) along the path of the plume as

out of the sectionz andy are the vertical and lateral coor- 4 0(x)
dinates, respectively. The volume transport associated withg (x) = 4 ="~ 3)
each tracer is calculated by weighti@gwith the correspond- L
ing concentration wherex is the along-path distancg, (Eq. 1) is the overflow
transport across a section perpendicular to the path at each
OTR = f/uTRidzdy (2) core station/ is the lateral extent of the plume on the slope
4 andu is the average plume velocity defined by
wherei runs from 0 to 2. Total transport of source water is J [ udydz
then QTR=0TRo+ QTR+ QOTR.- Due to entrainment, the ;— 4 (4)
overflow volume transport is larger thadtr and can be A

quantified by the rati®=Q/QTR. Figure 11 summarizes the whereu is the along-path component of the velocity ahis
results for the first 300 days of the simulation. Already at thethe cross-sectional area of the overflow at a given section. In
sill section the volume transport is nearly doubled becausepractice, we estimaté as Wcos/)~ wherey is the mean

of both the mixing at the sill and the mixing that the source cross-path bottom slope and is the width of the plume on
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Fig. 9. Time-along path distance evolution @) plume height/ipjume and(b) maximum core velocityucore Vertical dashed lines mark
=150 day.(c) Along path evolution oficore (ColOr), hpjyme (black) andoy =28 andoy=28.1 isopycnals (gray) at day 150. Vertical axis is
height above bottom (hab) and dashed vertical lines ma80, 100, 190 and 225 km presented in (d—g). Vertical profilescefe (red),
density anomaly’ (black) and tracer concentrati@ir (blue dashed) in the bottom 150 m(el) 50 km(e) 100 km(f) 190 km andg) 225 km
distance along the path. The plume thickness inferred for each profile is marked by horizontal gray lines.

horizontaly-plane. The bottom slope is calculated by slope at the shelf break where Fr slightly exceeds unity (Fig. 12c).
of the least-squares line fit of bottom depth against horizontaHereg'=g A p /p is the reduced-gravity\ p is the density ex-
distance. In evaluating Eq. (3D (x) is first-differenced over  cess of the plume relative to the ambient; is the difference
a 10-section moving window along the path, correspondingbetween the along-path component of the plume velocity and
to 20 @&1.5) km (1 standard deviation). The resulting en- the ambient, and\u and Ap are calculated as the differ-
trainment coefficient suggests detrainment (negative E) at thence between the averaged properties dygme and above.
trench in Storfijordrenna before the plume reaches the shelfn alternative definition, composite Froude numlggrfor
break (Fig. 12e). a two-layer system:2=Fr2+Fr2, whereFr2=u?/(g'h;) is
Froude number is typically used to infer the dynamical the local Froude number for each layer with thicknesand
regime of a gravity current plume, as laboratory results sugSP€€d«, suggests a similar pattern with along path distance
gested good correlation with Froude number above unity andFi9- 12¢). On the averager=0.25 andG=0.2 using local
entrainment.  Storfjorden overflow is typically associated Values at the core. When averaged across the seétias,
with low local Froude numbelFrzzAuzl(g/hmume), except typically half the local core value. Daily values laf derived
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) AW i ) observed in Fram strait (Quadfasel et al., 1988) but it is com-
i 5) 100km | * t=0 | parable to the reduced gravity model results of Jungclaus et
S + t=150d al. (1995). Both the variability in the overflow and the lim-
o, ,.+" ,C5/200km ’ itations of the model are likely responsible for the discrep-
A e o ancy between the observations and the model results. Lack-
1+ - ing a systematic sensitivity study, we cannot evaluate the
’ ' ’ e role of the variability in the overflow. In the Fram Strait,
v the plume/ambient interface is highly diluted and the plume

o, . 300km

+*

*

) ) K J , thickness is likely overestimated usifigR=0.05 threshold.
oFr &~ + "Q.Z/OOkm T Albeit very small, the background mixing level for scalars
, / prescribed in the turbulence closure scheme (Sect. 2) can be
300km '.f,f500km . o significant in diluting the plume. On the other hand, lacking
/! Y /! tracer information, plume thickness inferred from observa-
T NSDW AN ] tions might be biased low as low source water concentrations
i ' ; . will not be immediately obvious in the hydrography. The
& BSW <> decreasing vertical resolution as the plume reaches deeper
) T - L : water also hinders an accurate estimate of the plume thick-
34.8 35 35 Source ness. The spatial distribution of bottom density anomaly
and contours of plume thickness at day 150 are shown in
Fig. 13. A fraction of the overflow spills to the trench be-
tween Spitsbergen and the sill, consistent with the Bergen

Temperature ( °C)
¥
g
2

Salinity

Fig. 10. Bottom temperature-salinity properties at the core along 7 .
the path of the plume (gray=0; black: r=150 day). Data points Ocean Model simulation of Skogseth et al. (2008ps a

for +=0 correspond to the ambient, as specified by the initial profiles"®Sult, thick patches of Storfjorden water, albeit with low
in Fig. 2, at the appropriate depth of the core along the plume pathdensity deficit, are found both in the trench between the
White bullets are placed at 100 km intervals as in Fig. 13 for com-Sill and Spitsbergen, and on the continental shelf west of
parison. Properties of the source water (diamond) and the water ilspitsbergen. To the authors’ knowledge the only observa-
the basin at=0, representative of the condition prior to ice forma- tion reported from this trench is in support of the model re-
tion (rectangle marked Basin) are also shown. Indicated main wategult: the year-long time-series collected from instruments
masses are Norwegian Sea Deep Water (NSDW), Atlantic Wateimgored at this trench show indications of cold water with
(AW) and brine enriched shelf water (BSW). Dashed contours areginjty in excess of 34.8 and occasionally reaching 35.2 dur-
Lsecr)r?ygrn;tsrg 9a)t :‘Sr‘:;‘ee diagonal line a¢—1.9°C s the freezing g April-May 1992 at 36 m hab (Sternberg et al., 2001). At
P pressure. the mouth of Storfjordrenna where the bottom slope is gen-
tle, the plume accumulates (this is where the detrainment oc-
curs) and is about 150 m thick before it contracts at the shelf
Qreak at about 200 km downstream from the sill. There is
a major difference from the results reported by Jungclaus et
al. (1995). Their idealized reduced-gravity simulation of the
plume evolves into two branches: the main branch propagat-
rT1’ng northward into the Fram Strait and a second branch prop-
agating southward along a deep trench east of the Knipovitch
Ridge. This is likely an artifact of the 5-min resolution dig-
itized world ocean data set bathymetry employed in Jung-
claus et al. (1995) (see the diverging 2000-m isobath near the

using the model station data are typically larger than that de
rived from the 10-day average field (compare squares and th
errorbars with the thick black line in Fig. 12c¢) and the con-
sequences for the entrainment are discussed in Sect. 7.2.
Normalized plume thicknesspumédh i, is typically large

(>10) except near the shelf-break between 210-240k
from the sill where the plume thickness is about 3-5 times
hg. Herehg is the Ekman layer thicknes&z=[2K,,/(f
cosf))]Y?, f is the Coriolis parameter anki,, is the eddy
viscosity. Eddy viscosity averaged ovieslume at the core L ) . S
ranges from %1075 to 2x102m?s1, with lowest values Knipovitch Ridge in their Fig. 3).

at gentle slopes between 70-100km and large values be- The path of the plume integrated using the model of Kill-
tween 215-235 km from the sill worth (2001) with a constant descent rate of 1/400 com-

pares favorably with the path inferred from the core sta-
tions (Fig. 13a). The chosen descent rate underestimates the

7 Discussion sinking after the shelf break between 200 and 300 km but
captures the path farther downstream.
7.1 Plume characteristics The descent and mixing of the overflow plume depend on

several factors not taken into account in this study. Wind
Downstream of the shelf-break the modeled plume is thickforcing is generally important in the region. Numerical ex-
and highly diluted. Plume thickness of 200-400 m is largerperiments not reported here show that wind from south into
than the 10—-100 m thick signature of the Storfjorden waterStorfjorden significantly enhances the overflow rate. The
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Fig. 11. Time series of volume transport of the overflaw(red), calculated from 5-daily averaged data(ByrSect. 1(b) Sect. 2(c) Sect. 3
and(d) Sect. 4, for the 300 days of the simulation. Transport associated with each tracer is shown separatel@ggsemellow, OTRy;
black, OTRy. Thick gray trace I TR=0TRo+ 2TR1+OTRe- The ratioR=0Q/Q R is shown (black trace, right axis) for the first 200 days,
with the mean values indicated. Note that the axis limits for @@tind R differ between panels.

density difference between the plume and the ambient wainclined surface into stratified ambient emphasized the im-
ter is of main importance. In the present study, this dependportance of detrainment (Baines, 2001) and internal waves
on the prescribed properties of the plume water. In a more re(Monaghan, 2007). Furthermore, most of the experiments
alistic setting, the density structure of the ambient water will have been conducted on very steep slopes to achieve suffi-
depend on the inflow of Atlantic and Arctic water masses cient turbulence and mixing. Environmental gravity currents
across the open boundaries. The model results accordinglgbserved in the nature, however, are typically in an equi-
suffer from the lack of the mean oceanic circulation and thelibrium state and especially in the ocean on gentler slopes

effect of winds and tides. likely resulting in different gravity current dynamics and en-
trainment characteristics. Therefore numerous entrainment
7.2 Entrainment and detrainment parameterizations have been suggested (Fernando, 1991),

typically as a function of local Froude number (or overall
A major part of our understanding of entrainment has beerRichardson number) or bottom slope, none of which satis-
achieved through laboratory experiments in homogenous flufactorily captures the entrainment in geophysical gravity cur-
ids and during the transient stage of a bottom gravity currentents. Canuto et al. (2005) proposed an expression which
plumée® (Turner, 1986; Simpson, 1987). Recent experiments,jncorporates local (along the flow) and non-local models in
again during the transient stage, of dense water flow on amddition to double diffusive effects that can be important in
the absence of shear. Recently, Arneborg et al. (2007) re-
3For example, head and tail development of a gravity current af-ported on the longest-ever (19 h) time series of direct turbu-
ter the immediate release of a constant volume dense fluid, or duringence measurements in a quasi-steady gravity current which

supply of continuous dense fluid volume flux for a finite period of suggest a dependence on both Froude and Ekman numbers.
time until the dense water accumulated at the bottom of a typically

small tank starts affecting the gravity current dynamics.
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06 F w w w ] The entrainment is an integrated result of instantaneous
_ (a) Volume Transport instabilities which will be under-represented when evaluated
A 04T ) with Fr from the 10-day averaged fields of day 150. Lo-
O 02F 2 cal, high-frequencyr can be larger at times and will lead
0 1 1 1 to mixing that will contribute to the inferred entrainment
(b) Bottom S‘Iope ‘ ‘ qoeﬁ|0|ent. Froude numbers derived using the model sta-
_2tf ] tion data (daily snapshots), when averaged withitD days
= of day 150 are significantly larger (squares and errorbars in
=r ) Fig. 12c) than those derived from the 10-day averaged field.
ot . ! ! 1 Daily snapshots are not sufficiently sampled; hence a bias
‘ ‘ ‘ towards lowerFr is still likely. Furthermore, we emphasize
5 | (0 Froude Number ~ G . that entrainment coefficient diagnosed here includes both the

actual mixing imposed by the turbulence closure and the ar-
tificial numerical diffusion, which will bias the entrainment
large. Deliberately running experiments without any turbu-
lence closure in a z-level model Riemenschneider and Legg

w751 (@ (2007) showed that in the Faroe Bank Channel overflow, nu-
Vaé 50 - . merical mixing alone lead to plume structure and entrain-
2 25 . ment comparable to observations. Although this effect will
< ! ] I be comparatively small in the terrain-following coordinate
2 ‘ ‘ ‘ used here, the entrainment coefficients should be regarded
W r A/\ //\’\/"/\ /\7 with caution. The non-local model of Canuto et al. (2005)
" 0 /\/ \/ 1 predict roughly comparable values for Idw. We conclude
™ -1 (¢) Entrainment = that the high entrainment rates fér<0.5 might be influ-
) ! ! ! enced by undersampling &f through the use of 10 day av-

0 100 200 300 400 erage fields, non-local effects, and numerical diffusion.
Along path distance (km)

7.3 Rotating hydraulics, rotational control and interface
Fig. 12. Along path evolution, at day 150, ¢&) overflow volume characteristics
transport,Q, (b) bottom slope¥), (c) local Froude numbeEr, and
(gray) local two-layer Froude numbeg, (d) plume thickness nor-  Contraction of currents by topographic features such as sill
malized by the Ekman layer thicknegss() and(e)the entrainment  and straits can, in favorable conditions, lead to a hydraulic
coefficient, E. Negative values of indicate detrainment. Data (critical) control and make it possible to estimate volume
points (squares) and errorbars shown in (c) are the mean and stagransport across the sill from simple measurements in the
dard. deviation, respectively, (ﬂr derived using daily station data basin (Gill, 1977; Whitehead, 1998). In rotating hydraulics,
(stations 3 to 7) over 10 day window centered at day 150. the ability of a long wave (typically Kelvin wave), to propa-
gate upstream defines the criticality and can be assessed by
the Froude number which should be supercritical over the
The along path evolution of slope or Froude number ( whole cross-section (Pratt and Helfrich, 2005; Girton et al.,

or G) shows no clear correlation with entrainment (Fig. 12). 2006), i.e. local supercritical values of the Froude number

Typical parameterizations would lead to significant entrain-'€ not sufficient. _ _ _
ment only at around 200 km downstream of the sill where Estimates of transport assuming rotational hydraulic con-

Fr>1 and mixing would be absent for the rest of the path trol have been reported for the Storfjorden sill (e.g. Skogseth
(Fig. 14). Thisis clearly not the case as evidenced from direc€! &l 2005b). Our model results can be used to discuss

dissipation measurements in Storfjordrenna and significantly’hether such relations are applicable to the site. For a deep
large E inferred from the model results. Entrainment values UPstream basin with negligible upstream velocities, the max-

aroundFr=1 are in general agreement with typi@&Fr re- imum transport across a rectangl_JIar cr(_)s_s—s_ection, ignoring
lations (curves 1-4, Fig. 14), and for @:6r <1 the model friction and assuming zero potential vorticity, is

data approach the relatidte1x 10-2 Fr2 (Fernando, 1991). o'

For a comparatively lowr regime, direct dissipation mea- OWLK = 2f” (5)
surements of Arneborg et al. (2007) suggeste(Fr=0.54;

E=6.6x107°) that compared better with curve 2 (Cenedesewhen the channel widthy, is larger than the internal Rossby
et al., 2004). For smalldfr the plume is characterized by radius (Whitehead et al., 1974). Hereg, is the elevation
entrainment at least an order of magnitude larger than thaadbove the sill level of the dense layer in the basin. Stor-
predicted by various suggested relations. fiorden sill cross-section is approximately rectangular with

Ocean Sci., 4, 115-132, 2008 WwWw.ocean-sci.net/4/115/2008/



. Fer and BAdlandsvik: Descent and mixing of Storfjorden overflow 129

0.4 h 400
(a) P (kgm?) (b) plume (M)
T I T T I T
250 N 250 2 N
0.3 300
200 200 _
= 150 150 - O B
£ o/
©
g 02 Y 50 ™ 200
8 /.J’ [ .
100 100 . VoW
f/‘/ ‘( é /'
i u“,
2N .
20 o1 Of; Qéf 7 {100
100km sill Q — 75
0 { | e —0.05 0 { | e — 50
0 50 100 150 0 50 100 150
Domain, | L10.01 Domain, | L 10

Fig. 13. Distribution of (a) bottom density anomaly’ and (b) thickness of the overflow plumépyme at:=150 day of the simulation.
Isobaths are drawn for 50, 120, 300 m and at 500 m intervals between 500 and 2500 m (gray). Sill is indicated by an arrow. In (a), the path
of the overflow at day 150 (blue) is compared to the path derived from a constant descent rate of 1/400 (Killworth, 2001; green trace). White
bullets are placed at 100 km intervals along the path.

W~40km, crossing the 75m to 120 m isobaths in the first )
5km, relatively flat for 30 km and reaching the 75 m isobath 10
in the next 12 km. Potential vorticity,

qg=(+8/H (6)
whereH is the water depth anglis the relative vorticity

= g_v _Ou (7)
x dy

is small and relatively constant in the basip=2
(+£1)x10-8ms~L. However, Froude numbeF( G or semi-
geostrophic Froude number, Gill, 1977) in the vicinity of the
sill derived over 65 km wide cross-sections withir80 km .
of the sill is never above unity, suggesting that rotational hy- 10
draulic control is not expected for the Storfjorden overflow. C
At the sill, local Fr decreases from a maximum of 0.75 to 1
0.03 within 12 km of the western wall (75 m isobath), sug- 10 10
gesting that retarding stress that balances the pressure gra- Froude Number, Fr
Qient s ”?a"?'.y the bottom stress whereas entrainment S.treséig 14. Entrainment coefficienk, versus local Froude numbEr
IS not a_S|gn|f|cant part of th_e total stress. Wh_e” normallzedData points (crosses) are derivéd from model cross-sections along
by the internal Rossby radiuB,=./g’h, /f derived using

_ X . the path of the plume using Eq. (3) withr evaluated at the core
h,=55m of the model bathymetryy is 20 to 8 timesR,  of the plume. Curves shown are (1) Ellison and Turner (1959); (2)

in the £30km range from the basin to downstream of the cenedese et al. (2004); (3) Fernando (1991); (4) local and (5) non-
sill. The weir relation, Eq. (5), predicts 3.4 times the mod- |ocal model of Canuto et al. (2005). The non-local model is derived
eled volume transport across the sill in the second half of thausing the parameters given in Fig. 2 of Canuto et al. (2005).
experiment.

The sill is wide such that geostrophy can control the tilt of
the plume interface. For a two-layered system with vertical
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Fig. 15. The interface slope derived from the model results (filled squares) and the Margules relation Eq. (8) (d@ythosill section
(Sect. 1) andb) the shelf-break section (Sect. 4). The interface slope is calculated by regressing the individual plume thickness against along
section distance. Errorbars are the 95% confidence intervals.

difference in longitudinal velocityAu, and density differ- ancy is mostly due to the adiabatic processes encountered at
enceAp, the Margules relation gives the interface slope as the steep slope.

Az Au

= 8
Ay g'lf 8 Concluding remarks
wherez and y are the vertical coordinate and lateral coor-
dinates, respectively. The interface slope at the sill can behe overflow of dense shelf water from Storfjorden in Sval-
captured by the Margules relation (Fig. 15a). For a rectangubard is studied in an idealized 3-D set-up using ROMS. This
lar cross-section, the volume transport through the triangulastudy is the first 3-D numerical experiment of the Storfjorden
area defined by the core plume thickness, flat bottom andverflow. A realistic brine forcing inferred from observations
the interface given by Eq. (8) i@ k (Eq. 5) but withz, is applied synthetically in the upstream basin, and the focus
replaced byipume This modification predicts the modeled is kept at the sill region and downstream. The pathway of
volume transport at the sill across Sect. 1 within 10% in thethe overflow, its descent and evolving water mass properties
last half of the experiment (after the forcing has ceased) andlue to mixing are examined. Available observational data are
within 40% over the whole duration of the experiment. used to evaluate the performance of the model. The model
At the shelf-break (model Sect. 4), about 265 km down-overflow compared favorably to the salient features of the
stream of the sill, the plume interface slope is an order ofoverflow hydrography and captured the mean and variabil-
magnitude larger than that at the sill (Fig. 15b). Here, theity of currents measured at the sill. Furthermore, eddy dif-
bottom slope is comparatively steeper than the near sill refusivity profiles contrasted to those inferred from the direct
gion (Fig. 12b) andr is elevated. The steep slope causes aturbulence (dissipation) measurements give confidence on
large pressure force where the overflow first crosses the corthe skill of the Mellor Yamada scheme in representing sub-
tinental slope, especially at aboit80 (Fig. 3b) whererr grid scale mixing for the Storfjorden overflow, and probably
reaches its maximum, about 40 km before Sect/4100).  for gravity current modeling, in general.
In response, the plume accelerates and both the bottom stressThe trough Storfjordrenna, downstream of the sill, is a
and entrainment stress become significant in the total stresselatively flat shelf which the plume encounters for the first
The geostrophy, however, is again decisive to the first or-~200 km of its path, before it reaches the shelf break. Reach-
der but the Margules relation underestimates the interfacéng the shelf break, the plume narrows, accelerates with bot-
slope and shows larger variability (Fig. 15b). The discrep-tom speed reaching 0.6 m% yielding local Froude number
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in excess of unity. In the vicinity of the sill and in Stor- Baines, P. G.: Mixing in flows down gentle slopes into stratified
fjordrenna the overflow is characterized by low Froude num- environments, J. Fluid Mech., 443, 237-270, 2001.
ber dynamics, but with significant entrainment. The vol- Canuto, V. M., Dubovikov, M. S., and Cheng, Y.: Entrainment: Lo-

the mouth of Storfjordrenna and increases by five-fold after PhyS- Res. Lett., 32, 122604, doi:22610.21029/22005GL023771,

e e P lcenedes,C. Whiehe, 3 A Ascarl .., and O, .
P ' 9 dense current flowing down a sloping bottom in a rotating fluid,

tgr f!ows over the ridge between th.e sill.and Spits_bergen and j Phys. Oceanogr., 34, 188-203, 2004.

fills into the trench north of the main axis of Storfjordrenna. conkright, M. E., Locarnini, R. A., Garcia, H. E., O'Brien, T. D.,

This pattern was also observed in the simulation of Skogseth poyer, T. P., Stephens, C., and Antonov, J. I.: World Ocean At-

et al. (20083 suggesting that it is not an artifact of the ide-  las 2001: Objective Analyses, Data Statistics, and Figures, CD-

alized forcing. The two-branch evolution of the plume re- ROM Documentation. National Oceanographic Data Center, Sil-

ported by Jungclaus et al. (1995) was not reproduced and the ver Spring, MD, 17 pp., 2002.

discrepancy is attributed to the relatively coarse bathymetryDickson, R. and Brown, J.: The production of North-Atlantic

employed in Jungclaus et al. (1995). deep water — sources, rates and pathways, J. Geophys. Res., 99,
The Storfjorden sill is not a critical contraction for the 12139-12341, 1994. ) . . -

overflow and simplified weir transport relations assuming rc)_Elllson, T. H. and Turner, J. S.: Turbulent entrainment in stratified

) . . . flows, J. Fluid Mech., 6, 423—-448, 1959.
tational hydraulic control are not applicable. To the leading rqpq». | 5. Department of Commerce, National Oceanic and

order, geostrophy establishes the lateral slope of the plume Atmospheric Administration, National Geophysical Data Cen-

interface at the sill that can be approximated by the Margules (e 2-minute gridded Global Relief Data (ETOPO2), http:/iwww.

relation. This allows for a transport estimate that is consis- ngdc.noaa.gov/mgg/fliers/01mgg04.html, 2001.

tent with the model results by evaluating the weir relation atEzer, T., Arango, H., and Shchepetkin, A. F.: Developments in

the sill. terrain-following ocean models: inter-comparisons of numerical

The terrain-following coordinates of ROMS — together  aspects, Ocean Modell., 4, 249-267, 2002.

with the Mellor-Yamada level % turbulence closure — is Ezer, T.. Entrainment, diapycnal mixing and transport in three-

found to be suitable for the Storfjorden overflow modeling. dimensional bottom gravity current simulations using the Mellor-

Subsequent studies employing realistic external forcing in-__'2mada turbulence scheme, Gcean Modell, 9, 151-168, 2005.

cluding coupled-ice model, tides and realistic stratification Fer, I, Lemmin, U., and Thorpe, S. A.: Cascading of water down
. ! . the sloping sides of a deep lake in winter, Geophys. Res. Lett.,

are merited to accurately evaluate the importance of the Stor- 28, 20932096, 2001.

florden overflow’s contribution to the Fram Strait and possi- gey, |, skogseth, R., Haugan, P. M., and Jaccard, P.: Observations

bly to the Arctic Ocean. of the Storfjorden overflow, Deep-Sea Res. I, 50, 1283-1303,
2003.
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