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Abstra
tDynami
al pro
esses of importan
e to dense over
ow plumes are studied, with a spe
ialfo
us on the Fil
hner Over
ow plume, Antar
ti
a. The Fil
hner Over
ow Plume 
onsists of
old and dense I
e Shelf Water formed under the Fil
hner-Ronne I
e Shelf in the southwest-ern Weddell Sea, whi
h spills over the sill of the Fil
hner Depression at a rate of 1.6 Sv.The in
uen
e of small-s
ale topography on plume paths and mixing is explored theo-reti
ally and experimentally, and it is shown that submarine ridges, like 
anyons, 
an steerdense plume water downslope. An analyti
al model des
ribing the topographi
ally steered
ow is developed and applied to a number of idealized ridge topographies, allowing for anestimation of their transport 
apa
ity, i.e. the maximum amount of water that they 
an
hannel downslope. Model results are 
ompared with observations from the Fil
hner areaand with laboratory experiments, and they agree well. The se
ondary 
ir
ulation asso
i-ated with these 
ows is visualized and measured in the laboratory using a Laser DopplerVelo
imeter. The model is applied to two prominent ridges 
ross
utting the 
ontinentalslope in the Fil
hner area, and their transport 
apa
ity is estimated to be 0.3 and 0.6 Svrespe
tively; a substantial part of the total out
ow. The e�e
t of topography (ridge, 
anyon,smooth slope) and 
ow regime (laminar, eddy, wave) on mixing was studied experimentally.It was found that for the topographi
ally steered 
ows the in
reased entrainment rate wasmore important than the in
reased des
ent rate and that the total mixing in
reased. Thesmall-s
ale topography proved to have a larger impa
t on mixing than the large-s
ale 
har-a
teristi
s of the 
ow. Dense over
ow plumes are an important link in the large-s
ale o
ean
ir
ulation and we show that small-s
ale topography (10 km) has a large impa
t on theplume-path and entrainment and that it should be 
onsidered when des
ribing or modelingthese 
ows.In addition, data from moored instruments and CTD data from the Fil
hner region areanalyzed. The mooring data show pronoun
ed os
illations in the temperature and velo
ityre
ords with periods of about 35 hours, 3 days and 6 days that existing theories 
annotexplain satisfa
torily. The os
illations are generally barotropi
, episodi
 and strongest eastof the two ridges. Twenty-�ve years of CTD data are synthesized to give a mean pi
ture ofthe plume, and these data do not support the three plume pathways proposed in previouswork.
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1 OutlineThis study investigates dynami
al pro
esses of importan
e to dense over
ow plumes, witha spe
ial fo
us on the Fil
hner Over
ow, Antar
ti
a. The study is based on laboratoryexperiments as well as theoreti
al work and data analysis and does, to some extent, fo
uson topographi
 steering or the in
uen
e of small-s
ale topography to the plume. Short termvariability and plume mixing are also 
overed.The thesis 
onsists of an introdu
tion and four manus
ripts. The introdu
tion pro-vides the s
ienti�
 ba
kground (Se
tion 2) and presents the study and a summary of themanus
ripts (Se
tion 3). It 
on
ludes with a dis
ussion of the main results and future per-spe
tives (Se
tion 4). The appendi
es (A-B) 
ontain 
omplementary work not in
luded inthe manus
ripts.The four manus
ripts are listed below:� Paper I:Downward 
ow of dense water leaning on a submarine ridgeE. Darelius and A.K. W�ahlinDeep Sea Resear
h, Volume 56, Number 7 (2007)� Paper II:Topographi
 steering of dense over
ows: laboratory experiments with V-shaped ridges and 
anyonsE. DareliusManus
ript� Paper III:Mixing in density 
urrents indu
ed by submarine 
anyons and ridgesA.K. W�ahlin, E. Darelius, C. Cenedese and G. Lane-Ser�Submitted to Deep Sea Resear
h� Paper IV:On the stru
ture and variability of the Fil
hner Over
ow plumeE. Darelius, L.H. Smedsrud, S. �sterhus, A. Foldvik and T. Gammelsr�d.Manus
riptPaper I is devoted to submarine ridges and presents an analyti
al model showing that they,like submarine 
anyons, 
an steer dense water downslope. Laboratory experiments support-ing the theoreti
al model - applied to both ridges and 
anyons - are presented in PaperII, while Paper III des
ribes another set of laboratory experiments exploring the e�e
t oftopography on mixing and entrainment. In Paper IV the stru
ture and variability of theFil
hner Over
ow plume is des
ribed based on data from 
urrent meter moorings and CTD(Condu
tivity-Temperature-Depth) measurements.5



2 S
ienti�
 ba
kground2.1 The role of dense over
ow plumes in o
ean 
ir
ulation and
limateIn the present 
limate, all deep o
eans are �lled with 
old water originating at high lat-itudes (Orsi & Whitworth 2004, Warren 1981). Cooling and salini�
ation through freez-ing and brine reje
tion in polar regions produ
e 
old, dense water masses that sink andeventually 
ow equatorward at depth (Rahmstorf 2006, Rumford 1800). Meanwhile, lightand warm surfa
e water 
ows poleward, 
losing the mu
h simpli�ed loop (Ma
Donald& Wuns
h 1996) that is 
ommonly referred to as the thermohaline 
ir
ulation (THC)(Wuns
h 2002, Broe
ker 1997). The THC transports heat poleward1 and has a 
entralrole in the 
limate (Rahmstorf 2006). The over
ow sites, where dense water enters an o
eanbasin through a gap or a strait, are regions of major water mass transformation (Pri
e &Baringer 1994) and important links in the THC, partly determining the long-term thermo-haline equilibrium of the o
eans and their dynami
al response to 
hanges in 
limati
 for
ing.Willebrand et al. (2001) 
ompared results from models of the North Atlanti
 using threedi�erent numeri
al o
ean models. Despite similar initial 
onditions and identi
al for
ing,the results di�ered greatly, not only in details but also in important large-s
ale features su
has the strength and properties of the thermohaline 
ir
ulation. The authors 
on
luded thatthe results, to a large extent, were dependent on the models' representation of the over
owsin the Greenland-S
otland region. An understanding of over
ows and the related pro
esses- as well as a 
orre
t representation of them in 
limate models - is a ne
essity if one seeksto understand and predi
t our 
limate (Saunders 2001).In the northern hemisphere, there are two major passages where dense water formed inthe Ar
ti
 or in the Nordi
 seas (Hansen & �sterhus 2000) are able to 
ross the Greenland-S
otland ridge and 
ow south; the Faroe Bank 
hannel (e.g. Mauritzen et al. (2005), Boren�as& Lundberg (1988)) and the Denmark Strait (e.g. Girton & Sanford (2003)), both of whi
hare important over
ow sites. Dense plumes are also found e.g. outside the Gibraltar Strait,where warm and saline water exits the Mediterranean Sea and in Storfjorden, Svalbard(e.g. Quadfasel et al. (1988)). In the southern hemisphere, the Fil
hner Over
ow (Foldviket al. 2004) is the most important over
ow site, but dense 
as
ades have also been ob-served in the Ross Sea (Gordon et al. 2004) and elsewhere around Antar
ti
a (Baines &Condie 1998). Smaller plumes 
an be observed, probably intermittently, as dense waterformed on 
ontinental shelves 
as
ades down the 
ontinental slopes (Ivanov et al. 2004). Asummary of the 
hara
teristi
s of the largest over
ows is given by Gordon et al. (2007).1Part of the o
eani
 heat transport is also 
arried by the horizontal 
ir
ulation (Spall 2004, Mauritzen1996). 6



2.2 Antar
ti
 Bottom WaterWater of Antar
ti
 origin o

upies a major part of the deep o
ean. The North and SouthPa
i�
, the Indian O
ean and the Atlanti
 O
ean are all partly �lled with Antar
ti
 BottomWater (AABW, Fig. 1) (Orsi & Whitworth 2004). AABW is fresher but 
older and denserthan the water formed in the high, northern latitudes. The export of ventilated deep waterfrom the Southern O
ean has been estimated to be 15 Sv (1 Sv = 106 m3/s) (Broe
keret al. 1998).The Weddell Sea is traditionally thought to be the largest sour
e of bottom water in thesouthern hemisphere (Orsi et al. 1999, Foldvik & Gammelsr�d 1988, Dea
on 1937), althoughrates and formation areas are a matter of debate (S
hlitzer 2007, Ja
obs 2004, Fahrba
het al. 2001, Broe
ker et al. 1998). The distribution of bottom temperature (Fig. 2) andoxygen 
ontent around Antar
ti
a show, however, that the 
oldest and most oxygen ri
hwater has its sour
e in the Weddell Sea region (Orsi & Whitworth 2004). In the WeddellSea, dense bottom water is formed through shelf pro
esses and frontal zone mixing (Foster& Carma
k 1976b), open o
ean 
onve
tion (Gordon 1978) and, as in the 
ase of the Fil
hnerOver
ow, through intera
tion with the 
oating i
e shelves.The Fil
hner Over
ow was dete
ted in 1977, when hydrographi
 se
tions from the 
ont-inental slope in the southwestern Weddell Sea revealed a plume of dense, super
ooled wateremerging from the Fil
hner Depression (Foldvik et al. 1985b,
). The plume 
onsists of I
eShelf Water (ISW) originating from the Fil
hner-Ronne I
e Shelf 
avity, where it has beenin 
ooled from 
onta
t with gla
ial i
e at great depth. On the 
ontinental slope, the ISWmixes with the ambient water to form Weddell Sea Bottom Water (WSBW) and eventuallyAntar
ti
 Bottom Water (AABW) that es
apes the Weddell basin though gaps in the SouthS
otia Ridge (e.g. Carma
k & Foster (1975)).2.3 Plume Dynami
sDense water entering an o
ean basin through a gap or a strait will 
ow out along the
ontinental slope as a dense plume. The following se
tions brie
y explain basi
 plumedynami
s and important pro
esses and terms.2.3.1 Geostrophi
 Balan
eOn o
eani
 s
ales, as in the 
ase of a dense plume on a 
ontinental slope, the Coriolis for
e2will in
uen
e all motion. The Coriolis for
e is proportional to the speed and it is dire
ted tothe right (left) of the dire
tion of motion in the northern (southern) hemisphere (from nowon only the northern hemisphere is 
onsidered.) Dense water moving down a slope under the2The Coriolis for
e is 
aused by the earth's rotation7



a)

b)

Figure 1: a) Salinity transe
t a
ross the Atlanti
 with the Antar
ti
 (south) to theleft and the Ar
ti
 (north) to the right showing Antar
ti
 Bottom Water (AABW),Antar
ti
 Intermediate Water (AAIW) and Ar
ti
 Bottom Water (ABW). b) Ex-tent of Antar
ti
 Bottom Water (AABW) in the world's o
eans. Data from WOCEHydrographi
 Atlas (Orsi & Whitwort, 2004).
8



Figure 2: Bottom temperature around Antar
ti
a. Data from WOCE Hydrographi
Atlas (Orsi & Whitwort, 2004).a
tion of gravity will hen
e experien
e a for
e to the right, and tends to turn in that dire
tion.A 
ow is said to be in geostrophi
 balan
e if gravity, or more 
orre
tly the pressuregradient for
e, is balan
ed by the Coriolis for
e, i.e. when these for
es are equally large andoppositely dire
ted. The motion in a geostrophi
ally balan
ed dense layer is perpendi
ular(to the right) to the lo
al pressure gradient. Consider �rst a dense layer with 
onstantthi
kness 
owing on a 
onstant slope. The pressure gradient is dire
ted down the slope, andthe geostrophi
ally balan
ed 
ow will be dire
ted along the isobaths with the shallow waterto its right (Fig. 3.1). On the other hand a dome of dense water on a 
onstant slope willmove anti
y
loni
ally around its 
enter. In addition to the rotational motion, the dome willtranslate along the slope with the Nof speed (Fig. 3.2-3) (Nof 1983)UNof = g0tan�f (1)where g0 3 is the redu
ed gravity, � the bottom slope (see Fig. 3.3) and f the Coriolis for
e.The mean speed of any arbitrary shaped dense layer on a 
onstantly sloping bottom (e.g.the layer with 
onstant thi
kness 
onsidered above) is equal to the Nof speed.Many large-s
ale 
ows are in geostrophi
 or 
lose to geostrophi
 balan
e and the geostrophi
approximation is often appli
able.3g0 = g �2��1�2 , �1 and �2 is the density of the upper and lower layer respe
tively9



2.3.2 Ekman Drainage and Fri
tionThe bottom boundary layer of a plume will always experien
e fri
tion, even though theinterior may be in near geostrophi
 balan
e. Under the in
uen
e of fri
tion the velo
ityve
tors de
rease in magnitude and veer to the left when approa
hing the bottom from above(analogously to a wind indu
ed 
urrent at the surfa
e, Ekman (1905)). The velo
ity ve
torstra
e out a verti
al spiral, often referred to as the Ekman spiral (Fig. 4.1). The net motionwithin the bottom Ekman layer is referred to as the Ekman transport, and it is dire
ted 90Æto the left of the interior 
ow (Fig. 4.2).During experiments with dense 
ows on sloping bottoms (e.g. Lane-Ser� & Baines(1998)), a thin layer of downward moving dense 
uid was observed on the downslopeside of the main 
ow, whi
h 
owed geostrophi
ally along the isobaths. Theory (W�ahlin& Walin 2001) suggests that the thi
kness of this \tongue" should be roughly equal to theEkman layer thi
kness, Æ = p�=2f , where � is the kinemati
 vis
osity of water and f theCoriolis for
e, and that the speed of the dense tongue should be 
omparable to the Nofspeed (eq. 1). Dense 
uid is thus 
onstantly drained from the downslope side of the plume,
ausing it to widen and 
atten out (Fig. 4.3).There are di�erent approa
hes on how to in
lude and parameterize the e�e
t of fri
tion.In streamtube models (e.g. Smith (1975) and Pri
e & Baringer (1994), Se
tion 2.4.1), whi
hdes
ribe the bulk properties of the plume, and in the work by Killworth (2001), the plumeproperties are horizontally and verti
ally averaged and the plume is treated as a solid body.

Figure 3: Flow and for
e balan
e for dense plumes on a 
onstant slope in the north-ern hemisphere (viewed from above with isobaths inserted). Flow is shown with grayand thin bla
k arrows and for
es with bold, annotated bla
k arrows. (1) Geostrophi
balan
e in a layer of 
onstant thi
kness (FCoriolis = FPressure). (2) Motion in (bla
karrows) and of (gray arrow) a dome of dense water. (3) Side view of a dome of densewater. 
/� indi
ates interior 
ow into/out of the paper. (4) For
e balan
e withfri
tion in a layer of 
onstant thi
kness. (FFri
tion + FCoriolis = FPressure)10



Figure 4: (1) Velo
ity ve
tors at di�erent levels above the bottom forming an Ekmanspiral as the ve
tors veer to the left and de
rease in size towards the bottom. (2) Thenet 
ow in the Ekman layer (ET) - the Ekman transport - is to the left of the interior
ow (Northern Hemisphere). (3) Downslope Ekman drainage in the lower part ofa plume that is 
owing geostrophi
ally along the isobaths. 
 indi
ates 
ow into thepaper.Fri
tion then appears as a body for
e whi
h 
auses the entire plume to de
e
t downslope(Fig. 3.4). Killworth (2001) hypothesized that the plume-path is independent of parameterssu
h as bottom drag and entrainment/detrainment, and that the des
ent rate ought tobe roughly 1:400 (if the plume is in turbulent equilibrium, i.e. if the lo
al produ
tion ofturbulent kineti
 energy everywhere equals the dissipation), i.e. the plume water des
ends1 m verti
ally while advan
ing 400 m horizontally.2.3.3 Generation of Eddies and WavesObservations of dense plumes in the o
ean, laboratory and numeri
al models show featuresthat are not a

ounted for by the geostrophi
 and fri
tional balan
e des
ribed above. Insta-bilities and intera
tions with the overlying layer may 
ause eddies and roll-waves to develop,altering the shape, velo
ity patterns and 
hara
teristi
s of the plume.Eddies Eddies are often observed in 
onne
tion with dense over
ows, in the o
ean (e.g.K�ase et al. (2003) and Bru
e (1995)), in laboratory experiments (e.g. Cenedese et al. (2004),Etling et al. (2000), Lane-Ser� & Baines (1998, 2000), Smith (1977)) and in numeri
almodels (e.g. Ezer (2006), Krauss & K�ase (1998), Gawarkiewi
z & Chapman (1995), Jiang& Gaarwood (1995)). The eddies 
an generally be divided into two 
ategories: PotentialVorti
ity eddies (PV-eddies), whi
h are generated as the overlying layer is \
aptured" bythe lower layer, brought to greater depth and hen
e stret
hed and for
ed to rotate in orderto 
onserve its potential vorti
ity (Lane-Ser� & Baines 1998, Spall & Pri
e 1998) and Baro-11



a) b)

) d)

Figure 5: Top views of laboratory experiments from Cenedese et al. (2004). a) Eddyregime (low Ek); b) wave regime (Fr > 1); 
) laminar regime (Fr < 1, high Ek);and d) results from a numeri
al model showing development of subplumes, from Jiangand Garwood (1996).
lini
 Instability eddies (BI-eddies) generated from baro
lini
 instabilities (Swaters 1991).PV-eddies tends to form 
lose to the sour
e, while BI-eddies form after the along-slope
ow has been established (Lane-Ser� 2001). Due to the di�erent generation me
hanisms,the eddies have di�erent 
hara
teristi
s. PV-eddies are asso
iated with a depression ofthe surfa
e 
ausing a strong 
y
loni
 (and barotropi
) motion in the whole water 
olumn.The dense water is 
on
entrated in domes under the eddy, and there is a baro
lini
, an-ti
y
loni
 
omponent in the lower layer, 
ountera
ting the barotropi
 for
ing (Lane-Ser�& Baines 1998). PV-eddies are therefore strongest in the upper layer. The eddies in Fig.5a (Cenedese et al. 2004) and those observed by Lane-Ser� & Baines (1998) are typi
alexamples of PV-eddies. It is possible that anti
y
loni
 PV-eddies may be generated if the\
aptured" upper layer is brought upslope (Krauss & K�ase 1998). The eddies observed in theDenmark Strait out
ow (K�ase et al. 2003, Krauss & K�ase 1998, Krauss 1996, Bru
e 1995)are thought to be PV-eddies (K�ase et al. 2003, Krauss & K�ase 1998, Spall & Pri
e 1998),12



although there is eviden
e indi
ating that BI-eddies might also be generated (Jung
lauset al. 2001, Smith 1976).BI-eddies are generated at the plume edges, with (weaker) anti
y
loni
 eddies forming onthe shallow side and (stronger) 
y
loni
 eddies on the deeper side (Swaters 1991). Contraryto the PV-eddies, they are strongest in the bottom layer and there is a verti
al phase-lag,i.e. a time-lag between motion at two levels. BI-eddies 
an be a

ompanied by sub-plumes,as in the laboratory experiments by Etling et al. (2000) and in the numeri
al model by Jiang& Garwood (1996) (Fig. 5d).Whether PV- or BI-eddies form depends partly on the ratio between the thi
kness ofthe plume and the verti
al s
ale of the motion whi
h Swaters (1991) termed the intera
tionparameter, �4. Eddies are generated through vortex stret
hing if � is small, while largevalues of � give baro
lini
 eddies (Etling et al. 2000).Eddies in
rease downslope transport (Tanaka 2006, Tanaka & Akitomo 2001) and en-han
e mixing (Jung
laus et al. 2001, Jiang & Garwood 1996), sin
e they indu
e both hori-zontal stirring and verti
al motion (Krauss & K�ase 1998).Roll-waves The wave-like stru
tures that appear on the pavement as rainwater 
owsdownhill on a gray day in Bergen are a kind of roll-wave. Roll-waves are generated when asuper
riti
al 
ow is destabilized by fri
tion (Swaters 2003). The waves form periodi
, large-amplitude wave fronts (Balmforth & Mandre 2004) that travel faster than the mean 
ow(Fer et al. 2001). Roll-waves are 
ommonly observed in laboratory experiments with denseplumes (Fig. 5b) (e.g. Cenedese et al. (2004), Etling et al. (2000)), but there are no 
learreports on observations of o
eani
 roll-waves, although Fer et al. (2002) observed roll-wavesduring winter 
as
ading of 
old water plumes in a lake. Theory suggests that roll-wavesmay be generated downslope of the sill/over
ow and that the waves would have a frequen
yhigher than the Coriolis frequen
y f (Swaters 2003). Breaking roll-waves have been shownto substantially in
rease mixing (more than eddies) (Addu
e & Cendese 2007, Cenedeseet al. 2004) and the fast moving wave fronts 
an be expe
ted to enhan
e downslope trans-port (Fer et al. 2001).The two 
ow regimes des
ribed above and a third, laminar regime (Fig. 5
) 
orrespondingto the geostrophi
/fri
tional 
ow des
ribed earlier were observed by Cenedese et al. (2004)in rotating laboratory experiments with dense plumes. The 
hara
teristi
s of the 
ow weredetermined by the (internal) Froude number, Fr, whi
h 
ompares the speed of the 
urrentwith that of a (interfa
ial) gravity wave and by the Ekman number, Ek, whi
h 
omparesthe fri
tional (vis
ous) for
es with the Coriolis for
e. The Fr and Ek numbers are de�ned4� = h=�Ro, where h is the thi
kness of the dense layer, � is the slope and Ro the Rossby radius basedon the total water depth, D, i.e. Ro = g0D=f . 13



as Fr = U=pg0h
os� (2)Ek = (Æ=h)2 (3)where U is the speed, g0 the redu
ed gravity, h the thi
kness of the dense layer, � theslope and Æ the thi
kness of the Ekman layer. A 
ombination of low Froude and highEkman numbers generally gave laminar 
ow (Fig. 5
). For low Ekman numbers the plumetended to break up into periodi
 domes as PV-eddies were generated (Fig. 5a). This isin a

ordan
e with laboratory experiments by Lane-Ser� & Baines (1998), who observededdies in 
ases where the vis
ous drainage was not dominant, i.e. for small Ekman numbers.The generation of PV-eddies are however dependent on the depth of the overlying layer,in that a thi
k upper layer experien
es a smaller relative stret
hing, whi
h slows down orpossibly inhibits eddy generation (Lane-Ser� & Baines 1998). Strati�
ation redu
es thee�e
tive depth of the upper layer, enhan
ing stret
hing and eddy formation (Lane-Ser� &Baines 2000). As mentioned earlier, roll-waves are observed in super
riti
al 
ows, i.e. 
owswith Fr > 1 (Cenedese et al. 2004, Fer et al. 2002).2.3.4 EntrainmentAs a dense plume 
ows down a slope it entrains and mixes with lighter ambient water.The plume gradually loses its density surplus, and g0 is redu
ed. Entrainment represents afri
tional for
e, sin
e the entrained water has no momentum (or that of the ambient 
uid ifit is moving). There are di�erent me
hanisms 
ausing entrainment, e.g. Kelvin Helmholtzinstabilities ( �Ozg�okmen & Chassignet 2002), roll-waves (Addu
e & Cendese 2007, Cenedeseet al. 2004), eddies, shear indu
ed turbulen
e and hydrauli
 jumps.The entrainment rate, E, quanti�es the amount of water entrained per meter traveledalong the slope (Ellison & Turner 1959). E has been observed to in
rease with in
reasingFroude number, Fr (eq. 2) both in laboratory experiments (Addu
e & Cendese 2007, Wells& Wettlaufer 2005, Cenedese et al. 2004, Ellison & Turner 1959) and in the o
ean (Pri
e& Baringer 1994), although Arneborg et al. (2007) observed a large in
rease in entrain-ment while the Froude number was de
reasing. A Froude-number dependent parame-terization of E based on non-rotating laboratory experiments (Turner 1986, Ellison &Turner 1959) is widely used. This parameterization does not allow for sub-
riti
al mix-ing sin
e it has a 
ut-o� at Fr2 = 1:25. Sub-
riti
al mixing is observed however (Addu
e& Cendese 2007, Cenedese et al. 2004), and even if it is small it may be important if ito

urs over a long distan
e (Hughes & GriÆths 2006, W�ahlin & Cenedese 2006). A new pa-rameterization, allowing for sub-
riti
al mixing, was proposed by Addu
e & Cendese (2007).In a strati�ed environment the plume will eventually rea
h its density level and leavethe slope. Water from the outer, more diluted part of the plume may \shave o�" and leavethe plume (i.e. detrain or interleave) when this water rea
hes its density level (Baines 2001,14



2005).2.3.5 Thermobari
ityThe 
ompressibility of sea-water, i.e. the dependen
y of its density on pressure, ���p , in
reaseswith de
reasing temperature. Hen
e, two water masses, one 
old and fresh and the otherwarm and saline, having the same density at the surfa
e will not be equally 
ompressed andthus no longer equally dense if moved verti
ally to a greater depth. The 
old par
el willexperien
e a greater 
ompression and be denser.2.3.6 Topographi
 SteeringThe term topographi
 steering is generally used in relation to large-s
ale barotropi
 
ows.In order to 
onserve their potential vorti
ity these 
urrents are for
ed to follow 
ontours of
onstant f=D, where D is the water depth. In this work the term is used to des
ribe thesteering of dense water downslope by small-s
ale topography.2.4 Dense Plumes in Numeri
al ModelsDense plumes 
an be represented numeri
ally in a number of ways; the 
hoi
e depending onthe aim of the study. The following se
tions �rst des
ribe di�erent models of dense plumesand then the treatment of plumes in large-s
ale o
ean and 
limate models.2.4.1 From Streamtubes to 3-D Non-Hydrostati
 ModelsThe \streamtube model" was �rst proposed by Smith (1975) and des
ribes the steady statebulk behavior of a dense plume. The 
ow is assumed to be 
on�ned to a streamtubeand at ea
h position along the path the plume properties are given as verti
ally and hor-izontally averaged values. The streamtube model has been further developed to in
ludee.g. thermobari
 e�e
ts, more elaborate entrainment parameterizations, realisti
 bottomtopography, ba
kground strati�
ation and plume widening (Alendal et al. 1994, Pri
e &Baringer 1994, Killworth 1977). Due to the model formulation, Ekman drainage and de-trainment are negle
ted, as is any form of instability or intera
tion with the upper layer.This type of model is not able to 
apture the time-dependent phenomena des
ribed in thepre
eding se
tions. Streamtube models may nevertheless be appropriate to estimate mixing,pathway and end-produ
ts of strong, turbulent over
ows in whi
h properties are well-mixedand bottom fri
tion is distributed throughout the plume (Lane-Ser� 2001).Jung
laus & Ba
khaus (1994) presented a more general, 2-dimensional plume model.The plume is allowed to vary laterally, while the equations are verti
ally integrated. (A15



problem with verti
ally integrated models will be dis
ussed in Appendix B.) Using thismodel, Jung
laus et al. (1995) observed the plume to divide when en
ountering topographi
features su
h as ridges on the slope. Three-dimensional, �nite di�eren
e numeri
al modelshave allowed for more realisti
 plume modeling, where the dense layer 
an intera
t with theupper layer and where eddies and instabilities may develop (e.g. Riemens
hneider & Legg(2007), Ezer (2006), Tanaka & Akitomo (2001), Spall & Pri
e (1998) and Jiang & Garwood(1995, 1996, 1998)).The latest generation of plume models are non-hydrostati
, i.e. verti
al a

eleration isin
luded, and this improvement (along with better resolution) allows for Kelvin Helmholzinstabilities to develop on the plume interfa
e ( �Ozg�okmen & Chassignet 2002) and for abetter representation of the plume head (Heggelund et al. 2004), for example. In addition, anew type of model, the �nite element model is under development (e.g. Ford et al. (2004)).This model employs an unstru
tured mesh that automati
ally adapts to optimize the resolu-tion so that it is high where it needs to be high, i.e. where �ne-s
ale features are developing,and low elsewhere.2.4.2 Representation of Over
ows in O
ean and Global Climate ModelsA good representation of over
ows in Global Climate Models (GCM) is important in orderfor them to produ
e realisti
 s
enarios. Nevertheless, dense over
ows 
ontinue to be a weakpoint in large-s
ale models (GriÆes et al. 2000). One problem is the 
oarse resolution, whi
hfor a GCM is typi
ally in the order of 2Æ�2Æ or 100 � 100 km. The over
ows, and pro
esseso

urring within them, thus represent subgrids
ale pro
esses that need to be parameterized.In addition, the horizontal resolution is typi
ally larger than the 
hannels or deep 
onne
-tions through whi
h the over
ows emerge. These passages might need to be unrealisti
allywidened and deepened to assure 
onne
tion between o
ean basins. The use of partially openfa
es or grid-boxes may allow 
oarse resolution models to 
apture the geometri
 e�e
ts ofstraits, i.e. that the right 
ux passes through the right area with the right speed (Hallberg,pers. 
omm.).The representation of over
ows in numeri
al models is strongly dependent on the 
hoi
eof verti
al 
oordinates (Legg et al. 2006, GriÆes et al. 2000). The alternative verti
al 
o-ordinates are shown in Fig. 6a. In z-
oordinate models (geopotential), a sloping bottomtopography is represented as a series of steps, or a stair
ase (Fig. 6b), although some mod-els operate with so 
alled \shaved 
ells", in whi
h the bottom-
ell is a pie
e-wise linear �tto topography (Ad
roft et al. 1997). Leaving one step, the des
ending dense water 
ausesstati
 instability and 
onve
tive homogenization (Winton et al. 1998). Hen
e, the densewater is involved in strong verti
al mixing and rapidly looses its density surplus rather thandes
ending the slope. In terrain-following models, over
ow pro
esses 
an be well resolved,sin
e it is possible to 
on
entrate the resolution near the bottom boundary. Problems arisewhen 
al
ulating pressure gradients above steep topography (Haidvogel & Be
kmann 1999).As in z-
oordinate models, mixing in terrain-following models is often ex
essive, partly16
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Figure 6: a) Verti
al 
oordinates in (1) z-
oordinate, (2) isopy
nal and (3) terrainfollowing models. b) Stair
ase representation of topography in a z-
oordinate model(using partial 
ells) from GriÆes et al. (2000).due to overly large horizontal turbulent di�usion. The isopy
nal models uses density asits verti
al 
oordinate and gravity plumes are naturally represented. There are no steps
reating arti�
ial mixing as in z-
oordinate models, and no pressure gradient problem asin the terrain-following models. Isopy
nal models are generally good at preserving watermass properties (GriÆes et al. 2000). The diapy
nal mixing, i.e. entrainment, has to beparameterized (e.g. Hallberg (2000)) or else the plume water retains its initial propertieswhile des
ending the slope.To 
orre
tly model plumes and plume entrainment one needs to (a) limit the arti�
ial,numeri
al mixing (in terrain-following and z-
oordinate models) and (b) parameterize thereal, small-s
ale pro
ess-dependent entrainment. Many methods have been suggested, e.g.\plumbing" where grid 
ells above and below a topographi
 step are 
onne
ted (e.g. Campin& Goosse (1999)) or the addition of separate bottom boundary layer models (e.g. Killworth& Edwards (1999)). Pri
e & Yang (1998) avoid the problem by modeling only the e�e
tof the plume, and not the plume itself. The dense water is removed from its sour
e andinje
ted as a mixed water mass further downstream. This is referred to as the Marginal SeaBoundary Condition. 17



2.5 The Fil
hner Over
owThis study, to some extent, fo
uses on the Fil
hner Over
ow, whi
h is lo
ated in the south-western Weddell Sea, Antar
ti
a. The following se
tions will give a brief introdu
tion to thegeographi
 and o
eanographi
 setting, and explain how the dense I
e Shelf Water formingthe plume is generated.2.5.1 Geography and O
eanography of the Weddell SeaThe Weddell Sea is the southernmost extension of the South Atlanti
, extending eastwardfrom the Atlanti
 Peninsula to Kapp Norvegia and the South Sandwi
h Islands. Fig. 7 showsthe southwestern Weddell Sea where the large Fil
hner-Ronne I
e Shelf (FRIS) is lo
ated.The i
e shelf has an area of 450,000 km2 and is the largest (by i
e volume) of the Antar
ti
i
e shelves. The average i
e thi
kness is 350 m, but the i
e 
an be as thi
k as 2000 m at thegrounding line5 (Hellmer 2006). The 
ontinental shelf in front of FRIS is about 500 km wide(north-south) and 300-500 m deep. It is 
ross
ut by two relatively deep troughs, the RonneDepression in the west and the Fil
hner Depression in the east. The 
ontinental shelves tothe east and north are mu
h narrower (0-100 km). The Weddell Abyssal Plain is the deepestportion of the Weddell Sea, with depths rea
hing over 5000 m. The deep Weddell Sea is
onne
ted to the S
otia Sea and the global o
eans by gaps in the South S
otia Ridge, whi
hare as deep as 3000-3500 m.The o
eanography of the Weddell Sea is dominated by the 
y
loni
 Weddell Gyre. Thesouthern limb of the gyre is diÆ
ult to distinguish from the Antar
ti
 Coastal Currentwhi
h is found above the 
ontinental shelf break (Sverdrup 1953) and has mean velo
itiesof around 10-20 
m/s (Fahrba
h et al. 1992). The 
oastal 
urrent divides in two just eastof the Fil
hner Depression (at 27Æ West), with one 
ore following the 
oast and the other
owing along the shelf break (Gill 1973). The 
urrents are sket
hed in Fig. 7. Both semi-diurnal and diurnal tides travel westward around Antar
ti
a as Kelvin waves (Robertson1998, 2005). The semi-diurnal tide ex
ites 
ontinental shelf waves in the 
ontinental sloperegion, 
ausing anomalously large diurnal 
urrents at the shelf break (Middleton et al. 1987).The sea-i
e 
over in the Weddell Sea is predominantly seasonal, and like the rest ofAntar
ti
a the i
e 
over is dominated by �rst-year i
e. Katabati
 winds6 and tidal a
tions(Padman & Kottmeier 2000) help to maintain and open up 
oastal polynyas, where i
e-produ
tion and atmosphere-o
ean heat ex
hange are large. The intensive sea-i
e growth(up to 0.1 m/day) results in brine reje
tion and the formation of dense saline shelf water.The general east-west 
ir
ulation on the shelf makes the western shelf water more salinethan the water found on the eastern shelf.5The grounding line is the point where the i
e-sheet leaves the bed ro
k and be
omes a 
oating i
e shelf6Cold fall winds from the i
e-sheet 18



Figure 7: Bathymetry of the southwestern Weddell Sea. The thi
k arrows indi
ate theAntar
ti
 Coastal Current, the Antar
ti
 Slope Current and the Weddell Gyre.The water masses found in the Weddell Sea are listed in Table 1. Eastern Shelf Water(ESW) is less saline than the Western Shelf Water (WSW) whi
h is often referred to asHigh Salinity Shelf Water (HSSW). HSSW enters the i
e shelf 
avity, intera
ts with thegla
ial i
e as des
ribed in the following se
tion and exits the 
avity as I
e Shelf Water(ISW). The Antar
ti
 Cir
umpolar Current (ACC) 
onsists to a large extent of Cir
umpolarDeep Water (CDW), 
owing at depth around the 
ontinent and entering the Weddell Seawhere it is modi�ed by shelf water and surfa
e Winter Water (WW) to form Weddell DeepWater (WDW) and Modi�ed Warm Deep Water (MWDW). The deep Weddell Sea is �lledwith Weddell Sea Bottom Water (WSBW), formed as dense ISW and HSSW des
ends the
ontinental slope while mixing and entrainingWDW. Deep water is also formed through openo
ean 
onve
tion (Gordon 1978). Modi�ed WSBW es
apes the Weddell Sea as Antar
ti
Bottom Water (AABW).2.5.2 Generation of I
e Shelf WaterI
e Shelf Water (ISW) is de�ned as water with a temperature lower than its surfa
e freezingpoint and it is formed as sea water intera
ts with gla
ial i
e at great depths.The ISW formation pro
ess is des
ribed in e.g. N�st & Foldvik (1994) and it is depi
ted inFig. 8. HSSW formed on the 
ontinental shelves during winter enters the i
e shelf 
avityand sinks to the grounding line, whi
h 
an be lo
ated as deep as 1800 m below the sealevel. At this depth the freezing point, Tf , is lower than at the surfa
e sin
e the freez-19



Water Mass De�nition ExplanationAntar
ti
 Bottom Water AABW -0.7< � <0.0ÆC Bottom water formed34.64<S<34.68 in Antar
ti
aCir
umpolar Deep Water CDW � >-0.5ÆC Deep water found allaround Antar
ti
aEastern Shelf Water ESW � �-0.5ÆC Shelf water in the34.28<S<34.44 eastern Weddell SeaI
e Shelf Water ISW � <-1.9ÆC Formed under the
oating i
e-shelvesModi�ed Warm Deep MWDW � �-1.2ÆC Mixture of WDWWater S�34.5 and WWWarm Deep Water WDW 0< � <0.8ÆC CDW modi�ed by34.64<S<34.72 shelf waterWeddell Sea Bottom WSBW � <0.7ÆC Bottom water formedWater S�34.65 in the Weddell SeaWestern Shelf Water/ WSW � �-1.9ÆC Shelf water in theHigh Salinity Shelf Water HSSW S>34.70 western Weddell SeaWinter Water WW � �-1.9ÆC Cooled surfa
e water34.28<S<34.52Table 1: De�nitions of water masses in the Weddell Sea. Compiled by T. Gammelsr�dfrom Foldvik et al. (1985a) and Foster & Carma
k (1976a)ing point de
reases with in
reasing pressure. The HSSW, whi
h is at its surfa
e freez-ing point (Tf;surfa
e = �1:9ÆC), is therefore warmer than the in situ freezing point (e.g.Tf;1000m = �2:7ÆC), and heat is available to melt gla
ial i
e. The water mass is 
ooled downto the lo
al freezing point as the gla
ial i
e is melted. Meanwhile, it mixes with the freshmelt-water and its salinity de
reases suÆ
iently for the water to be
ome buoyant and startrising along the i
e surfa
e. The pressure then de
reases, and so the lo
al freezing pointin
reases and the rising water will eventually be
ome super
ooled. I
e 
rystals or frazil i
eform within the rising water, and aggregate as thi
k layers of green marine i
e (Warrenet al. 1993) under the gla
ial i
e. The temperature and the salinity of the water then risesagain. When the water leaves the i
e shelf 
avity as ISW, it is 
older and slightly fresherthan the water entering the 
avity. During the formation of ISW there is a net 
ux of massfrom the grounding line, where gla
ial i
e is melted, to the thinner part of the i
e shelf,where marine i
e is deposited. This pro
ess is often referred to as the \i
e pump" (Foldvik& Kvinge 1974).The \i
e pump" and the asso
iated ISW and marine i
e formation (Grosfeld & Hellmer1998) is known to o

ur under the Fil
hner Ronne I
e Shelf. HSSW enters the 
avity throughthe Ronne depression (Ni
holls et al. 2003) and west of Berkner Island (Ni
holls et al. 2001).20



Figure 8: ISW formation: (a) I
e produ
tion and brine reje
tion during winter formHSSW on the 
ontinental shelf; (b) HSSW at surfa
e freezing point (T=-1.9ÆC) �llsthe i
e shelf 
avity; (
) Rapid melting at the grounding line where the freezing pointis lower than at the surfa
e; (d) Layers of marine i
e forms under the gla
ial i
e asthe rising water gets super
ooled; (e) ISW exits the i
e shelf 
avity. (Courtesy to B.Samuelsson, Svenska Dagbladet)After transformation it exits as ISW through the Fil
hner Depression, and spills over thesill to form the Fil
hner Over
ow plume (Foldvik et al. 2004). The 
ux of ISW through theFil
hner Depression has been estimated to be 1.6�0.5 Sv (Foldvik et al. 2004).21



Figure 9: CTD se
tion from the 
ontinental shelf slope west of the Fil
hner Depressionshowing the dense plume of I
e Shelf Water (ISW), the overlying Weddell Deep Water(WDW) and the Winter Water (WW) at the surfa
e. (Modi�ed from Foldvik et al(1985b))2.5.3 The Fil
hner Over
ow plumeISW leaving the Fil
hner Depression forms a dense, 
old plume that turns westward (left)on the 
ontinental shelf slope (Foldvik et al. 2004). Fig. 9 shows the 
old plume water as anapproximately 200 m thi
k and roughly 50 km wide layer, underlying the warmer WDW.During its des
ent the ISW mixes with WDW and forms WSBW. Foldvik et al. (2004)estimated that ISW from the Fil
hner Over
ow 
ontributes with 4.3�1:4 Sv to the WSBWformation.Sin
e the dis
overy of the plume in hydrographi
 se
tions 1977 (Foldvik et al., 1985b,
),a number of 
urrent meter moorings have been pla
ed in the area (for a full list, see Foldviket al. (2004)). The position of the moorings are marked in Fig. 10, whi
h also shows the mean
urrent from the bottom-most instruments. Based on CTD data (from Foster et al. (1987)and Foster & Carma
k (1976b)) and mooring data, Foldvik et al. (2004) suggested threeplume pathways: one following the shelf break and upper slope (FO1), one following theslope at greater depth (FO2) and the �nal one following the �rst prominent ridge (FO3). Thesuggested pathways are shown in Fig. 10, where the plume path derived from the 
onstantde
ent rate of 1:400 proposed by Killworth (2001) is inserted. The results from Killworth'smodel do not mat
h the observations well. 22



Figure 10: Lo
ations of moorings pla
ed in the Fil
hner Over
ow area and mean
urrent at the instrument 
losest to the bottom (10-56 mab). For detailed informationon instrumentation and deployment see Foldvik et al (2004). The dashed line showsthe 
al
ulated plume path based on the 1:400 des
ent rate proposed by Killworth (2001)and the gray arrows indi
ate the three paths suggested by Foldvik et al. (2004)3 This study3.1 Obje
tives and MethodsThe aim of this study was to investigate dynami
al pro
esses of importan
e to dense over
owplumes, fo
ussing on the Fil
hner Over
ow, Antar
ti
a. As des
ribed in previous se
tions,over
ow plumes and pro
esses o

urring within them are important fa
tors in the globalo
eani
 
ir
ulation and thus in our 
limate. Yet, the physi
s determining their pathways,
hara
teristi
s and mixing are, to a large degree, unknown.This work attempts to elu
idate the following questions:a) What is the e�e
t on the Fil
hner Over
ow plume of the two ridges 
ross
utting theshelf? Can su
h ridges, like 
anyons, steer dense water down the 
ontinental slope, and, ifso, to what extent? What are the governing parameters and dynami
s?23



b) What mesos
ale variability is observed within the Fil
hner Plume, and what is 
ausingit? How are the observed phenomena generated?
) What is the e�e
t of the ridges and the phenomena 
ausing the variability on plumemixing and entrainment?In short, there are three fo
i: topographi
 steering, variability and mixing.All 
urrent meter data from the Fil
hner region have been analyzed using ordinary androtary Fourier analysis and wavelet analysis to des
ribe mesos
ale variability. The datahave been 
olle
ted using bottom moorings, deployed mainly by resear
hers from Universityof Bergen (UiB), Alfred Wegner Institute (AWI) and British Antar
ti
 Survey (BAS) andused, almost ex
lusively, RCM 
urrent meters from Aanderaa. CTD data 
olle
ted duringthe 
ruises have also been studied.The data-analysis motivated a theoreti
al study of the potential for submarine ridges,su
h as those found in the Fil
hner region, to steer dense water downslope. A two-dimensional1.5-layer analyti
al plume model, previously applied to 
anyons (W�ahlin 2002), was em-ployed to explore and quantify the possibility of su
h ridges to 
hannel dense water down-slope. Despite the simpli�
ations involved the model proved useful, providing an explanationfor the observations and a �rst order estimate of the downslope 
uxes. The model resultswere 
ompared with the data and showed reasonable agreement. The data set is, however,sparse, and the agreement should be 
onsidered a support for the theory, rather than a proof.The validity of the analyti
al model was tested more thoroughly in the Geophysi
al FluidDynami
 Laboratory at University of Washington, Seattle, during February-June 2006. Un-der the supervision of Prof. P. Rhines and with te
hni
al assistan
e from E. Lindahl, a setof laboratory experiments was performed, in whi
h the behavior of dense plumes \leaning"on topography was studied. Verti
al transe
ts of 
ow in the vi
inity of a V-shaped slopingridge and in a 
anyon for a set of parameters were obtained using 
uores
ent dye and averti
al light sheet. The results were 
ompared with output from the analyti
al model. The
ow pattern was visualized using dye, and verti
al velo
ity pro�les were 
olle
ted using aLaser Doppler Velo
imeter.Another set of experiments was performed at the rotating Coriolis platform, LaboratoireDes E
oulements Geophysiques et Industriels (LEGI) in Grenoble, Fran
e, to explore thee�e
ts of topography and 
ow regime on mixing. The fo
us was on the total mixing and notthe lo
al entrainment rate, sin
e a high entrainment rate, whi
h one would expe
t in thevi
inity of a ridge, 
an be balan
ed by a high des
ent rate (i.e. a shorter plume path). Wetherefore studied the \end produ
t" or the 
ombined e�e
t of entrainment rate and des
entrate. Dense water from a 
ontinuous sour
e at the top of a sloping bottom was allowed todes
end into a 
olle
ting basin. The amount of mixing o

urring during its des
ent - i.e. the24




ombined e�e
t of entrainment rate and des
ent rate - was inferred from the strati�
ationin the basin, whi
h was monitored using pro�ling 
ondu
tivity and temperature probes.The same experiment was performed with and without topography (ridge/
anyon) and withparameter 
ombinations giving eddies, waves and laminar 
ow. The experiments were partof the proje
t "Modelling Antar
ti
 Flows", 
oordinated by G. Lane-Ser� and realized inNovember-De
ember 2006. The experiments were 
ondu
ted by the proje
t parti
ipantswith te
hni
al assistan
e from S. Viboud, H. Didelle and J. Sommeria. The proje
t alsoin
luded experiments on eddy-i
e shelf intera
tion by G. Lane-Ser� and J. Bu
k and i
eshelf 
avity 
ir
ulation by D. Holland, A. Jenkins and P. Holland.This work is presented in Papers I-IV, whi
h are summarized below.The analyti
al model used in the study negle
ts adve
tion and assumes geostrophy. Toinvestigate the adve
tion terms, a one-dimensional, one-layered verti
ally integrated modelwas employed (L. Umlauf, pers. 
omm.). However, verti
al integration of the momentumequations requires a simpli�
ation of the adve
tion terms. In short, the integration of aprodu
t is repla
ed with the produ
t of the two terms integrated separately (Simons (1980),see Appendix B for details). When the volume 
ux is zero, whi
h in our 
ase it is in thea
ross 
anyon/ridge dire
tion, the adve
tion terms in models of this type are also zero. A
-
ordingly, the e�e
t of adve
tion is not in
luded in the 
al
ulations.The results from the numeri
al model are presented and 
ompared with the analyti
alresults in Appendix A, while the simpli�
ation of the adve
tion terms is dis
ussed furtherin Appendix B, where the validity of the approximation is tested for two spe
ial 
ases.3.2 Summary of papers3.2.1 Paper I.Downward 
ow of dense water leaning on a submarine ridgeData from 
urrent meter moorings in the Fil
hner region suggest that a portion of theFil
hner Over
ow plume is steered downslope by a submarine ridge 
ross
utting the 
ontin-ental slope (Foldvik et al. 2004). We used a simpli�ed analyti
al model, previously appliedto submarine 
anyons (Davies et al. 2006, W�ahlin 2002), to show that ridges, like 
anyons,
an promote geostrophi
ally balan
ed downslope 
ow. For the dense water to 
ow downthe ridge, it is required that the Ekman transport indu
ed by the downslope 
ow (dire
tedaway from the ridge) balan
es the geostrophi
 
ow (dire
ted towards the ridge) 
aused bythe ba
kground slope. We �nd analyti
al expressions for the transport 
apa
ity, i.e. themaximum amount of dense water that a ridge of given dimensions 
an steer downslope andshow that the non-dimensionalized transport 
apa
ity depends solely on the geometri
alparameter 
 = sW=Æ, where s is the ba
kground slope, W the width of the 
anyon andÆ the thi
kness of the Ekman layer. For small values of 
, ridges are shown to be more25



e�e
tive than 
anyons in steering water downslope. We 
ompare the theoreti
al results withdata from the Fil
hner Over
ow and �nd them to agree qualitatively well. The transport
apa
ity of the Fil
hner ridge is estimated to be 0.3 Sv, and the ridge 
ould thus steer asubstantial part of the total out
ow, 1.6 SV (Foldvik et al. 2004), downslope.Although negle
ting important pro
esses su
h as entrainment and mixing, the modelgives a �rst order estimate of the transport 
apa
ity of ridges, showing that they, along with
anyons, may be of importan
e to dense plumes and over
ows.3.2.2 Paper II.Topographi
 steering of dense over
ows: laboratory experiments with V-shapedridges and 
anyonsThis paper des
ribes two sets of laboratory experiments that were performed in the Geo-physi
al Fluid Dynami
s Laboratory, University of Washington, Seattle, in order to test thetheoreti
al model presented in Paper I. In the �rst set of experiments, I show that denseplumes on a sloping bottom 
an indeed be steered by submarine ridges and 
anyons 
ross-
utting the slope, and I pro
eeded with a se
ond set of experiments to study 
ow in/alongsloping 
anyons and ridges. I released dense water dyed with 
uores
ein in the upper partof a sloping V-shaped ridge/
anyon and photographed transe
ts of the 
ow using a verti
allight sheet and a 
amera. I varied the parameters thought to govern the 
ow: the slope, s,the Coriolis parameter, f , the redu
ed gravity, g0, and the 
ux, Q, and obtained informa-tion on how the variations a�e
ted interfa
e shape and position. I show that there is goodqualitative agreement between the theoreti
al solutions and the laboratory results, althoughthe height of the interfa
e is slightly underestimated.By introdu
ing dye into the bottom Ekman layer I visualized the transverse, se
ondary
ir
ulation proposed by the theoreti
al model. While moving down the 
anyon or along theridge, a parti
le tra
es out a helix: moving towards the ridge in the interior and away from itin the bottom Ekman layer. The se
ondary 
ir
ulation was further 
on�rmed and quanti�edusing a Laser Doppler Velo
imeter. The verti
al velo
ity pro�les resolved the Ekman layerand showed the transverse 
ow superimposed on the primary, downslope 
ow.During experiment performed at the rotating Coriolis platform a dense plume on a slopewas observed to divide in two when the transport 
apa
ity of an interse
ting ridge wasex
eeded; one part 
ontinued along the slope and the other 
owed downslope along theridge.3.2.3 Paper III.Mixing in density 
urrents indu
ed by submarine 
anyons and ridges26



In this paper we des
ribe a set of large-s
ale laboratory experiments performed as a partof the proje
t "Modelling Antar
ti
 
ows" on the rotating Coriolis platform at LEGI (Labo-ratoire Des E
oulements Geophysiques et Industriels) in Grenoble, Fran
e. The experimentsaimed to quantify mixing for di�erent 
ow regimes (Se
tion 2.3.3) and di�erent topogra-phies. Dense water was inje
ted to a 8�2.5 m large sloping bottom and a gravity plumeformed. By 
hanging the governing parameters (ambient water depth and density di�er-en
e), we produ
ed the three 
ow regimes des
ribed by Cenedese et al. (2004): laminar 
owand roll-wave respe
tive eddy generating 
ows. The sloping bottom had an ex
hangeablese
tion, where a V-shaped ridge or 
anyon 
ould be inserted. The three 
ow regimes were
ombined with the three topographies, to give 9 experiments. In three experiments, thedense water was allowed to des
end a smooth, sloping bottom, and in six experiments thedense water was steered downslope by topography, hen
e �lling up the 
losed basin with amixture of dense sour
e water and entrained, ambient water. We monitored the evolutionof strati�
ation in the basin using pro�ling 
ondu
tivity sondes. The pro�les allowed us toquantify the total amount of mixing o

urring during the des
ent of the dense water.On a smooth slope with no ridge or 
anyon present, mixing was largest under the waveregime, and smallest under the laminar regime. When a ridge or a 
anyon was present onthe slope the dense 
ow was steered downslope as expe
ted. The 
ow a

elerated and wavesdeveloped, regardless of the 
ow 
hara
teristi
s on the smooth slope. The total mixingin
reased, and the in
rease in entrainment rate was hen
e more important than the short-ened path. The di�eren
e between the regimes was smaller and the mixing larger overallwhen topography was present, indi
ating that it was the small-s
ale topography and not thelarge-s
ale 
hara
teristi
s of the 
ow that determined the properties of the end produ
t.The eddies were degenerated and the dense 
uid \released" and steered downslope whenthey en
ountered topography.3.2.4 Paper IV.On the stru
ture and variability of the Fil
hner Over
ow plumeThis paper aims to des
ribe the Fil
hner Over
ow plume, based on all available obser-vations (CTD and 
urrent meter mooring data). While Foldvik et al. (2004) used the samedata to quantify the transport, we fo
us on the surprisingly large short-term variability andtry to produ
e a \mean" pi
ture of the plume from the CTD data. Fourier analysis of
urrent meter re
ords revealed energeti
 os
illations with periods of about 35 hours, 3 daysand 6 days, while wavelet analysis revealed an episodi
 nature of the phenomena. The os-
illations are barotropi
 (depth-independent) and present in both velo
ity and temperaturere
ords. The velo
ity amplitudes are, in some 
ases, as high as 35 
m/s, while the temper-ature re
ords indi
ate that the instruments are alternately submerged in 
old plume waterand ambient Weddell Deep Water. The energy levels west of the ridges and in the Fil
hnerDepression are mu
h lower. We dis
uss the observations with regard to existing theories27



on eddies, whi
h are known to be generated within dense plumes, and on 
ontinental shelfwaves, whi
h have been shown to enhan
e the tides in the area. None of the theories 
ansatisfa
torily explain the observations and we are unable to draw a 
on
lusion regarding theorigin of the os
illations.In addition, we des
ribe the general plume stru
ture, water properties, and pathways.We apply the theory from Paper I to the se
ond ridge in the region, and are thus able toestimate the transport along the three pathways suggested by Foldvik et al. (2004). The\mean" pi
ture from the CTD data does not, however, support the suggested pathways.4 Con
lusions and outlook4.1 Main resultsTopographi
 Steering This study has shown - both theoreti
ally and experimentally- that submarine ridges, like 
anyons, 
an e�e
tively steer dense plume water downslope.An analyti
al model was proposed, predi
ting the dense layer shape and thi
kness and thetransport 
apa
ity of a number of idealized ridge geometries. The analyti
al model wasshown to agree with laboratory experiments, and with measurements in the vi
inity of theeastern-most ridge in the Fil
hner area. The transport 
apa
ity of a ridge or 
anyon (i.e.the maximum amount of water that it 
an steer downslope) 
an be estimated as the produ
tof g0H2=f , where g0 is the redu
ed gravity, f the Coriolis fa
tor and H the height (depth)of the ridge (
anyon), and a geometry dependent fun
tion T̂ (
), where 
 = sW=Æ and s isthe slope, W the width of the ridge/
anyon and Æ the thi
kness of the Ekman layer. Thetransport 
apa
ity of the eastern ridge in the Fil
hner area was estimated to be 0.3 Sv andthat of the western to be 0.6 Sv. A plume impinging on a ridge or a 
anyon is thought tosplit in two, with one part of the plume being steered downslope along the topography andthe other 
ontinuing along the slope. This was observed in the laboratory. The analyti
almodel 
an explain and quantify the suggested partition of the Fil
hner Over
ow plume. Notall of the suggested pathways were supported by the \mean" pi
ture of the plume, 
reatedfrom an assembly of all CTD stations in the area. Dense water was observed in a thi
k layerimmediately behind the western ridge, indi
ating that it had been 
owing over the ridge,rather than being steered downslope.Eddies were observed to degenerate and release the underlying dome of dense water whenen
ountering topography.The se
ondary 
ir
ulation asso
iated with the topographi
ally steered 
ow; a fri
tional
ow in the bottom boundary layer and a return 
ow in the interior, was visualized andmeasured in the laboratory. 28



Variability The analysis of 
urrent meter re
ords from the Fil
hner area revealed a sur-prisingly high variability at short times
ales. Intermittent os
illations with periods of ap-proximately 35 hours, 3 and 6 days were observed in the plume, both in velo
ity and tem-perature re
ords. The observed os
illations were seemingly barotropi
, showing neitherattenuation nor phase shift in the verti
al, despite a shear in the mean 
urrent. The gener-ation of eddies in plumes has been reported before, e.g. from the Denmark Strait Over
ow,but the theories suggested to explain this phenomena - vortex stret
hing and baro
lini
instability - disagree with the Fil
hner observations. Continental shelf waves, whi
h havebeen suggested to enhan
e the tidal motions in the area, 
annot satisfa
torily explain theobserved variability. The generation me
hanism and the more pre
ise nature of the phe-nomena remain open questions, but the study has resulted in a detailed des
ription anddis
ussion of the observations.Mixing It is known that entrainment depends strongly on the Froude number, Fr, andthat high values of Fr give high entrainment rates. When dense 
uid is steered downslopeby topography it a

elerates and the Froude number and 
onsequently the entrainment rate
an be expe
ted to in
rease. Meanwhile, the plume path, or the distan
e over whi
h mixingo

urs, is shortened sin
e the plume des
ends the slope at a greater angle. Our laboratoryexperiments have shown that the presen
e of small-s
ale topography steering the plumedownslope in
reased the total mixing. The in
rease in the entrainment parameter is thusmore important than the shortening of the plume path. Mixing was observed to be greaterin plume experiments with eddies and roll-waves than in laminar experiments, but the e�e
tof small-s
ale topography on mixing was shown to be greater than the large-s
ale 
hara
-teristi
s of the 
ow.Somewhat 
ontradi
tory, almost undiluted ISW (T ' -1.9ÆC) is o

asionally 
owing pastmooring D17 with relatively high speed (up to 1 m/s).4.2 Future workThe work presented in this thesis is a step towards a better understanding of plume dynam-i
s and of the Fil
hner Over
ow, but the number of questions it raises are probably greaterthan the answers given. What happens in the area where the plume impinges on topogra-phy? What dynami
s make the 
ow turn downslope? What is generating the os
illationsthat were observed, and what are their e�e
t on the plume water and its destiny? To whatextent 
an the laboratory results be up-s
aled to the o
ean? Does the Fil
hner Over
owPlume split in three?The dense water produ
ed under the large i
e shelves is a pre
ursor to the Antar
ti
Bottom Water and of global importan
e. Unfortunately, the Fil
hner Over
ow region is not7D1 was pla
ed at 2100 m depth in the vi
inity of a ridge 
ross-
utting the path of the Fil
hner Over
owplume. 29



only interesting, but also remote and diÆ
ult to a

ess. Conditions are harsh, with sea-i
e,storms and i
ebergs making a
tivity in the area expensive and risky. Yet, more �eldwork - in
ombination with modeling and theoreti
al e�orts - are needed. Long term mooring arrays,designed to 
apture and des
ribe the horizontal and verti
al variability and stru
ture of theplume, along with more intensive and fo
ussed �eld 
ampaigns on mixing would help shedlight on the questions.The sill region and the Fil
hner Depression proper are regions of interest that have notat all been tou
hed upon here. How is the over
ow 
ontrolled at the sill? Is the observedvariability generated here or on the open slope?Another interesting question is the development of the wedge shaped interfa
e in the
anyon and along the ridge. This feature has been observed in previous studies, but itsorigin is not fully understood. The se
ondary 
ir
ulation is probably a fa
tor, and a set of alaboratory experiments fo
used on this 
ir
ulation, e.g. on the ex
hange between the Ekmanlayer and the interior at the dense layer edges, would likely shed light on the origins of thewedge.As of today, no realisti
 numeri
al model of the Fil
hner area exists. The developmentof su
h a model has started (D. Feltham, personal 
ommuni
ation) and it will be a good -or even indispensable - 
omplement to �eldwork and other a
tivities. In addition, idealizedtwo- or three-dimensional model studies of 
ow along a sloping ridge (or 
anyon) would bea natural step up from the one-dimensional analyti
al and numeri
al models presented here.Su
h a model 
ould en
ompass intera
tions with the upper layer as well as the \turningregion" where the plume impinges on the ridge and is steered downslope, a region mu
h too
ompli
ated for an analyti
al model to grasp. It would be interesting pursuing the work onthe adve
tion term, using a higher resolution two- or three-dimensional model to estimatethe e�e
t of the negle
tan
e/mal-representation of this term. The possibility of in
ludingthe results of topographi
 steering by small-s
ale topography in large-s
ale o
ean modelparameterizations should also be explored.
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kness, h, are 
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enter of the 
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hieved, normally288 h (12 days). More than 70 runs were performed and the physi
al parameters (H0; f; Cdand ��) were varied along with the geometri
al (s, W
 and H
) taking on values a

ordingto Table 2. f is the Coriolis fa
tor and Cd is the bottom drag 
oeÆ
ient.Fig. 11 presents the results for three runs with H0=100 m, f=10�4 s�1, Cd=4�10�3,��=0.1 kg/m3,W=2.5 km andD=300m and where the bottom slope s was varied a

ordingto the legend. Analyti
al solutions, 
al
ulated using the same parameters and required tointerse
t the right 
anyon wall at the same point as the numeri
al solution, are plotted in8Equation 1b in Stelling & Duinmeijer (2003) is slightly modi�ed: velo
ity is repla
ed by transport andthe Coriolis term is added 39



the same �gure. It should be noted that the models use di�erent fri
tion parameterizations,and that the solutions are expe
ted to di�er.

Figure 11: Numeri
al (bla
k) and analyti
al (gray) solutions for experiments withvaried bottom slope, s.Parameter Values UnitInitial water depth H0 25-150 mCoriolis fa
tor f 0:5� 10�4 � 2� 10�4 s�1Drag 
oeÆ
ient Cd 2� 10�3 � 4� 10�3Density di�eren
e �� 0.1 kg/m3Bottom slope s 0.001-0.075Canyon width W
 1-5.5 kmCanyon depth H
 300 mEkman l. t. Æ 11-61 mTable 2: Physi
al, geometri
al and derived parameter interval used in model runs (l.t. = layer thi
kness) 40



The numeri
al and analyti
al solutions have the same general form, but the 
hara
teris-ti
 
attening of the interfa
e 
lose to the 
anyon walls observed in the analyti
al solutions(Paper I) and in the laboratory experiments (Paper II) is less pronoun
ed in the numer-i
al solutions. The numeri
al solutions are more similar to the analyti
al for large bottomslopes, s. For low values of s, the \e�e
tive" slope seems to be higher for the numeri
alsolutions, i.e. the numeri
al solution for s = s1, resembles the analyti
al solution for s = s2,where s2 > s1. The di�eren
e between s1 and s2 is larger for smaller s.The down-
anyon transport, Q, was 
al
ulated from the model results a

ording toQ = i=nXi=1 hiuidy (4)where hi and ui is the layer thi
kness and downslope velo
ity at grid point i and dy the dis-tan
e between two grid points in the y-dire
tion. The transport for the three runs presentedin Fig. 11 are 0.05/0.11/0.14 Sv for s equal to 0.01/0.04/0.08 respe
tively, while the 
orre-sponding analyti
al solutions have transports of similar magnitude Q = 0:04=0:13=0:16 Sv.It should be noted that the numeri
al transport is the a
tual transport, while the analyti
alsolutions give the geostrophi
 transport only.The transports were non-dimensionalized using the s
aling presented in Paper I, i.e.Q̂ = fg0IH2Q (5)where f and g0 is the Coriolis fa
tor and the redu
ed gravity as before, and IH the interfa
eheight as indi
ated in Fig. 11. It was shown in Paper I that the non-dimensionalizedtransport, Q̂, for the analyti
al solutions is a fun
tion only of 
, where 
 = sW
=Æ and Æ isthe thi
kness of the Ekman layer. For the numeri
al solutions, 
 was de�ned as
 = sIWÆ (6)where IW is the width of the 
ow as de�ned in Fig. 11. Sin
e the dense layer does not �llthe 
anyon, i.e. sin
e the interfa
e does not rea
h the height of the 
anyon, IH < H
 andthus IW < W
. The model uses a quadrati
 fri
tion formulation and the thi
kness of theEkman layer, Æ was therefore 
al
ulated a

ording toÆ = Cdg0�f2 (7)where � � tan(H
=W
).Fig. 12 shows the non-dimensionalized transport, Q̂, as a fun
tion of the 
al
ulated valuefor 
 together with the 
orresponding analyti
al 
urve. For a given value of H0, the points41



0 1 2 3 4 5 6 7
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

γ =sw/δ

N
on

−
di

m
en

si
on

al
iz

ed
 T

ra
ns

po
rt

Analytical
Model H=100m
Model H=25m

Figure 12: Non-dimensionalized downslope transport as a fun
tion of 
 for the nu-meri
al and theoreti
al model.seem to 
ollapse onto a 
urve with a shape similar to the analyti
al 
urve. The \numeri
al
urve" is, however, 
ompressed 
ompared with the analyti
al, and more so for a small valueof H0.The 
omparison and the de�nition of the parameters are not straightforward. The thi
k-ness of the Ekman layer, Æ, for example, does not appear expli
itly in the numeri
al modelwhile it does so in the analyti
al model, and due to di�erent fri
tion parameterizations itmust be di�erently de�ned. It is likely that the apparent 
ompression of the numeri
al 
urveis due to di�erent expressions of Æ. The di�eren
es regarding slope in Fig. 11 
ould probablyalso be explained by di�eren
es in fri
tion parameterization, i.e. in the \e�e
tive" thi
knessof the Ekman layer. The dependen
e of the 
ompression on H0 is somewhat puzzling.The analyti
al 
urve in Fig. 12 is based on "full 
anyons", i.e. 
anyons where IW =W
and IH = H
, while for the numeri
al solutions IW < W
 and IH < H
. With the 
hangesmade in the de�nitions of Q̂ and 
 (equations 5-6) the error so introdu
ed ought to berelative small. For a linear 
anyon the error would be zero.The numeri
al model was initially applied in order to 
larify the e�e
t of the adve
tion42



terms on the solutions. The adve
tion term of interest, vuy, is in this model set-up equalto zero in steady state. This is due to an simpli�
ation made when deriving the depthintegrated versions of the momentum equation. The adve
tion term and the simpli�
ationare further dis
ussed in the following se
tion.B A note on the adve
tion term in a verti
ally integratedmodelIt will be shown that a simpli�
ation made during the derivation of the equation of motionfor verti
ally integrated models leads to a mal-representation of a term that may be rela-tively large.The adve
tion terms are produ
ts of two terms, e.g. uux and vuy, and it is not possibleto integrate them verti
ally for a general 
ase. The integration of the produ
t is thereforeoften repla
ed with the produ
t of the two terms integrated separately (Simons 1980). Thisapproximation is stri
tly valid only when either the property being adve
ted (e.g. heat ormomentum) or the velo
ity is 
onstant over the layer. The error 
an be expe
ted to be smallwhen the resolution is high enough (i.e. the layers thin enough) to satisfa
torily resolve ver-ti
al shear. The use of the approximation means that the adve
tion terms in models of thistype are zero whenever the volume 
ux is so. This is not always true. As a simple illustra-tion \volume" and \momentum" 
an be repla
ed with \people" and \gro
eries". Throughthe doors of a supermarket there may be a zero net 
ux of people (there are just as manypeople going in as out) but a non-zero \adve
tion" of gro
eries (sin
e they all enter emptyhanded and leave with their bags full).Applying the approximation, the verti
ally integrated form of the equations of motions
an be written (e.g. Jung
laus & Ba
khaus (1994)9)�U�t +r �VUH � fV = �g0H ���x � gH22�0 ���x � �b;x�0 (8)where we have de�ned V = (U; V ) andU = Z D+HD udz (9)V = Z D+HD vdz (10)and where g0 is the redu
ed gravity, �0 a referen
e density, H the thi
kness of the layer, �the interfa
e level and �b;x the bottom stress in the x-dire
tion.9The horizontal adve
tion term appearing in their form of the equations has been negle
ted43



To derive (8) we start with the equations of motion, expressed on 
ux form (Gill 1982)�(�u)�t +r � (�uu) + 2
y�w � 2
z�v = ��p�x (11)and integrate verti
ally over a layer, whi
h is assumed to be homogenous, � = �0, and hasthi
kness H . We fo
us on the adve
tion term (term 2 in (11)), whi
h we hereafter 
all M .For simpli
ity we assume that the 
ow is non-
hanging in the x-dire
tion (ux = 0, hx = 0)and get (after division by �0)M = Z D+HD �(uv)�y dz + Z D+HD �(uw)�z dz (12)or M = Z D+HD �(uv)�y dz + uwjz=D+H � uwjz=D : (13)A parti
le on the surfa
e/bottom must remain on the surfa
e/bottom and so for hx = 0w(D(x; y) + h(y)) = v �(D +H)�y (14)and w(D(x; y)) = v �D�y ; (15)whi
h means that M 
an be writtenM = Z D+HD �(uv)�y dz + (uv)jz=D+H �(D +H)�y � (uv)jz=D �D�y : (16)Using Leibniz's theorem for di�erentiation of an integral (e.g. Abramowitz & Stegun (1970),p11) M 
an again be rewritten M = ��y Z D(x;y)+h(y)D(x;y) uvdz: (17)To pro
eed one must assume that the verti
al average of the produ
t of two variables maybe approximated by the produ
t of the variables' verti
al average, i.e. thatZ D+HD uvdz � 1H Z D+HD udz � Z D+HD vdz; (18)whi
h gives M = ��y UVH (19)or the adve
tion term (term 2) in (8)10.Using (8) on the 
anyon/ridge 
ows, where we have V=0 gives that the adve
tion term,r � (~v UH ) is identi
al to zero in the x-dire
tion momentum equation11. It will be shown10The expressions are identi
al if (8) is reformulated to in
lude the assumption of negligible x-derivates11The horizontal di�usion term is negle
ted as before44



below that the adve
tion term may be relatively large. The dis
repan
y arises from theapproximation (18), whi
h is used in all verti
ally integrated models. The simpli�
ationis problemati
 whenever the resolution is not high enough to satisfa
torily resolve verti
alshear, e.g. if the Ekman dynami
s, as in our 
ase, are not expli
itly resolved. Returningto the example with people and gro
eries, we have that the approximation is valid if the\resolution" is high enough for the entran
e and exit doors to be treated separately.To 
ompare the integrated adve
tion term (17) with the other terms in the equation ofmotion (8) one needs expressions for u(y; z) and v(y; z). The verti
al stru
ture within thetopographi
ally steered plume is assumed to be given by Ekman theoryu(z) = U0[1� e�z=Æ
os(z=Æ)℄� V0e�z=Æsin(z=Æ)v(z) = U0e�z=Æsin(z=Æ) + V0[1� e�z=Æ
os(z=Æ)℄ (20)where U0 and V0 are the velo
ities in the interior, z height over bottom and Æ the thi
knessof the Ekman layer (Cushman-Roisin 1994). To en
ompass (20) the equations presented inPaper I must be slightly modi�ed. Equation (12) in Paper I is repla
ed byh+ �h�y � Æ2s� = d2 �1� �D�y � (21)where h is the layer thi
kness, D the bottom elevation, Æ the thi
kness of the Ekman layerand s the ba
kground slope (the equation is not non-dimensionalized and the y-axis is, likein Paper I, dire
ted perpendi
ular to the topography 
ross
utting the slope). Here two
osine-shaped ridges with o
eani
 (W=3000 m, H=300 m) and laboratory (W=0.03 m,H=0.03 m) dimensions are 
onsidered. The solution to (21) giving the maximum transport(see Paper I for a dis
ussion on transport 
apa
ity and di�erent solutions) is thenh(y) = �� HK22(1 +K2) � Æ2� e2(sy=Æ��=K) + HK2(1 +K2) ��H2 K
os��yW �+ sin��yW ��+ Æ2(22)where K = �Æ=2Ws, s=0.01, f = 10�4(0:8) s�1 and Æ = 35 m (2 mm) for the o
eani
(laboratory) 
ase. This solution, whi
h is plotted in Fig. 13a for the laboratory 
ase, is validonly when h >> Æ, and thus not near the edges of the layer where other solutions must besought. This will not be done here, and the edges must 
onsequently be disregarded. Whenderiving the solution (22) the adve
tion term has been negle
ted, either in a

ordan
e withthe 
riteria V = 0 or on s
aling premises. The velo
ity in the interior is thus assumed to begeostrophi
, and we have U0 = g0f hy (23)V0 = g0f s (24)where g0 = 10�3 (10�2) in the o
ean (laboratory). Equations (23-24) 
an be 
ombinedwith (20) to give u(y; z) and v(y; z). Given these expressions we 
an numeri
ally 
al
ulate45



Figure 13: a) Laboratory solution for 
anyon 
ow. The integrated momentum termand the integrated pressure term for 
anyon 
ow in b) laboratory and 
) the o
ean.In (b) and (
) the areas where solution 22 are not valid is shaded in gray.the adve
tion term M from (17). The results using o
eani
 and laboratory parameters arepresented in Fig. 13b-
, where the integrated pressure termP = g0H ���x = g0Hs (25)is in
luded for 
omparison. The areas where solution 22 are not valid is shaded in gray. Asseen, the momentum term, M , is not zero, as it would be using the approximation (18).In the o
eani
 
ase the adve
tion term, M , and the pressure term, P , is of roughly equalmagnitude, while P is mu
h larger than M in the laboratory setting. Near the 
enter ofthe 
anyon the term is small for both 
ases. Consequently, the geostrophi
 approximation,or the omission of the adve
tion term 
aused by the simpli�
ation (18), is justi�ed in thelaboratory setting but questionable in the o
eani
 
ase.
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Downward 
ow of dense water leaningon a submarine ridgeE. Darelius1;2 & A. W�ahlin3;4(1) Geophysi
al Institute, University of Bergen, Norway(2) Bjerknes Centre for Climate Resear
h, Bergen, Norway(3) MISU, Sto
kholm University, Sto
kholm, SwedenAbstra
tLarge-s
ale dense bottom 
urrents are geostrophi
 to leading order, with the main 
owdire
tion along the 
ontinental slope. Bottom fri
tion makes the water des
end to greaterdepths, but only at a small angle to the horizontal. Here the e�e
t of a submarine ridgethat interse
ts the slope is 
onsidered. It is shown that the presen
e of a submarine ridgegreatly enhan
es the downslope transport. By leaning against the ridge it is possible forthe dense water to 
ow downhill, perpendi
ular to the depth 
ontours, even though the�rst-order dynami
s are geostrophi
. The requirement for downslope 
ow next to the ridgeis that the fri
tional transport that it indu
es is suÆ
iently large to 
ountera
t geostrophi
adve
tion along the isobaths and out of the ridge region. The dynami
s are similar to thoseof downslope 
ow in submarine 
anyons, but ridges appear to be more e�e
tive in 
hannelingthe dense water downhill, in parti
ular for narrow ridges/
anyons with small seaward slopeof the ridge/
anyon axis. The downslope 
ow is analyzed using a simpli�ed analyti
al modeland the results are 
ompared to data from the Fil
hner Over
ow, whi
h agree qualitativelywith the model.1 Introdu
tionThe formation of dense water in marginal seas and over the 
ontinental shelves in high lat-itudes is an important part of the thermohaline 
ir
ulation, and presumably of relevan
efor our 
limate. However important, the path that this dense water follows to the deepo
ean and the dynami
s governing it are not fully understood. A better understandingis needed to, for example, more 
orre
tly represent over
ows in global-s
ale o
ean models(Legg et al. 2006, Campin & Goosse 1999).Dense water entering an o
ean basin through a gap or a strait will 
ow out along the
ontinental slope as a plume of dense water. Su
h over
ows are found for example in the Den-mark Strait (Girton & Sanford 2003), the Mediterranean Out
ow (Ambar & Howe 1979), the47



Faroe Bank Channel (Mauritzen et al. 2005) and the Fil
hner Over
ow (Foldvik et al. 2004).The dense water 
ows geostrophi
ally along the isobaths, des
ending to greater depths onlygradually be
ause of fri
tion (W�ahlin & Walin 2001, Killworth 2001, Ma
Cready 1994).Killworth (2001) predi
ted the des
ent rate of dense plumes on a smooth bottom slope tobe 1:400, i.e. the plume water des
ends 1 m verti
ally while advan
ing 400 m horizontally.The downslope transport of dense water may, however, be in
reased by eddies (Tanaka &Akitomo 2001, Chapman & Gawarkiewi
z 1995) or by topographi
 steering. The latter willbe the fo
us of this paper.The 
ontinental slopes of the o
ean basins are in general not smooth but interrupted by
anyons, ridges and topographi
 
orrugations. Submarine 
anyons have been observed tosteer dense water downslope, for example in the Wyville Thompson Ridge Over
ow, whi
hdes
ends inside a 
anyon interse
ting the ridge (Sherwin et al. 2007, Sherwin & Turrell 2005),and in the Adriati
 Sea where a 
anyon steers a portion of the 
old water down into thedeep Jabuka Pit (Vilibi
 et al. 2004). Topographi
 steering, or 
hanneling, of dense waterin 
anyons has also been observed in models (K�ampf 2000, Jiang & Garwood 1998) andlaboratory experiments (K�ampf 2005, Baines & Condie 1998).The dynami
s of a fri
tionally modi�ed geostrophi
 
ow down a 
anyon was analyzedby W�ahlin (2002). A purely geostrophi
 
urrent 
an not have a net transport down alongthe 
anyon axis, sin
e it is for
ed to translate parallel to the depth 
ontours (W�ahlin 2004,Nof 1983), i.e. 
ow along the slope and out of the 
anyon region. In reality, bottom andinterfa
ial fri
tion will, however, always be present, indu
ing an Ekman transport to theleft (right in the southern hemisphere) of the main 
urrent. With the aid of fri
tion it ispossible to sustain a steady downslope 
ow inside the 
anyon, provided that the indu
edEkman transport is suÆ
iently strong to balan
e the geostrophi
 slope adve
tion out of the
anyon. The dense water may thus remain in and 
ow down the 
anyon, while maintaininga transverse, se
ondary 
ir
ulation mu
h like the one observed within the 
anyon in themodel study by Chapman & Gawarkiewi
z (1995). A similar se
ondary 
ir
ulation was alsodes
ribed and observed by Johnson & Ohlsen (1994) in their laboratory simulations of ex-
hange 
ows through tubes and troughs.Observations from the Fil
hner Over
ow in the Weddell Sea, Antar
ti
a, indi
ate thattopographi
 steering also 
an take pla
e in the vi
inity of a submarine ridge (Foldviket al. 2004). The Fil
hner Over
ow 
onsists of I
e Shelf Water (ISW), whi
h is formedas water from the 
ontinental shelf in the southwestern Weddell Sea enters the 
avity underthe Fil
hner-Ronne I
e Shelf and intera
ts with the gla
ial i
e (Ni
holls & �sterhus 2004).I
e Shelf Water has a temperature below its surfa
e freezing point (i.e. T<-1.9ÆC), a salinityof 34.6 (Foldvik et al. 1985a), and the potential to sink to the bottom of the Weddell Sea andparti
ipate in the formation of Antar
ti
 Bottom Water. It exits the i
e shelf 
avity throughthe Fil
hner Depression (Foldvik et al. 1985b) and then 
ows west along the 
ontinentalslope. Data from a mooring pla
ed in the vi
inity of a submarine ridge 
ross
utting the48




ontinental slope west of the Fil
hner Depression show 
old over
ow water 
owing down-slope with great speed, and a nearby CTD se
tion shows a layer of 
old water leaning on theridge. Downhill 
ow of dense water in the vi
inity of a submarine ridge was also observedin the idealized model study by Jiang & Garwood (1998).Here, downslope 
hanneling of dense water leaning on a submarine ridge is explored.It is shown that a dynami
al regime similar to the one des
ribed for 
anyon-
ow 
an beestablished also along a ridge. Analyti
al solutions are obtained for �ve idealized submarineridge geometries, and expressions for their 
apa
ity to transport water downhill are derived.The obtained transport 
apa
ities are remarkably insensitive to the shape of the ridge anddepend most strongly on the ridge height and width and the seaward slope of the ridgeaxis. The transport 
apa
ity is larger for gentle shelf slopes and steep ridge walls and for
ows where the bottom boundary layer is thi
k 
ompared to the ridge height. For su
hgeometries, ridges are in fa
t more e�e
tive than 
anyons in 
hanneling water downslope.The reason is that the downslope ridge-
ow then be
omes rather wide and o

upies a largearea on the slope, while the 
anyon-
ow is restri
ted laterally by the 
anyon walls. Datafrom the mooring and the CTD se
tion mentioned earlier are 
ompared to the theoreti
alresults and are shown to agree qualitatively.2 TheoryFig. 1a shows a sket
h of a (Northern-hemisphere) dense plume 
owing over a topographywith bottom elevationD(x; y). The 
oordinate system is 
hosen so that the x-axis is pointingupslope. The thi
kness of the dense layer is h(x; y) and it underlies an upper (lighter) layerthat is in�nitely deep and at rest. The two layers thus form a 1.5-layer system. Assumingthat the Rossby numbers are small and that bottom fri
tion 
an be des
ribed by a linearbulk fri
tion parameterization, the verti
ally integrated Navier-Stokes equations in the x-and y-dire
tions 
an be written�fv = �g0(hx +Dx)� Kh u (1)and fu = �g0(hy +Dy)� Kh v (2)where f is the Coriolis parameter, g0 is the redu
ed gravity and K is a linear bulk fri
tion
oeÆ
ient. The verti
ally integrated horizontal velo
ities (u; v) in the (x; y) dire
tions arehen
e de�ned as u(x; y) = 1h D+hZD U(x; y; z)dz (3)49



Figure 1: a) Sket
h of a dense water mass 
owing downslope leaning against a subma-rine ridge in the northern hemisphere. Notations used in the text have been in
luded.b) Transe
t parallel to the ridge showing the sloping interfa
e supporting a geostrophi

ow towards the ridge. The indu
ed Ekman 
ow is dire
ted downslope. 
) Transe
ta
ross the ridge, showing the sloping interfa
e supporting a downslope geostrophi

ow. The indu
ed Ekman 
ow is dire
ted away from the ridge. d) Transe
t a
ross theridge with the 
ows in this dire
tion: the geostrophi
 
ow from (b) and the Ekman
ow from (
). For (9) to be ful�lled, these 
ows must balan
e
50



and v(x; y) = 1h D+hZD V (x; y; z)dz (4)where (U; V ) are the horizontal velo
ities at ea
h point.Combining (1) and (2) gives hu = �(h) � (hug � Ævg) (5)and hv = �(h) � (hvg + Æug) (6)where �(h) = h2=(h2 + Æ2), ug = �g0=f � (hy +Dy), vg = g0=f � (hx +Dx) and Æ = K=f .Now let the topography be given byD(x; y) = sx+ d(y) (7)where d(y) is a topographi
al feature, e.g. a ridge or 
anyon, interse
ting an otherwise 
on-stantly sloping shelf. The 
onstant slope parameter is s = sin�, where � is the shelf slopeangle (see Fig. 1b).Assume now that �h�x = 0 (8)i.e. vg = g0sf and transports and velo
ities do not vary along the ridge. It is not expe
tedthat (8) holds in the transition region where the down-ridge 
ow bran
hes o� from the main
urrent. By making assumption (8) the analysis is restri
ted to the region downstream ofthe transition region. In the transition region (8) is approa
hed asymptoti
ally with x asex
ess 
uid is sli
ed o� and adve
ted away along the depth 
ontours, as sket
hed in Fig. 1a.Below the transition zone the along-ridge transport does not vary with x, and 
ontinuityhen
e requires that there is no net transport into or out of the ridge region, i.e.hv = 0 (9)or �(h) � (hvg + Æug) = 0: (10)Although the total 
ross-ridge transport hv, where v is given by the integral (4), van-ishes, there is a transverse se
ondary 
ir
ulation present in the 
urrent, i.e. V (x; y; z) isnon-zero and varies with z. The se
ondary 
ir
ulation is shown and explained in Fig 1b-dand 
onsists of a fri
tionally indu
ed 
ow towards the right (looking upstream) 
lose to thebottom, and a return 
ow towards the left in the interior. Fluid hen
e moves between the lay-ers through Ekman pumping. Equations (9) and (10) require that these 
ows are in balan
e.51



For h� Æ (10) des
ribes a leftward Ekman transport 
on�ned to a relatively thin layerÆ next to the bottom and a 
omparatively slow return 
ow in the interior. The fun
tion�(h) takes into a

ount the regions where h � Æ or h < Æ, in whi
h 
ase �(h) is smaller thanone and the fri
tional transport as well as the return 
ow are smaller than that given byordinary Ekman theory.Equation (10) has one trivial solution (h = 0) and one non-trivial solution, for whi
hhvg + Æug = 0: (11)The solution to 11 is valid wherever 0 < h <1. If the layer thi
kness de
reases to zero thetrivial solution to (10) is satis�ed and the thi
kness does not de
rease further, i.e. h neverbe
omes negative although the solution to (11) may be negative lo
ally. Equation (11) 
an,after division by g0=f , be written as hy = hsÆ �Dy; (12)whi
h has solutions h = Ce sÆ y + hP (13)where hP is a fun
tion of Dy. If Dy = 0 everywhere then hP = 0 and the solutions to (12)in
rease exponentially with y. The only solution that does not approa
h in�nity as y !1is the trivial solution C = h = 0. However, if Dy 6= 0, there are non-trivial solutions to (12)asso
iated with a 
ow down the slope. Equation (12) requires one boundary 
ondition, forexample, that the layer thi
kness is known at one lo
ation, or that the downslope transportis quanti�ed - whi
h is more realizable in reality.The geostrophi
 part of the downslope transport Tdown 
an be found by horizontal inte-gration along the slope, Tdown = � 1Z�1 hugdy: (14)We now introdu
e the dimensionless quantities ŷ, ĥ , D̂, û, T̂ , and 
, de�ned asy = ŷ �Wh = ĥ �HD = D̂ �Hug = û � g0HfWTdown = T̂ g0f H2
 = sWÆ (15)
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where W is the width of the ridge, H its height, g0 the redu
ed gravity and f the Coriolisparameter. The slope parameter s and the Ekman layer thi
kness Æ are given as before.Introdu
ing the non-dimensional parameters in (12) and dividing by H=W givesĥŷ = 
ĥ� D̂ŷ (16)and so ĥ = ĥ(
; ŷ), i.e. only a fun
tion of ŷ and 
. The dimensionless transport T̂ is givenby T̂down = � 1Z�1 ĥûdŷ (17)and hen
e T̂down = T̂ (
), i.e. only a fun
tion of 
 .As seen from (16) and (17), 
 is a key parameter, and the solutions are even self-similarfor a given value of 
. The number expresses the ratio of the s
ales for the two parts ofthe se
ondary 
ir
ulation: the Ekman transport Æug and the return 
ow hvg . By s
alingug � g0HfW ,vg � g0sf , and h � H it is seen thathvgÆug � 
 (18)Hen
e 
 may be interpreted as the ratio of the transverse 
ir
ulations if the interfa
e slopeis repla
ed with the slope of the ridge wall. The a
tual slope of the dense interfa
e thuss
ales as 
 � 'slope of the ridge wall', sin
e the a
tual transports must be equal as statedin (10).Equation (16) will now be solved for �ve di�erent ridge geometries. Firstly, a step-shapedridge is 
onsidered, followed by a dis
ussion of the appropriate boundary 
ondition. Se
-ondly, four additional idealized topographies are 
onsidered, namely (ii) 
osine-shaped ridge(iii) paraboli
 ridge (iv) linear ridge, and �nally (v) a smooth ridge. As will be seen, theobtained solutions are rather similar.(i) Step-shaped RidgeAssume that the topography is given byD̂(x; y) = � sx ŷ < 0sx+ 1 ŷ � 0 : (19)Equation (16) then has non-trivial solutionsĥ(ŷ) = C � e
ŷ: (20)53
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Figure 2: Dimensionless interfa
e ĥ + D̂ as a fun
tion of ŷ for di�erent values ofthe 
onstant C, and 
 = 1. Shaded area indi
ates the step shaped bottom topography(looking seaward down along the ridge).Fig. 2 shows the layer thi
kness as a fun
tion of ŷ for di�erent values of the 
onstant C. Inorder for (20) to be a physi
al solution it is required that0 � C � 1; (21)sin
e C < 0 gives negative solutions and C > 1 gives unbounded solutions, as the ridge isnot interse
ted. For C ful�lling (21) the ridge is interse
ted at ŷ = 0, and (10) is triviallysatis�ed (ĥ = 0 ) for ŷ � 0. The solution is thusĥ(
; ŷ) = � Ce
ŷ ŷ < 00 ŷ � 0 : (22)The downslope transport of the 
ow leaning against the ridge is, using (17), given byT̂Step = C22 ; (23)and hen
e the maximum transport for the step ridge is a
hieved for C = 1. Inserting C = 1in (23) gives T̂Step = 12 , regardless of the values of the parameters s, W and Æ. Maximaltransport is 
onsequently obtained forC = max fCphysi
alg (24)for whi
h ĥ(0) = 0 and ĥ > 0 for ŷ < 0. 54



From now on, and for the other ridge geometries, the boundary 
ondition giving themaximal geostrophi
 downslope transport will be used, and the obtained (maximal) trans-port will be referred to as the transport 
apa
ity of the ridge.(ii) Cosine-shaped RidgeAssume that the topography is given byD̂(x; y) = � sx ŷ � �1sx+ 12 [
os (�ŷ) + 1℄ ŷ > �1 : (25)Using the requirement of maximal downslope transport, i.e. ĥ(0) = 0 and ĥ > 0 forŷ < 0, the solution to (16) using (25) is given byĥ(
; ŷ) = 8><>: �22(�2+
2) (1 + e
) e
ŷ ŷ � �1�22(�2+
2) �e
ŷ � 
os(�ŷ)� 
� sin(�ŷ)� �1 < ŷ < 00 ŷ � 0 : (26)Using (17), the downslope transport is given byT̂COS(
) = �24 ��2(1 + e�
)(�2 + 
2)2 + 
2(�2 + 
2)� : (27)As 
 ! 0 the transport approa
hes 0.5,lim
!0 T̂COS = 12 : (28)Hen
e for small 
 the 
osine ridge transport approa
hes the step ridge transport.(iii) Paraboli
 ridgeAssume that the topography is given byD̂(x; ŷ) = � sx ŷ � �1sx+ 1� ŷ2 ŷ > �1 : (29)Using the requirement of maximal downslope transport, i.e. ĥ(0) = 0 and ĥ > 0 forŷ < 0, the solution to (16) using (29) is given by55



ĥ(
; ŷ) =8><>: � 2
2 [
e
 � e
 + 1℄� e
ŷ ŷ � �12
2 �e
ŷ � 
ŷ � 1� �1 < ŷ < 00 ŷ � 0 : (30)Using (17), the downslope transport is given byT̂PB(
) = 2
4 �2� 
2 + 2
33 � 2e�
 (
 + 1)� : (31)Using l'Hôpital's rule repeatedly it is seen that the transport approa
hes the value 0.5for small 
, lim
!0 T̂PB = 12 : (32)Hen
e, also the paraboli
 ridge transport approa
hes the step fun
tion transport for small 
.(iv) Linear RidgeAssume that the topography is given byD̂(x; ŷ) =8<: sx ŷ � �1sx+ ŷ + 1 �1 < ŷ < 0sx+ 1 ŷ � 0 : (33)Using the requirement of maximal downslope transport, i.e. ĥ(0) = 0 and ĥ > 0 forŷ < 0, the solution to (16) using (33) is given byĥ(
; ŷ) = 8><>: � 1
 [e�
 � 1℄� e
ŷ ŷ � �11
 �1� e
ŷ� �1 < ŷ < 00 ŷ � 0 : (34)Using (17), the downslope transport is given byT̂LIN(
) = 1
2 �
 � 1 + e�
� : (35)By serial expansion of (35) around 
 = 0 it 
an be seen thatlim
!0 T̂LIN = 12 : (36)Hen
e, also the linear ridge transport approa
hes the step fun
tion transport for small 
.56



(v) Smooth ridgeAssume that the topography is given byD̂(x; ŷ) = sx+ 11 + ŷ2 : (37)Using the requirement of maximal downslope transport, i.e. ĥ(0) = 0 and ĥ > 0 forŷ < 0, the solution to (16) using (37) is given by (See Appendix A for derivation)ĥ(ŷ; 
) = 8<: �11+ŷ2 + i
2 e
(ŷ+i)Ei(
(ŷ + i))� i
2 e
(ŷ�i)Ei(
(ŷ � i))++e
ŷ �1� i
2 ei
Ei(
i) + i
2 e�i
Ei(�
i)� ŷ � 00 ŷ < 0 (38)where Ei(x) = 1R0 e�xtt dt. The downslope transport is 
al
ulated numeri
ally from the inte-gral T̂ (
) = � 0Z�1 h�D�y dy (39)where h(0+) = h(�1) = 0 has been used.The present theory requires that the inertial terms are small 
ompared with the Coriolisterm, i.e. that the Rossby number " = UfW is small. By using the geostrophi
 velo
itys
aling U = g0HfW and inserting into the Rossby number it is seen that provided the Burgernumber B = g0HÆ(f2W 2) is small, it also follows that " � 1. Thus it is expe
ted that for
urrents that are wide 
ompared to the Rossby radius, i. e. 
urrents for whi
h B � 1, theinertial terms should be negligible 
ompared to the Coriolis term, or �u/�y � f . For large
, the solutions are thin layers with 
omparatively large 
urvature of the upper surfa
e, andhen
e �u/�y may be
ome 
omparable to f even though B � 1. This happens when thedimensionless derivative �û/�ŷ be
omes large 
ompared to one. The step-shaped ridge hasa maximum value, �û/�ŷjMAX = 
2 , at ŷ = 0. Hen
e for 
 � 1 we have that �u/�y � fprovided B
2 << 1 , or s2g0Hf2Æ2 << 1: (40)3 ResultsFig. 3 shows the non-dimensional interfa
e height for the �ve ridges 
onsidered in the pre-vious se
tion. The solutions are shown for three values of the parameter 
 = sWÆ (0.1, 1,and 10), and as 
an be seen all ridge geometries give similar solutions, with large (small) 
57



giving thin (thi
k) layers. All solutions de
rease exponentially with 
ŷ.Fig. 4 shows the dimensionless velo
ity û as a fun
tion of 
. The velo
ity pro�les havea lo
al maximum in the ridge break area (at ŷ = 0 for the step ridge and around ŷ � �1for the other ridges) where the ridge rises up from the slope. The magnitude of the velo
itydepends on 
 , with large values of 
 giving large velo
ities.From Fig. 3 it is seen that the dense 
ore is wide 
ompared to the ridge for small 
 andmore narrow for large 
. Hen
e, a ridge on a steep shelf slope, whi
h has 
omparativelylarge s and 
, is expe
ted to have a relatively fast downslope 
ow that is lo
alized in thevi
inity of the ridge and de
ays rapidly away from it. In 
ases with small 
, e.g. on a shallowslope or in regions of enhan
ed bottom fri
tion, the dense water that leans against the ridgewill 
ow more slowly and o

upy a larger area upstream of the ridge.It was shown in the previous se
tion that for a given ridge shape, the dimensionlesstransport 
apa
ity, T̂ , depends only on 
. Fig. 5 shows T̂ as a fun
tion of 
 for the �vetopographies. As expe
ted from the similar velo
ity- and thi
kness distributions among theother ridges these also have 
omparable transport 
apa
ities. For the step ridge, the de-penden
ies of velo
ity and thi
kness on 
 
an
el out, and the downslope transport 
apa
ityis independent of 
. In the limit of zero width, i.e. as 
 approa
hes zero, the transport
apa
ity for all the 
onsidered ridges approa
hes the value 0.5 pertaining to the step-shapedridge. For larger 
 the transport 
apa
ity de
reases. This means that the downslope steer-ing is most e�e
tive for gentle bottom slopes that are interse
ted by sharp ridges, and/orin regions of enhan
ed bottom fri
tion. However, the downslope transport 
an never ex-
eed the theoreti
al maximum value 1=2, obtained for the step-shaped ridge or in the limit
 ! 0. A

ording to (15), the dimensional transport 
apa
ity is obtained by multiplying T̂by g0H2=f , and so the maximal 
apa
ity is g0H2=(2f).For 
omparison, the downslope transport obtained for a 
osine-shaped 
anyon (W�ahlin2002) and that for a linear 
anyon (Davies et al. 2006) have been inserted in Fig. 5 (seeAppendix B for derivation). The transport 
apa
ity for the 
anyon geometries approa
heszero for small 
, while all ridge geometries approa
h 0.5 as dis
ussed above. It is hen
e ex-pe
ted that for abrupt topography and/or small seaward slopes of the bottom, ridges steerdense water downhill more e�e
tively than 
anyons. For 
 < 0:1, the transport 
apa
ity ofa ridge is more than an order of magnitude larger than that of a 
anyon. The reason for thisdi�eren
e is that for small 
, the downslope ridge 
ow is 
omparatively slow but o

upiesa wide se
tion next to the ridge. The 
anyons have a similar behavior for small 
, with
omparatively slow and thi
k 
anyon-
ows. However, sin
e the 
ow is laterally 
on�ned bythe 
anyon walls, the 
ow 
annot be
ome as wide as that asso
iated with the ridge, and thedownslope transport is limited. 58
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Figure 3: Dimensionless interfa
e ĥ+ D̂ as a fun
tion of ŷ for di�erent topographies.Shaded area indi
ates bottom topography (looking seaward down along the ridge) whilethe lines are ĥ+ D̂ for di�erent values of 
 a

ording to legend. a) Step-shaped ridge,b) 
osine-shaped ridge, 
) paraboli
 ridge, d) linear ridge, and e) smooth ridge.59
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Figure 5: Geostrophi
 downslope transport as a fun
tion of the topographi
 parameter
 = sW=Æ for 
ow leaning against a ridge. The bla
k lines 
orrespond to the di�erentridge-shapes a

ording to legend. The grey lines indi
ate the transport in a 
osine-shaped and a linear 
anyon and have been inserted for 
omparison.4 Topographi
 steering of the Fil
hner Over
owCold I
e Shelf Water (ISW) is formed under the Fil
hner-Ronne I
e Shelf as sea waterintera
ts with the 
oating gla
ial i
e (N�st & Foldvik 1994). Fig. 6a shows how ISW (T <�1:9ÆC, S ' 34:60) exits the i
e shelf 
avity through the Fil
hner Depression, passing overthe sill onto the 
ontinental slope. There it 
ows left along the topography as a plume ofdense water (Foldvik et al. 2004) submerging the warmer (T ' 0ÆC) and slightly more saline(S ' 34:66) Weddel Deep Water (WDW). Foldvik et al. (2004) estimated the 
ux of ISWto be 1:6� 0:5 Sv.The 
ontinental slope in the area has slopes ranging from 0.03 at the upper part of theslope to 0.015 further down. Fig. 6b shows the topography and the mean 
urrent measuredby �ve moorings (lo
ated 10-56 m above the bottom). Moorings F1-F4 revealed a mean 
owof dense, 
old water roughly aligned with the isobaths. Su
h a 
ow �eld is typi
al for theregion as is evident from the present data as well as several other 
urrent meter moorings, allof whi
h were presented in detail in Foldvik et al. (2004). Some 80 km west of the Fil
hnerDepression the slope is 
ross
ut by a system of submarine 
anyons and ridges. Mooring D1(see Fig. 6b) was pla
ed in the vi
inity of the eastern-most of these ridges, and 
ontraryto the other moorings in the plume, it indi
ates a 
ow aligned with the ridge, i.e. a
rossthe isobaths and down the slope. Fig. 7 shows a CTD se
tion a
ross the ridge and the D161



Figure 6: The study area. a) The western Weddell Sea with 
oating i
e shelves inlight grey and the Antar
ti
 
ontinent in dark grey. The thi
k arrows indi
ate theapproximate pathway of 
old I
e Shelf Water (ISW) exiting the Fil
hner-Ronne I
eShelf 
avity. The bla
k box marks the 
lose-up shown in (b). The map was 
reatedusing data from the Antar
ti
 Digital Database (SCAAR 2006). b) Position andmean 
urrent (instrument 
losest to the bottom, i.e. 10/10/56 and 10 m above bottomrespe
tively) of moorings in the Fil
hner Over
ow area. The bla
k line marks theposition of the CTD se
tion showed in Fig. 7.mooring. Plume water, here indi
ated by the �0:6ÆC isotherm, is seen as an approximately170 m thi
k layer leaning against the ridge. A thin layer of plume water 
an also be observedon the ridge.The D1 mooring was deployed on the slope at a depth of 2100 m in January 1985 andwas re
overed a year later, in January 1986. The mooring was equipped with two 
urrentmeters, Anderaa RCM, that were pla
ed 25 and 100 m above the bottom and registeredhourly values of velo
ity and temperature. The data re
ords show a mean northeasterly
urrent and a strong six-day os
illation that is aligned with the mean 
ow and has an am-plitude roughly equal to the mean speed (Darelius et al. 2006). The same os
illation isseen in the temperature re
ord, swinging between 0ÆC and �1:9ÆC. Thus, throughout theos
illation period the mooring is surrounded by Weddell Deep Water (WDW), ISW andmixtures thereof. Fig. 8 shows the along-ridge velo
ity plotted against the temperature, and62
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Figure 7: CTD se
tion a
ross the ridge along the line indi
ated in Fig. 6. Dotted linesindi
ate the CTD stations while solid lines are isotherms. Light grey indi
ates areabelow CTD 
asts, i.e. with no data. The D1 moorings are indi
ated with bla
k 
ir
les.a strong negative 
orrelation (r = -0.75) is apparent. The 
orrelation indi
ates a pulsating
ow, where quies
ent periods, during whi
h the mooring is submerged in warm WDW, areinterrupted by dynami
 episodes or pulses of 
old ISW or ISW/WDW mixtures 
owing bythe mooring at high speeds (up to 1 m/s). Despite the 
u
tuating nature of the 
ow, thetemporal Rossby number is small (using the maximal velo
ity 1 m/s and a period of sixdays gives a Rossby number of 0.02), and the 
ow is expe
ted to be quasi-geostrophi
.The CTD-se
tion in Fig. 7 shows an approximately 170 m thi
k dense layer. The twotemperature sensors at mooring D1 do not provide information about the dense layer thi
k-ness and its 
u
tuations. However, sin
e the uppermost re
ord is 
o-os
illating with thelower one and the temperature di�eren
e between them is only a few tenths of a degree, itis hypothesized that the two sensors were both within the dense layer and hen
e that thiswas at least 100 m thi
k at the site of the mooring.The theory presented in the pre
eding se
tions predi
ts layer thi
kness, velo
ities andtransports given the ba
kground slope, the Ekman layer thi
kness and the properties of theridge and the two water masses. We 
an estimate the geometri
al 
onstants from the mapin Fig. 6b and have H ' 300 m, W ' 7 km, and s ' 0:02. The mooring is lo
ated roughly 663
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Figure 8: : Along-ridge velo
ity versus temperature from mooring D1, 25 m abovebottom. The lines show the relation between velo
ity and temperature a

ording to(44), for a 
osine and paraboli
 ridge shape.km east of the top of the ridge, and so y ' 6 km. Using a quadrati
 fri
tion law the Ekmanlayer thi
kness, Æ, 
an be estimated by (see e.g. W�ahlin & Walin (2001) for a 
omparison oflinear and quadrati
 parameterizations of bottom fri
tion)Æ = (CD +E)g0 sin�f2 (41)where CD is the drag 
oeÆ
ient, E the entrainment 
oeÆ
ient and � the slope of the ridgeside. Measurements from the Faroe Bank Over
ow made by Mauritzen et al. (2005) gave aCD of 4� 10�3 and showed that the interfa
ial stress was relatively small. Assuming thatthe 
onditions in the Fil
hner Over
ow are somewhat similar ( i.e. CD = 4� 10�3, E = 0)and that tan� ' H=W gives Æ = 35 m. Combining the values from above gives 
 = 4 whi
h
orresponds to a non-dimensional transport 
apa
ity of around 0.25 (see Fig. 5). Returningto the dimensional expressions (using (10)) and assuming that the layer 
onsists of undilutedISW, we get a transport 
apa
ity of roughly 0.3 Sv. The total 
ow of ISW was estimatedto be 1.6 Sv by (Foldvik et al. 2004), and hen
e, a

ording to the present 
al
ulations, theridge 
ould support a downslope transport equivalent to one �fth, a substantial part, of thetotal out
ow.Fig. 9 shows the analyti
al solutions when the parameter values spe
i�ed above areapplied to a 
osine-shaped and a paraboli
 ridge. The instruments on mooring D1 aremarked with asterisks. A

ording to the theory the dense layer should be roughly 100 mthi
k at the site of the mooring, somewhat thinner than what is obtained from the CTD64



data. The thi
kness de
reases relatively fast, and 5 km west of the ridge break the thi
knessis less than 10 m. The easternmost stations in the CTD se
tion (Fig. 7) are lo
ated roughly3 and 6 km east of the ridge. At those stations the CTD, whi
h was lowered to 15-20 mabove the bottom, did not dete
t a dense layer, and so the lateral extent of the dense layerseems to agree well with the theoreti
al predi
tion.One result of the present theory is that the shape and slope of the dense interfa
e areindependent of the density di�eren
e and the geostrophi
 velo
ity. Provided the along-slopetransport ex
eeds the transport 
apa
ity of the ridge, the plume shape depends only on thetopography (although the magnitude of the transport depends on the density di�eren
e andasso
iated geostrophi
 velo
ity). The strong 
orrelation between velo
ity and temperaturethat is evident in Fig. 8 supports this result. If the plume shape varied during the measure-ment period, the relation between velo
ity and density di�eren
e would not be linear, as itappears to be.
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Figure 9: Theoreti
al layer thi
kness obtained using observed 
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osine-shaped and b) paraboli
 ridge topographies. Lines show theoreti
al interfa
elevel based on three di�erent values of the topographi
 parameter 
 = sW=Æ , a

ordingto legend. The position of the D1 mooring and its instruments are indi
ated withasterisks. 65



Ignoring the small 
hanges in salinity we 
an express the density di�eren
e �� as�� = ���T�0 (42)where � is the thermal expansion 
oeÆ
ient, �T = T � T0, and T0 (�0) is a referen
etemperature (density). The geostrophi
 velo
ity at the site of the mooring (y = y�) 
anhen
e be expressed as ug(y�) = �g��Tf �(h+D)�y ����y=y� (43)where �(h+D)�y ���y=y� is the slope of the interfa
e at y = y�, whi
h a

ording to theory doesnot 
hange in time even though �T may do so. Using the geometri
al 
onstants abovegives �(h+D)�y ���y=y� = 0:05 for a 
osine-shaped ridge and �(h+D)�y ���y=y� = 0:06 for a paraboli
ridge. The thermal expansion 
oeÆ
ient � is at 2000 m (8:34=10:58)� 10�5 K�1 for T =�2=0ÆC respe
tively (Gill 1982). Using the mean value � = 9:5� 10�5K�1, f = 1:3� 10�4s�1, g = 9:82 m/s2 and the interfa
e slope (43) givesug(y�) = �k�T (y�) (44)where k = 0:34 for a 
osine-shaped ridge and k = 0:38 for a paraboli
 ridge. The linearrelations 
orresponding to these two values have been inserted in Fig. 8, and, as 
an be seen,the agreement is not unreasonable 
onsidering the simpli�
ations involved.5 Dis
ussionDense plumes of suÆ
iently large s
ale are geostrophi
 to leading order, and they hen
e
ow nearly parallel to the isobaths on a slope. The des
ent of dense water is due eitherto ageostrophi
 pro
esses, su
h as fri
tion or eddies, or to topographi
al steering. Previ-ous studies on topographi
 steering have fo
used on the downslope 
ow that takes pla
ein submarine 
anyons or depressions (Sherwin et al. 2007, Sherwin & Turrell 2005, Vili-bi
 et al. 2004, W�ahlin 2002). It was, however, shown in the numeri
al experiments byJiang & Garwood (1998) that elevations as well as depressions interse
ting the slope 
anbe asso
iated with downslope 
ow of the dense water. In the present study it is shownthat the dynami
al regime allowing fri
tionally modi�ed geostrophi
 
ow down a 
anyon
an be established also along a ridge. For abrupt topography, and/or 
omparatively smallba
kground slopes, ridges are in fa
t more e�e
tive than 
anyons in 
hanneling dense waterdown the slope, sin
e the width of the 
ow in the 
anyon is limited by the 
anyon walls.Consider, for example, a 
ontinental slope where the bottom slopes seaward with the ratio1/100, and where the thi
kness of the Ekman layer (Æ) is 50 m. If this slope is interse
tedby a topographi
 irregularity - ridge or 
anyon - whi
h is 5 km wide, then the topographi
parameter 
 = sW=Æ is equal to one. From Fig. 5 we have that a ridge should 
hannel nearlytwi
e as mu
h water down the slope as a 
anyon. If the slope instead is 0.005, then 
 = 0:566



and the ridge is three times as e�e
tive.The non-dimensionalized transport 
apa
ity for a given ridge shape is a fun
tion only of
 = sW=Æ. The geometri
al number 
 
an be interpreted as the ratio of the s
aled trans-ports if the interfa
e slope is repla
ed with the slope of the ridge wall. As 
 ! 0, i.e. forsteep ridges and/or small ba
kground slope, the transport 
apa
ity for all ridge topographiesapproa
hes the maximum value 1=2. The a
tual magnitude of the downslope transport, T ,depends also on the ridge height H , the redu
ed gravity g0 and the Coriolis parameter fand is given by T = T̂ (
) g0f H2, where T̂ (
) is found from the analyti
al expressions plottedin Fig. 5. The expressions all pertain to a linear bulk fri
tion parameterization, but a

ord-ing to 
anyon 
al
ulations (W�ahlin 2002) the results are expe
ted to be similar also for aquadrati
 fri
tion parameterization provided the Ekman layer thi
kness is equal.The obtained solutions are 
omparatively insensitive to the shape of the ridge, as indi-
ated by the similarity in the results for the presented ridge topographies. This means thata �rst-order estimation of the transport 
apa
ity 
an be done without detailed informationon the ridge topography.As dis
ussed, the transport 
apa
ity is the maximum downslope 
ux of dense water thata ridge/
anyon 
an support. This suggests that if the 
ow approa
hing a ridge is smallerthan its transport 
apa
ity, all of the water may be 
hanneled downslope. If, however, thealong-slope transport upstream of the ridge is in
reased and the transport 
apa
ity is ex-
eeded, the 
ow will divide in two, with the ex
ess 
uid passing over the ridge and 
ontinuingalong the slope. This pro
ess 
an explain the division of the Fil
hner Over
ow plume thatwas observed by Foldvik et al. (2004): the estimated transport 
apa
ity of the examinedridge is 0.3 Sv while the total 
ux of ISW is 1.6 Sv (Foldvik et al. 2004). The numeri
alexperiments 
ondu
ted by Jiang & Garwood (1998) show a tenden
y to this me
hanism.They used a large and a small ridge, both of whi
h indu
ed a division of the 
ow. Applyingthe present theory to their geometry gives a transport 
apa
ity that is 
omparable to, butsmaller, than their initial out
ow rate; but it seems likely that by the time the dense waterrea
hed the ridge, its transport had been in
reased by entrainment.Entrainment and detrainment pro
esses are 
learly important to the ambient o
ean strat-i�
ation as they determine the �nal properties and penetration depth of the plume water(e.g. Legg et al. (2006)). Small-s
ale topographi
 features on the slope a�e
t the mixing andentrainment/detrainment pro
esses. It was noted in the model study by Jiang & Garwood(1998) that mixing in downslope 
ows was in
reased in the vi
inity of a ridge and in a
anyon, and Baines & Condie (1998) made the same observation in a laboratory experimentwith a dense plume entering a 
anyon. However, when steered by a ridge or a 
anyon, thedense 
ow will follow a shorter path to the deep sea. The shorter path may outweigh theexpe
ted in
rease in entrainment ratio and so maintain or even in
rease the penetrationdepth. As pointed out by Hughes & GriÆths (2006), it is the rate of entrainment per unit67



depth of fall that is important. Wells & Wettlaufer (2005) showed in the laboratory thatfor relatively steep slopes, this parameter is 
onstant. If this holds also for gentle slopes,it would indi
ate that the total entrainment is 
onstant, regardless of whether the plumedes
ends leaning on a ridge or on the open slope.The real bathymetry of the Weddell Sea slope is 
learly more 
omplex than the idealizedridge topographies used here, but in light of the other simpli�
ations involved it appearspointless to go into greater bathymetri
 detail when 
omparing the data set with the the-ory. It has been assumed that the 
ow is geostrophi
 to leading order and that along-ridgevariations of plume thi
kness are small 
ompared with those a
ross the ridge. Further-more, the e�e
ts of mixing and thermobari
ity have been negle
ted, and the upper layer hasbeen assumed ina
tive. The dataset will here be dis
ussed with regard to these assumptions.It was shown in Se
tion 4 that the velo
ities are quasi-steady despite the os
illating na-ture of the 
ow (Darelius et al. 2006). However, geostrophy 
an be modi�ed also by theadve
tive inertial terms, if the vorti
ity �u�y � f . In order to have negligible inertial terms itis required that g0Hf2W 2 = B � 1 or, for large 
, relation (40) B
2 � 1. It is obvious that thedata presented here do not satisfy either requirement. The parameters from se
tion 4 giveB = 0:6, 
 = 4 and B
2 = 10, and hen
e adve
tion may well play a role in the momentumbalan
e, modifying the theory presented here. As was suggested also in Johnson & Ohlsen(1994), it is hypothesized that the se
ondary, transverse 
ir
ulation involving the slowermoving water in the Ekman Layer is likely to redu
e the velo
ities. The transport 
apa
ityshould then also be smaller than the theoreti
al values presented here.The theory negle
ts the e�e
t of mixing, entrainment and detrainment and is stri
tlyvalid only for 
ows where no su
h pro
esses o

ur. All natural 
ows will, however, to someextent ex
hange mass and momentum with the surroundings. It is not possible from the
urrent data set to quantify the importan
e of these ex
hanges. The high velo
ities suggestthat the 
ow o

asionally is super
riti
al, whi
h a

ording to lab experiments (Ellison &Turner 1959) is indi
ative of high mixing rates. On the other hand, the presen
e of almostundiluted ISW (T ' �1:9ÆC) at the mooring shows that little entrainment has taken pla
e.It was suggested by Killworth (1977) that thermobari
ity, or the dependen
e on temper-ature of the 
ompressibility of seawater, has an important e�e
t on the des
ent of the 
oldISW [although there are also studies showing that the thermobari
 e�e
t may be 
ounter-a
ted by the in
reased mixing indu
ed by the higher velo
ities (Jung
laus et al. 1995)℄. Thepresent results indi
ate that the 
orrugated topography may play an equal (and hithertooverlooked) role in the des
ent.An interesting extension of the present work would be to in
lude the e�e
ts of an a
tiveupper layer. Laboratory experiments and modeling by K�ampf (2005) show that a dense
ow down a 
anyon may indu
e a barotropi
 
ounter 
ow in the overlying water mass. It68



has also been suggested that the stret
hing of an a
tive upper layer may 
ontribute to eddygeneration, a me
hanism that presumably will be of in
reased importan
e in the presen
eof topographi
 
orrugations. Su
h eddies have been observed in the laboratory (Cenedeseet al. 2004, Etling et al. 2000, Lane-Ser� & Baines 1998) and above the Denmark StraitOver
ow (Lea et al. 2006, H�yer & Quadfasel 2001, Bru
e 1995), and there are indi
ationsthat similar phenomena o

urs also in the Fil
hner region (Darelius et al. 2006).Despite the dis
repan
ies between the theoreti
al assumptions and the state in the realo
ean, the presented hydrographi
 data from the Fil
hner Over
ow seem to agree quali-tatively with theory. It should be pointed out, however, that the data set is sparse andnot very detailed and that it provides support rather than proof for the theory. A highera

ura
y of transport estimates 
an surely be obtained by in
lusion of omitted terms andmore 
omplex models.The 
ontinental slope around Antar
ti
a is full of ridges and 
orrugations, and the present�ndings support a large-s
ale 
on
eptual model in whi
h dense water 
ir
les around the 
on-tinent, fed from above by a number of buoyan
y sinks and drained by a downhill transport
aused by various ageostrophi
 and/or topographi
ally indu
ed pro
esses. The relative im-portan
e of topographi
 
orrugations among these pro
esses needs to be assessed, but thepresent �ndings and data indi
ate that they may be a responsible for a substantial part ofthe downslope transport.
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APPENDIXA Smooth ridgeThe solution to the equation �ĥ�ŷ � 
ĥ = 2ŷ(1 + ŷ2)2 (45)i.e. (16) using (37), 
an be found by use of Fourier transformation. De�ning the Fouriertransform F (k) of the fun
tion f(ŷ) asF (k) = 1Z�1 f(ŷ)e�2�ikŷdŷ (46)and f(ŷ) = 1Z�1 F (k)e2�ikŷdk (47)and performing the transformation on equation (45) gives2�ikF (k)� 
F (k) = 1Z�1 2ŷe�2�ikŷ(1 + ŷ2)2 dŷ: (48)The integral on the right-hand side 
an be evaluated using 
al
ulus of residues, giving1Z�1 2ŷe�2�ikŷ(1 + ŷ2)2 dŷ = �2ik�2e�2�k: (49)Consequently we have F (k) = ��e�2�k(1� 
2�ik ) ; (50)whi
h (using the inverse Fourier transform) gives the sought solution ĥ(ŷ),ĥ(ŷ) = �11+ŷ2 + i
2 e
(ŷ+i)Ei(
(ŷ + i))� i
2 e
(ŷ�i)Ei(
(ŷ � i))+e
ŷ �1� i
2 ei
Ei(
i) + i
2 e�i
Ei(�
i)� : (51)
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B Cosine-shaped and linear 
anyonsCosine-shaped 
anyon Assume that the topography is given byD̂(x; ŷ) = sx+ 12 [
os(�ŷ) + 1℄ �2 � ŷ � 0 : (52)Using the requirement of maximal downslope transport, i.e. ĥ(0) = 0 and requiring thatĥ > 0 for YL < ŷ < 0, the solution to (16) using (25) is given byĥ(
; ŷ) = ( �22(�2+
2) �e
ŷ � 
os(�ŷ)� 
� sin(�ŷ)� YL � ŷ < 00 ŷ < YL; ŷ > 0 (53)where �2 � YL � �1 and ĥ(YL) = 0. The downslope transport 
an not be found analyti-
ally but must be 
al
ulated numeri
ally from (17).
Linear 
anyon Assume that the topography is given byD̂(x; y) = � sx� ŷ � 1 �2 � ŷ < �1sx+ ŷ + 1 �1 � ŷ � 0 : (54)Using the requirement of maximal downslope transport, i.e. ĥ > 0 and requiring thatĥ > 0 for YL < ŷ < 0, the solution to (16) using (25) is given byĥ(ŷ) = ( �� 1
 + 2
 e
� e
ŷ � 1
 �2 � ŷ < �1� 1
 e
ŷ + 1
 �1 � ŷ � 0 (55)where YL = 1
 ln� 12e
 � 1� : (56)Using (17) the geostrophi
al downslope transport is given byTLinear Canyon = 1
2 �2e�
 � 2 + ln(2e
 � 1)� : (57)
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Topographi
 steering of dense over
ows: laboratory experimentswith V-shaped ridges and 
anyonsE. Darelius 1;2(1) Geophysi
al Institute, University of Bergen, Norway(2) Bjerknes Centre for Climate Resear
h, Bergen, NorwayAbstra
tTopographi
 
orrugations su
h as 
anyons and ridges 
ross-
utting the path of a denseplume may e�e
tively steer all or part of the plume downslope. A dynami
al regime, inwhi
h the along-slope transport is balan
ed by a return 
ow in the Ekman layer to maintaina geostrophi
ally balan
ed downslope 
ow along the 
orrugation, has been proposed. Ananalyti
al model (Darelius & W�ahlin 2007, W�ahlin 2002) in
orporating these physi
s is
ompared with laboratory experiments of dense gravity 
urrents 
owing down sloping, V-shaped 
anyons and ridges in a rotating frame of referen
e. The response of the 
ow tovariations in four governing parameters (slope, rotation, volume 
ux and redu
ed gravity) isgenerally des
ribed well by the model. Verti
al velo
ity pro�les resolving the Ekman spiralwere obtained using a Laser Doppler Velo
imeter and they showed the se
ondary, transverse
ir
ulation superimposed on the primary, downslope 
ow. A parti
le 
owing down the
anyon/along the ridge 
an be expe
ted to follow a helix-like path, and dye released withinthe dense layer showed this. The experiments support the dynami
al regime proposed fortopographi
ally steered 
ows, and veri�es the analyti
al model. The gravity 
urrent wasobserved to divide in two when the transport 
apa
ity of the 
orrugation was ex
eeded; onepart 
ontinued along the slope and the other 
owed downslope along the 
orrugation.1 Introdu
tionDense water formed on shallow 
ontinental shelves and in marginal seas des
ends the 
ont-inental slope as density driven plumes (Pri
e & Baringer 1994) and replenishes the deepo
eans. However important, the physi
s governing the pathway of these plumes is poorlyunderstood. A better 
omprehension of dense plumes is needed to improve the understand-ing of the global thermohaline 
ir
ulation, in whi
h they play an important role, and itsresponse and sensitivity to 
hanges in 
limati
 for
ing.Dense water on a slope adjusts geostropi
ally and the main 
ow dire
tion is along the iso-baths. Ageostrophi
 pro
esses, su
h as fri
tionally indu
ed Ekman transport (e.g. W�ahlin &75



Walin (2001)) and baro
lini
 eddies (e.g. Tanaka & Akitomo (2001)), will 
ause a downslopetransport of dense water. Dense water may also be steered downslope by submarine 
anyons(W�ahlin 2002, Baines & Condie 1998) and ridges (Darelius & W�ahlin 2007) 
ross-
utting the
ontinental shelf. The latter pro
ess, topographi
 steering of dense plumes, is the fo
us ofthis work. One example of a topographi
ally steered plume is the Wyville Thompson RidgeOver
ow, where dense water des
ends to great depths following a small 
anyon (Sherwinet al. 2007, Sherwin & Turrell 2005). Another example is the Fil
hner Over
ow, part of whi
hfollows a submarine ridge downslope (Darelius et al. 2007, Darelius & W�ahlin 2007, Fold-vik et al. 2004). Channeling of dense water by 
anyons and ridges has also been observedin laboratory experiments (W�ahlin et al. 2007, Davies et al. 2006, K�ampf 2005, Baines &Condie 1998) and in numeri
al models (K�ampf 2000, Jiang & Garwood 1998).When 
onsidering topographi
 steering, two key questions emerge: how mu
h water 
ana ridge or a 
anyon 
hannel downslope, and what are the parameters and the dynami
s
ontrolling the 
ow? These questions were addressed by W�ahlin (2002), who fo
ussed on
anyons, and by Darelius & W�ahlin (2007), who 
onsidered submarine ridges. Hereafter
anyons and ridges will be referred to jointly as \
orrugations" while \wall" refers to the
orrugation wall on whi
h the 
ow is \leaning" (Marked with 'W' in Fig. 1). The downslope
ow is assumed to be mainly geostrophi
, and it indu
es an Ekman transport away from thewall in the bottom boundary layer. Due to the sloping bottom, the geostrophi
 
ow has a
omponent towards the wall. If the transverse 
ows are in balan
e, i.e. if the Ekman trans-port away from the wall equals the geostrophi
 transport towards it, then a geostrophi
allybalan
ed downslope 
ow, leaning on the 
orrugation, 
an be maintained. The dense wateris thus expe
ted to follow a helix-like path down the slope: 
owing towards the wall in theinterior and away from it in the bottom boundary layer. Su
h a se
ondary 
ir
ulation ispresent in many 
ow 
on�gurations, e.g. in rotating 
hannel 
ows (Garrett 2004). Bottomfri
tion will 
ause a Ekman transport in the bottom boundary layer to the left of the main
ow dire
tion that is balan
ed by a return 
ow in the interior. This has been observed withinthe Faroe Bank Channel (Johnson & Sanford 1992), in the Juan Fu
a Strait (Ott et al. 2002)and in laboratory experiments (Johnson & Ohlsen 1994). The di�eren
e between the rotat-ing 
hannel 
ow and that along a sloping 
orrugation, is that in the former, the se
ondary
ir
ulation does not pose any restri
tions on the main 
ow; any given 
ow has a 
ertainse
ondary 
ir
ulation asso
iated with it. In the latter, the se
ondary 
ir
ulation does poserestri
tions on the primary, downslope 
ow. If the Ekman transport is too small, ex
ess 
uidwill be transported over the 
orrugation wall. If the Ekman transport is too large, the layerwill 
atten out, redu
ing the velo
ity of the downslope 
ow, and hen
e the Ekman trans-port, until a state is rea
hed in whi
h the a
ross 
orrugation 
ows exa
tly balan
e ea
h other.A 1.5-layer analyti
al model in
luding the dynami
s des
ribed above has been appliedto sinusoidal (W�ahlin 2002) and V-shaped (Davies et al. 2006) 
anyons and to several ridgetopographies (Darelius & W�ahlin 2007). The model predi
ts the thi
kness and shape of thedense layer and quanti�es the transport 
apa
ity, i.e the maximum amount of water that76



a 
orrugation 
an 
hannel downslope. On shallow slopes and for narrow topographies thetransport 
apa
ity of ridges are an order of magnitude larger than that of a 
anyon (Darelius& W�ahlin 2007). Davies et al. (2006) 
ompared a similar analyti
al model with laboratoryexperiments representing the Faroe Bank Out
ow, and found it to agree qualitatively well.The downslope velo
ities in the 
hannel were geostrophi
, and the observed interfa
es agreedwith model solutions. Baines & Condie (1998) have shown experimentally that 
anyons
an steer dense plumes downslope. The authors suggested that enhan
ed mixing within the
anyon may redu
e the penetration depth of the plume water. This was 
on�rmed by W�ahlinet al. (2007), who in a laboratory setting 
ompared mixing within topographi
ally steeredplumes and plumes des
ending on an open slope. K�ampf (2005) studied a set of multiple
anyons and showed, both numeri
ally and experimentally, that a dense down-
ow within a
anyon indu
ed a 
ounter-
ow in the upper layer. The upslope 
ounter-
ow 
ould explainobserved intrusions of deeper water masses on the Antar
ti
 
ontinental shelves, for example.The purpose of this work is to investigate, over a range of parameters, the behavior ofa dense 
urrent 
owing downslope along a sloping 
orrugation and to experimentally testthe theoreti
al model des
ribed above. One set of experiments was performed with thedense sour
e pla
ed on the slope at some distan
e from the 
orrugation. The dense plumeinitially 
owed along the slope, until impinging on the 
orrugation. When the 
ux of densewater was smaller than the transport 
apa
ity of the 
orrugation the entire dense plumewas steered downslope. If the transport 
apa
ity was ex
eeded, portions of the dense 
uid
owed over the 
orrugation while the remaining plume was steered downslope as before. Ase
ond set of experiments was performed with the sour
e pla
ed in the 
anyon or in thevi
inity of a ridge to fo
us on 
ow along the sloping 
orrugation. The dense 
uid wasdyed with 
uores
en
e and the interfa
e position 
ould be found from verti
al transe
ts and
ompared with the theoreti
al solutions. The se
ondary 
ir
ulation was visualized with dyeand measured using a Laser Doppler Velo
imeter. The wedge-shaped interfa
e previouslyobserved in 
anyon and 
hannel 
ows (Davies et al. 2006, Mauritzen et al. 2005, Johnson &Ohlsen 1994, Saunders 1990, Boren�as & Lundberg 1988) was also observed in the vi
inityof a ridge.2 TheoryConsider a dense plume that 
ows along a 
ontinental slope and impinges on a 
orrugation,e.g. a 
anyon as in Fig. 1a (the same argument 
an be applied to a ridge), 
ross
utting theshelf. The plume splits, and part of the water is steered along the 
anyon, i.e. down theslope, while the rest 
ows out of the 
anyon and 
ontinues along the slope. The fo
us willbe on the part of the plume that is steered down the 
anyon and downslope of the transitionregion where the splitting of the plume o

urs. Theory des
ribing su
h a 
ow is explainedin Darelius & W�ahlin (2007), Davies et al. (2006) and W�ahlin (2002) but will be brie
ysummarized here. The 
ow is assumed to be geostrophi
 to the leading order and fromnow on rotation is positive (Northern hemisphere). Dire
tions (right/left) refer to looking77



upslope.a) b)

) d)

Figure 1: a) Overview of a dense plume impinging on a submarine 
anyon with partof the dense water being steered downslope. b) Along 
anyon (x-dire
tion) and 
)a
ross 
anyon (y-dire
tion) transe
ts showing the sloping interfa
e, the geostrophi

urrents and the Ekman transport and d) total 
ow a
ross the 
anyon. The wall onwhi
h the 
ow is \leaning" is marked with a W in (
).Fig. 1b-
 show sket
hes of along- and a
ross-
anyon transe
ts of the 
anyon 
ow. Theinterfa
e is sloping both in the x- and y-dire
tion, and the geostrophi
 
urrent 
onsequentlyhas an a
ross-
anyon 
omponent, Vg , dire
ted towards the wall, as well as a downslope
omponent, Ug . The 
urrent indu
es a Ekman transport with a downslope 
omponent, EU ,asso
iated with Vg , and an a
ross-
anyon 
omponent, EV , whi
h is asso
iated with Ug anddire
ted away from the wall. Considering the a
ross 
anyon 
ow only (Fig. 1d), we havea geostrophi
 
ow towards the wall in the interior and a Ekman transport away from it inthe bottom Ekman layer. These two 
ows must balan
e, i.e. the net transport a
ross the
anyon must be zero, for the dense water to remain within the 
anyon and for the 
ow tobe steady. Fluid moves between the Ekman layer and the interior through Ekman pumping.A parti
le 
owing down the 
anyon 
an thus be expe
ted to follow a helix-like path.If the x-axis is dire
ted up the slope and we assume that (1) the interior 
ow is geostrophi
,(2) the upper layer is in�nitely thi
k, homogenous and motionless, (3) the entrainment of78



ambient water is negligible, and that (4) the 
ow is 
onstant in the x-dire
tion (�=�x = 0)and in time (�=�t = 0), then the requirement about zero net transport a
ross the 
orruga-tion (Darelius & W�ahlin 2007, Davies et al. 2006, W�ahlin 2002) gives (using a linear bulkfri
tion parameterization) hg0f �D�x + Æ g0f ��D�y + dhdy� = 0 (1)where g0 is the redu
ed gravity, f the Coriolis parameter, D the bottom elevation, Æ theEkman layer thi
kness and h the layer thi
kness, whi
h has been assumed 
onstant in thealong 
anyon dire
tion (hx = 0). The experiments des
ribed in the following se
tions wereperformed with V-shaped ridges and 
anyons with a width W , a height H (where H =W )and a slope s = sin �, where � is the angle between the 
orrugation and the horizontal (Fig.1). The bottom elevation, D, 
an thus be written asDridge =8>><>>: sx y < �Wsx+ y HW +H �W � y < 0sx� y HW +H 0 � y < Wsx W � y (2)for the ridge and D
anyon =8>><>>: sx y < �Wsx� y HW �H �W � y < 0sx+ y HW �H 0 � y < Wsx W � y (3)for the 
anyon. Using (2) or (3) and dividing with g0=f (1) givesdhdy = hsÆ � �D
orrugation�y : (4)The solutions to (4) that give the maximum geostrophi
 downslope transport, i.e. the trans-port 
apa
ity, are hridge = ( H 1
 (e
 � 1) e
y=W y < �WH 1
 �1� e
y=W � �W � y < 0 (5)and h
anyon = 8<: 0 �W � y < YLH 1
 �(2� e�
) ey
=W � 1� YL � y < 0H 1
 �1� e�
ey
=W � 0 � y �W (6)where YL = �W
 ln(2� e�
) and 
 = sWÆ : (7)79



The non-dimensional parameter 
 is hen
e governing the 
ow. Small values of 
 give wideand thi
k dense layers 
owing relatively slowly downslope while large 
 gives narrow andthin layers and higher velo
ities (Darelius & W�ahlin 2007).The transport 
apa
ity 
an be found by horizontally integrating hUg a
ross the 
orru-gation and it is given by Qridge = g0H2f 1
2 (
 � 1 + e�
) (8)and Q
anyon = g0H2f 1
2 [2e�
 � 2 + ln(2e
 � 1)℄: (9)The transport 
apa
ity for a given g0, H and f is larger for ridges than for 
anyons, sin
ethe lateral extent of the dense layer is limited in the 
anyon. The di�eren
e is largest forsmall values of 
 (Darelius & W�ahlin 2007).3 Experimental apparatusTwo kinds of experiments will be reported on in this paper: initial \overview experiments",in whi
h a dense 
ow on a slope is observed to impinge on a 
orrugation, and more pro
essoriented \
orrugation experiments" where 
ow along a sloping 
orrugation is studied indetail. The main fo
us is on the 
orrugation experiments. Rotation is positive (northernhemisphere) in all experiments and dire
tions (right/left) refer to looking upslope.3.1 \Overview" experimentsOverview experiments were performed in the Geophysi
al Fluid Dynami
s Laboratory inSeattle, USA (small-s
ale) and on the rotating Coriolis platform in Grenoble, Fran
e (large-s
ale).The small-s
ale experiments were performed in a 
one-shaped tank with a diameter of1.22 m, whose sides had a slope � = 18Æ and where one slope-se
tion was ex
hangeableto allow the insertion of 
orrugations. The 
orrugations were shaped in oil-
lay and hada height/depth of 2 
m and a width of 4 
m. The total water depth was 20 
m and thetank was rotating with ! = 0:38 s�1. Dense water with a salinity of 5 was 
olored blueand inje
ted from a sour
e at the top of the slope (roughly 30 
m from the 
orrugation)with a volume 
ux Q=1 
m3/s using a di�user. A digital 
amera was pla
ed above the tank.The large-s
ale experiments were similar, but performed in a tank measuring 13 m indiameter. A 10 
m high and 16 
m wide ridge was pla
ed on a large (2.5 x 8 m) slopewhi
h was in
lined to the bottom, � = 6Æ. The rotation period, Trot, was 60 s. In thetwo experiments, the dense plume had a redu
ed gravity, g0, of 0.1 and 0.02 m/s2 and the80



volume 
ux at the sour
e, Q, was 10 and 20 l/min, respe
tively. The total water depth was35 
m. Details on the experimental setup are given in W�ahlin et al. (2007).3.2 \Corrugation Experiments"The 
orrugation experiments were 
ondu
ted in the Geophysi
al Fluid Dynami
s Laboratoryin Seattle, USA using a 122 x 122 x 25 
m square tank, pla
ed 
on
entri
ally on a rotatingtable (Fig. 2). A ridge and a 
anyon made of plexiglass and with dimensions and shapes asshown in Fig. 3 were alternately pla
ed in the tank, with one end raised to make an angle �with the bottom of the tank. Depending on the visualization te
hnique to be used, the 
or-rugations were lined with either bla
k or white plasti
. The tank was �lled with freshwater

Figure 2: Sket
h of the experimental apparatus: (A) Sloping topography, (B) Freshwater tank, (C) Dense water 
ontainer, (D) Point sour
e, (E) Peristalti
 pump, (F)Verti
al light sheet, (G) Slide proje
tor, (H) Mirror and (I) Camera.of density �1, that was initially in solid body rotation. A 
ontainer of dense water, �2 > �1,was pla
ed on the rotating table and 
onne
ted to a dense sour
e made of plasti
 tubes anda peristalti
 pump. A di�user 
omposed of sponge and 
loth was used to redu
e mixing atthe sour
e. In the 
ase of a 
anyon, the sour
e was pla
ed in the 
enter of the 
anyon andin the 
ase of a ridge it was pla
ed 2-3 
m to the right of the ridge break. In both 
asesthe sour
e was pla
ed 10 
m from the top of the slope. The experiment was initialized asthe peristalti
 pump was swit
hed on, releasing dense water at a rate Q. Measurements and81



photo a
quisition were started 15 minutes after the 
urrent was established.Two visualization te
hniques were used:(1) Verti
al transe
ts A verti
al light sheet orthogonal to the 
orrugation axis was illu-minated half way down the 
hannel using a slide proje
tor and a mirror. The dense sour
ewas dyed with 
uores
ein and photographs were taken using a digital 
amera pla
ed at thebottom of the slope.(2) Visualization of the se
ondary 
ir
ulation (Ekman helix) A sour
e of dye wasadded about 20 
m downslope of the dense sour
e, 1 mm above the bottom and 1-1.5 
mleft of the 
enter of the 
orrugation. The dye was inje
ted 
ontinuously through a thin (1mm) glass tube. A se
ond digital 
amera was mounted above the tank.In a few 
anyon experiments a Laser Doppler Velo
imeter (LDV) was installed to obtainverti
al velo
ity pro�les. Due to limited instrument availability, only two parameter 
ombi-nations were explored, see Table 1. The LDV was moved verti
ally in dis
rete steps of 0.64mm, waiting 15 se
onds at ea
h step, and it was pla
ed roughly half way down the slope,either in the 
enter of the 
anyon or 1 
m to the left. The verti
al extension of the LDVsensing volume was set to 0.8 mm. Prior to the experiments the LDV was 
alibrated usingan obje
t moving with a known velo
ity. Fluores
ent transe
ts were obtained in 
ombinationwith the velo
ity measurements.When the LDV was not available, velo
ities were measured using intermittently releaseddye and a 
amera. Small portions of dyed dense water (� = �2) were released every 3.4 s,at a point 1 
m above the bottom over the 
enter of the 
orrugation. The experiments werephotographed from above and the distan
e, l, between the dyed points was measured andthe velo
ity estimated (v = l=3:4 s).The temperature in the tank and in the beaker 
ontaining the in
owing saline water wasmeasured prior to all experiments. Densities were 
al
ulated using the sea water pa
kagein Matlab and the observed temperatures (varying between 20-22ÆC) and salinities. Thesalinity was not measured dire
tly. A standard saline solution was prepared by mixing aknown mass of salt with a known volume of distilled water. The salinity of the standardsolution was 
ontrolled using an Abbe refra
tometer and portions of it were diluted to ob-tain the right salinity and volume. The a

ura
y of the salinity is estimated to about 10%.Up to three experiments were usually performed in a row, i.e. without emptying the tank.In between experiments the dense water on the bottom of the tank was removed using apipette. The remaining saline water was mixed with the ambient water, 
ausing an in
reasein salinity on the order of 10�2. 82



a) b)
Figure 3: Shape and dimensions of the inserted a) ridge and b) 
anyon topographies

The e�e
t of varying the Coriolis parameter f , ba
kground slope s, redu
ed gravity g0(g0 = g���2 , where g = 9:8 m/s2 and �� is the density di�eren
e between the layers) and 
uxQ on the shape and thi
kness of the layer was investigated using the 
uores
ein visualizationte
hnique des
ribed above. One parameter was varied, while the others were kept 
onstantat referen
e values. The parameter range 
overed in the experiments is listed in Table 1,where the referen
e values are marked in bold and the values used for se
ondary 
ow visual-ization with asterisks. The parameters used during the LDV experiments are shown in thesame table.The distan
e over whi
h the 
ow is expe
ted to adjust geostrophi
ally is in the order ofthe internal Rossby radius of deformation, R = pg0H=f . For the parameters used here themaximal value of R is about 0.1 m, while the verti
al transe
ts were obtained roughly 0.5m from the sour
e.
3.2.1 Data pro
essingThe interfa
e position from the 
uores
ein transe
ts was extra
ted from the digital photosby means of the pixel value of the green 
hannel. The dense layer was identi�ed as thearea where this value ex
eeded a 
hosen limiting value. The limiting value was adjustedmanually from experiment to experiment to 
ompensate for variations in light intensity and
uores
ein 
on
entration. 83



ValuesforValuesfor

ParameterSymbolFluores
ein
LDVUnit

Slope
s0.01 �,0.02,0.04,0.08,0.160.04

RotationperiodT59.7,29.4,15.2 �,7.615.2s

Coriolisfa
torf0.19,0.38,0.76 �,1.50.76s �1

Ekmanl.t.Æ1.6,1.1,0.8 �,0.60.8mm

Flux
Q
0.75 �,1.5,3
3
m 3/s

Salinity
S0.63,1.25 �,2.5(i)2.5(ii)5

Redu
edgravityg'0.005,0.01 �,0.02(i)0.02m/s 2
(ii)0.04m/s 2



0.1-3.2

Table1:Parameter-spa
e
overedduringtheexperimentswith
uores
eintranse
ts

andLDVmeasurements.Boldvaluesindi
atethereferen
evaluesandasterisksthe

parametervaluesusedintheexperimentswherethese
ondary
owwasvisualized.(l.

t.=layerthi
kness)
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4 Results4.1 A dense plume impinging on a 
orrugationIn two sets of experiments a dense plume was observed impinging on 
orrugations 
ross-
utting a sloping bottom. Fig. 4 shows a small-s
ale ridge experiment. The results fromthe 
anyon experiments are similar. The dense plume initially adjusted to rotation, veeredto the right and 
owed along the slope with an angle of 10-20Æ to the isobaths. When theplume rea
hed the 
orrugation, the 
ow dire
tion 
hanged and the dense water was steereddownslope by the topography. The 
ux of dense water, Q, was smaller than the transport
apa
ity of the 
orrugation, Q
orrugation (eq. 8-9), and no water passed over the 
orrugation.The results from the large-s
ale experiments are similar. When the 
ux of dense waterwas smaller than the transport 
apa
ity of the ridge, i.e. Q < Qridge, the geostrophi
 
owalong the slope was interrupted and all the dense water was steered downslope (Fig. 5a). Ina se
ond experiment the 
ow parameters were 
hanged so that Q > Qridge. A part of thedense water was then observed to pass over the ridge and to 
ontinue 
owing along the slopeon the other side (Fig. 5b). The pi
ture is here somewhat 
ompli
ated by the developmentof eddies within the dense plume, presumably 
aused by the in
reased 
ux (see e.g. Cenedeseet al. (2004) for a dis
ussion of eddies and 
ow regimes within dense plumes).4.2 Fluores
ent transe
tsCross-se
tion photographs from ridge experiments with varying slope are shown in Fig. 6 andfrom 
anyon experiments with varying rotation in Fig. 7. In Fig. 6b the dete
ted interfa
eposition is in
luded. The 
ow is dire
ted towards the 
amera. In all experiments the densewater is leaning on the wall, generally rea
hing higher up the wall with in
reased rotation(f), in
reased 
ux (Q) and/or redu
ed density di�eren
e (g0). The 
hara
ter of the interfa
evaries a
ross the transe
t. To the left, in the vi
inity of the wall, the interfa
e is di�usewhile it is sharper on the right side.Fig. 8 to 15 show the interfa
e from the experiments (extra
ted from photos) and the
orresponding theoreti
al interfa
es obtained using the laboratory parameters. The Ekmanlayer thi
kness is given by Æ = (�=2f)1=2 where � = 10�6 m2s�1 is the mole
ular vis
osityof water. To a

ount for the interfa
ial Ekman layer (Se
tion 4.4 and 5) an e�e
tive Ekmanlayer thi
kness of 1.5 x Æ was used in the 
al
ulations. Two robust features of the experi-mental interfa
es are 
aptured by theory. Firstly, the interfa
e is horizontal in the vi
inityof the wall, and se
ondly, the dependen
e of the steepness of the middle region on rotationand slope agrees. The most noteworthy di�eren
e is that the interfa
e height (see Fig. 6afor de�nition) is larger in the experiments than in theory. Fig. 16 shows the experimentalvalues of interfa
e height versus the theoreti
al values. The theory seems to underestimatethe interfa
e height by a fa
tor of about 0.8.85



a) b)


) d)

Figure 4: A dense plume impinging on a ridge, Q < Qridge. a) t=0 s, b) t=16 s, 
)t=32 s, and d) t=48 s in a small-s
ale \Overview Experiment"a) b)
Figure 5: A dense plume impinging on a ridge a) Q < Qridge and b) Q > Qridge inthe large-s
ale \Overview Experiments". 86



a) b)

) d)
Figure 6: Ridge transe
ts obtained about 50 
m from the sour
e using referen
e valuesfor 
ux, rotation and salinity (Q, f and g0) and di�erent slopes (s): a) 0.02, b) 0.04,
) 0.08, and d) 0.16. The interfa
e height, IH, and the s
ale is shown in (a) and in(b) the extra
ted interfa
e (from data pro
essing) is shown in white.a) b)

) d)
Figure 7: Canyon transe
ts obtained 50 
m from the sour
e using referen
e values for
ux, slope and redu
ed gravity (Q, s and g0) and di�erent rotation (f): a) f=0.2 s�1,b) f=0.4 s�1, 
) f=0.8 s�1, and d) f=1.6 s�1. The s
ale is shown in (a).87



A 
ertain time-variation in the position of the interfa
e (up to 1 
m for extreme 
ases)was observed. The bars in Fig. 8-15a show the maximum ex
ursion of the interfa
e fromits mean position at the 
enter of the 
orrugation. Variability in the interfa
e position wasgenerally small in the 
anyon experiments (< 1 mm), and larger in the ridge experiments,espe
ially for large values of Q, f and s. In the experiments with large variations the surfa
eappeared wavelike, with 
rests propagating in the along ridge dire
tion. Similar waves wereobserved along the ridge in the large-s
ale overview experiments (see Fig. 5 in W�ahlin et al.(2007)). In experiments without waves, the 
hange in layer thi
kness along the 
orrugationwas judged to be small.4.3 The se
ondary 
ir
ulationThe se
ondary 
ir
ulation des
ribed in Se
tion 2 and sket
hed in Fig. 1d was visualizedwith dye inje
ted in the bottom boundary layer. Fig. 17 shows the inje
ted dye followinga helix-like path down the 
anyon. The dye 
owed to the right a
ross the 
anyon in theEkman layer, and returned to the left in the oppositely dire
ted interior 
ow. The 
ow inthe interior makes an angle of 5Æ with the 
enter line, i.e. Vg ' 0:1Ug (Fig. 17b). The Ekmanlayer thi
kness is roughly 2 mm or about one tenth of the layer thi
kness, i.e. Æ ' 0:1h andequation (1) is thus ful�lled. To be 
onsistent the mean, verti
ally integrated 
ow in theEkman layer ought to make an angle of 85Æ with the 
enter line, i.e. EV = 10EU . Theobserved angle is mu
h smaller; 20-45Æ. The velo
ity within the Ekman layer 
hanges withdepth, de
reasing and veering to the left towards the bottom (the Ekman spiral) and it isun
ertain at what depth above the bottom the dye is moving. The dye streak is relatively
lear and not smeared out whi
h indi
ates that it is 
on
entrated verti
ally. The dire
tion isdi�erent between the �rst and the se
ond passage in the Ekman layer, suggesting that thedye is moving at di�erent levels.Similar experiments were made with ridge topographies, but the dye signal be
ame di�useand hard to observe when approa
hing the right, thin side of the layer, as the dye spreadout and dispersed to a greater extent than in the 
anyon experiments. The overall pi
ture,with dyed water moving right along the bottom and left in the interior was neverthelessobserved.4.4 Verti
al velo
ity pro�lesVerti
al velo
ity pro�les were obtained from two 
anyon experiments using a Laser DopplerVelo
imeter (LDV). The two parameter 
ombinations that were explored (Table 1) gavedense layers with a thi
kness of about (i) 1.5 
m and (ii) 1 
m in the 
enter of the 
anyon.In both 
ases the interfa
e slope was estimated to be 22Æ, giving along-
anyon geostrophi
velo
ities of (i) 1 
m/s and (ii) 2 
m/s. The a
ross-
anyon geostrophi
 velo
ity was 
al
u-lated from s, giving (i) 0.1 
m/s and (ii) 0.2 
m/s.88
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al versus laboratory interfa
e height, as de�ned in Fig. 6a. Thedashed line shows a 1:1 relationship.The pro�le obtained in the 
enter of the 
anyon for the �rst parameter 
ombination(Table 1) is shown in Fig. 18a and that obtained 1 
m to the left of the 
enter in Fig.18b. In the interior (0.8 
m above the bottom) the measured along 
anyon velo
ities are0.8 (1.0) 
m/s in the 
enter (to the left) of the 
anyon and 0.08 (0.08) 
m/s a
ross it, i.e.
lose to geostrophi
. The velo
ity pro�les show a verti
al stru
ture with a 2-3 mm thi
kbottom Ekman layer and indi
ations of a weaker interfa
ial Ekman layer. Superposed onthe measurements in Fig. 18 are the velo
ity pro�les given by Ekman theory (e.g. Cushman-Roisin (1994)), u(z) = U0[1� e�2z=Æ
os(z=Æ)℄� V0e�2z=Æsin(2z=Æ)v(z) = U0e�2z=Æsin(2z=Æ) + V0[1� e�2z=Æ
os(2z=Æ)℄ (10)where U0 and V0 are the interior velo
ities (from LDV) and Æ = (�=2f)1=2 the Ekman layerthi
kness.Measurements from the se
ond parameter 
ombination (Table 1) gave similar pro�lesbut a thinner dense layer and a sub geostrophi
 velo
ity (1.4-1.5 
m/s along the 
anyon).It is hypothesized that the layer was too thin for a geostrophi
 interior to develop. Timeseries from point measurements 1-1.5 
m above the bottom showed that the 
ow os
illated93



a)

b)
Figure 17: The "Ekman helix" tra
ed out by dye inje
ted in the bottom boundary layerseen a) up the 
anyon and b) from above. The se
ondary 
ir
ulation makes a parti
lefollow a helix-like path down the 
anyon, and not a straight line.with an amplitude �u � 0:1 
m/s and a period T � 100 s.4.5 Other velo
ity measurementsVelo
ity data is also available from other experiments, where the velo
ity was estimated fromphotographs of intermittently released dye. Velo
ities were found to vary (with a fa
tor oftwo or less) for many of the ridge experiments, while there was little variability in the 
anyonexperiments. This agrees with the observations of wave-like features in many of the ridge94
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ity pro�le from a) the 
enter of the 
anyon and b) 1 
m to the left(looking up the 
anyon) as measured with LDV (dots) in experiment (i), see Table 1.The theoreti
al velo
ity pro�les from Ekman theory (10) are shown in bla
k.experiments. The ridge velo
ity measurements were not 
onsidered 
on�dent and were thusdis
arded. The measured 
anyon velo
ities agree relatively well with geostrophi
 velo
ities(
al
ulated using the slope of the interfa
e obtained from the 
uores
ent transe
ts), but theyare (in all but one 
ase) lower (Fig. 19).5 Dis
ussionMost theoreti
al and laboratory studies of dense plumes des
ribe 
ow on uniform slopeswhere the downslope transport is asso
iated with fri
tion and vis
ous Ekman drainage oreddies. The 
ontinental slopes are, however, not smooth, but generally transversed with
anyons and ridges that 
an potentially steer dense plume water downslope. This has beenobserved in the Fil
hner over
ow, Antar
ti
a (Darelius & W�ahlin 2007, Foldvik et al. 2004),along the Wywille Thompson Ridge (Sherwin et al. 2007, Sherwin & Turrell 2005), and inthe laboratory (W�ahlin et al. 2007, Baines & Condie 1998), and it was 
on�rmed in thepresent study. Previous theoreti
al work (Darelius & W�ahlin 2007, W�ahlin 2004, 2002) sug-95
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Figure 19: Measured velo
ity versus the geostrophi
 velo
ity 
al
ulated from the ob-served interfa
e slope. The dashed line indi
ates a 1:1 relationship. Typi
al error barsare in
luded in the upper left 
orner.gests a dynami
al regime in whi
h the Ekman transport asso
iated with the downslope 
owbalan
es the geostrophi
 
omponent dire
ted a
ross the 
orrugation. If the net-transporta
ross the 
orrugation is zero then a steady state is possible in whi
h the dense water 
owsdownslope leaning on the wall. The se
ondary, transverse 
ow hen
e restri
ts the primary,downslope 
ow, as it determines the position of the interfa
e and limits the amount of waterthat the 
orrugation 
an steer downslope.In this study, results from an analyti
al model in
luding these dynami
s (Darelius &W�ahlin 2007, W�ahlin 2002, 2004) are 
ompared with laboratory experiments on dense down-slope 
ows in V-shaped 
orrugations. Despite the simpli�
ations involved in the derivationof the theoreti
al expressions for layer thi
kness, they agree qualitatively well with the ex-perimental results. The shape of the dense layer is re
aptured, as well as the response tovariations in the governing parameters, indi
ating that the analyti
al model 
aptures thephysi
s of the experiments. The slope of the layer interfa
e (a
ross the 
orrugation) in
reaseswith in
reasing slope (s) and rotation (f , hen
e for de
reasing Ekman layer thi
kness, Æ),i.e. for in
reasing 
, as expe
ted from theory. Changes in 
ux, (Q), and redu
ed gravity(g0), do not a�e
t the interfa
e slope, but only the interfa
e height (see Fig. 6a for de�ni-96



tion). The in
rease in interfa
e height with in
reasing Q and de
reasing g0 is in line withthe theoreti
al predi
tions. The interfa
e height is, however, underestimated by a fa
torof about 0.8. This means that Q
orrugation is overestimated, sin
e it is proportional to theinterfa
e height squared. This dis
repan
y may partly be attributed to the assumption thatQ and g0 are 
onstant along the 
hannel, i.e. that entrainment is negligible. The interfa
e isdistin
t and well de�ned, whi
h indi
ates that mixing is limited, but some entrainment 
annevertheless be expe
ted, espe
ially 
lose to the sour
e. Entrainment will in
rease Q whileredu
ing g0, and 
ause the interfa
e height to in
rease. In addition, entrainment along thepath will make the interfa
ial Ekman layer more important, i.e. in
rease the e�e
tive Æ andredu
e 
. The LDV measurements revealed the presen
e of a weak interfa
ial Ekman layer.The interfa
ial Ekman layer 
an be in
luded in the model by letting Æ = Æbottom+ Æinterfa
e,as done by Davies et al. (2006) (hereafter D06). Here a value of Æ = 1:5 � Æbottom is usedin the theoreti
al 
al
ulations to a

ount for the interfa
ial Ekman layer. In the theoreti
al
al
ulation the geostrophi
 transport is 
onsidered (eq. 5-6), and the redu
tion of the trans-port in the Ekman layer is not taken into a

ount. This will 
ause an over-estimation ofthe transport 
apa
ity and 
onsequently an under-estimation of the interfa
e height. As-suming that the downslope transport within the Ekman layer is redu
ed by 50%, gives aredu
tion of the total transport of 5% and an in
rease in interfa
e height of 2-3% for Æ = 0:1h.D06 has previously 
ompared a similar analyti
al model to laboratory simulations of theFaroe Bank Out
ow and found it agreed well. Their experiment di�ered from those pre-sented here on a number of points. Firstly, the D06 experiment was performed in a widening
anyon or 
hannel, representing the a
tual Faroe Bank Channel geometry. This 
aused a\bulge" to develop on the left 
ank of the 
hannel as the 
ow adjusted to the shifting trans-port 
apa
ity of the widening 
anyon. In the present experiments 
onstant geometries wereused and no \bulge" was observed. Se
ondly, the D06 
ow was turbulent with relativelyhigh Reynolds number, Re = UW=�, (Re � 1600� 8000), while the experiments presentedhere were laminar with lower Reynolds numbers (typi
ally Re � 200). The di�eren
e inturbulen
e level in
uen
es the strength of the interfa
ial Ekman layer. The transverse 
owat the interfa
e was more pronoun
ed, and 
learly observed, in the turbulent experiments,while in this study it was weaker and observed only in the LDV measurements. Thirdly,the theoreti
al expressions in D06 made use of a di�erent non-dimensionalisation, while theexpressions presented here follow the derivation in Darelius & W�ahlin (2007). Finally, D06de�ne the Ekman layer thi
kness Æ = (CD + E) g0�f2 where � is the slope of the side walland E the entrainment 
oeÆ
ient, i.e. Æ is the sum of the interfa
ial and the bottom Ekmanlayer thi
knesses.Two visual observations warrant further 
omments: the development of waves and thewedge-shaped interfa
e.In a few experiments the interfa
e height and shape varied slowly and the surfa
e ap-peared wavelike. These disturban
es were noted for large 
uxes and/or large rotation and97



slopes and mostly in the ridge experiments. The LDV measurements revealed a 
ertaintime-dependen
e in the fastest 
anyon 
ow (ii), where an os
illation in both u and v with aperiod T ' 100 s and an amplitude of 0.05-0.1 
m/s was found. The 
ow 
an nevertheless bedes
ribed as \quasi-steady", sin
e the waves were slowly evolving and the temporal Rossbynumber, RoT � 1=fT , 
onsequently low (about 0.01). Similar wave stru
tures were observedalong the ridge and 
anyon in the large s
ale Coriolis experiments (W�ahlin et al. 2007), buttheir origin is un
lear. Curiously, a data set from a mooring pla
ed in the vi
inity of a ridge
ross
utting the path of the dense Fil
hner Over
ow plume, Antar
ti
a (Foldvik et al. 2004)shows strong os
illations with a period of 6 days (Darelius et al. 2007) that existing theoriesare unable to explain. A rotation period (Tr) of 16 s and an os
illation period of 100 s would
orrespond to a period of 6 days. This, however, may be 
oin
idental.A wedge-shaped interfa
e was observed in all experiments. The interfa
e was sharp awayfrom the wall and more di�use in the vi
inity of it. This has previously been observed in
anyons both in the o
ean e.g. in the Faroe Bank Channel (Mauritzen et al. 2005, Saunders1990, Boren�as & Lundberg 1988) and in laboratory experiments (Davies et al. 2006, Johnson& Ohlsen 1994). The same wedge-shaped area is found in invis
id rotating hydruali
 
ontrolmodels (Hogg 1983). A

ording to the present study, the phenomena also appears in thevi
inity of a ridge. The se
ondary 
ir
ulation provides two possible explanations for theseobservations. The �rst involves the verti
al movement of water between the Ekman layerand the interior. Johnson & Sanford (1992) suggested that water leaving the Ekman layerand moving up into the interior on the right side (away from the wall) would 
ompress thedensity surfa
es and 
reate a sharp interfa
e there. Close to the wall water moves down-ward into the the Ekman layer, presumably making the interfa
e di�use (Ezer 2006). These
ond explanation proposed is that light 
uid entering the Ekman layer on the left sideis \dragged" below denser water in the interior, 
ausing stati
 instability and 
onve
tion(Moum et al. 2004). It is not possible from the 
urrent data set to determine whether eitherof the suggested pro
esses, or a 
ombination of them, are at play.The se
ondary 
ir
ulation was visualized with dye and quanti�ed with LDV measure-ments. These resolve the bottom Ekman layer and show verti
al velo
ity pro�les that arewell des
ribed by Ekman theory. To our knowledge, this has not previously been re
ordedin a laboratory experiment. The se
ondary 
ir
ulation is similar to that observed in theFaroe Bank Channel (Johnson & Sanford 1992) and in ex
hange-
ow experiments (Johnson& Ohlsen 1994).The analyti
al model is idealized, and relies on a number of assumptions, of whi
h themost important are dis
ussed below (others have been dis
ussed above, e.g. negligible en-trainment (page 97)).(1) The 
ow is geostrophi
ally balan
edAs dis
ussed by Darelius & W�ahlin (2007) the theory is stri
tly valid only for geostrophi
allybalan
ed 
ow, i.e. when the adve
tion terms (u �ux+v �uy; u �vx+v �vy) are zero. The terms98




an be negle
ted if the Burger number (Bu= g0H=f2=W 2) or 
2Bu is small. The standardparameter values used here (Table 1) and an approximate height and width s
ale of 3 
mgives Bu � 2 and 
2Bu � 1. Adve
tion might thus be expe
ted to a�e
t the solutions, butit is un
lear in what way. It would be of great interest to apply a numeri
al model to theproblem, so that the e�e
t of adve
tion, both horizontal and verti
al, on these 
ows 
an be
onsidered.(2) The ambient water is motionlessThe LDV measurements indi
ate that the ambient water is 
lose to motionless, as assumedin the analyti
al model. K�ampf (2005) showed in a numeri
al model and in laboratoryexperiments that a dense downslope 
ow within a 
anyon may in
ite a barotropi
 
oun-ter
ow in the upper layer. However, the LDV measurements show no 
ow in the upperlayer, indi
ating that su
h a 
ounter
ow does not exist in the present parameter regime andset-up. The presen
e of a barotropi
 pressure �eld would 
onsiderably modify the modelresults, sin
e a larger interfa
e tilt is needed to 
ompensate for that of the free surfa
e.Despite the simpli�
ations, the analyti
al model was found to des
ribe the laboratoryexperiments relatively well, indi
ating that the model 
aptured the relevant physi
s. The
ow is governed by the dimensionless parameter 
 = sW=Æ, whi
h in the parameter range
overed during the experiments, takes values of 
 = 0:1 � 3:2. Approximate o
ean valuesof 
 are similar, e.g. about 1/2.5/4 for the Faroe Bank Channel, Wyville Thompson RidgeOver
ow and the Fil
hner Over
ow respe
tively (using Æ �35 m). The Reynolds numberis many orders of magnitude larger in the o
ean, R e� O(108), than in the laboratory, Re� O(102), and the o
eani
 plumes are fully turbulent whereas the laboratory plumes arelaminar. This aspe
t of the 
ow is in
orporated in the de�nition of Æ. Entrainment, whi
his negle
ted here, is an essential feature of o
eani
 plumes (Pri
e & Baringer 1994) andthe in
reased velo
ity in the topographi
ally steered 
ows may further in
rease entrainment(W�ahlin et al. 2007, Baines & Condie 1998). Entrainment will, as dis
ussed above, in
reaseQ while g0 and the transport 
apa
ity are redu
ed, and in the 
ase of an entraining plume,dense water may be expe
ted to 
onstantly 
ow over the wall. In addition, entrainmentrepresents an interfa
ial stress, modifying the presented theory. The interfa
ial stress was,in the Faroe Bank Out
ow, found to be small 
ompared with the bottom stress (Mauritzenet al. 2005), although it is un
ertain how representative that �nding is for other plumes.The LDV-pro�les presented here show an interfa
ial Ekman layer, indi
ative of interfa
ialstress and entrainment, but they do not alter the underlying physi
s.The 
ontinental slopes are generally replete with topographi
 
orrugations on s
alesless than 10 km. This study, along with the earlier theoreti
al work upon whi
h it builds(Darelius & W�ahlin 2007, W�ahlin 2002) and the experiments reported on by W�ahlin et al.(2007) and Baines & Condie (1998), suggests that su
h small-s
ale 
orrugations may e�e
-tively 
hannel relatively large quantities of dense water downslope, and that their e�e
t ondense plumes and over
ows 
annot be negle
ted. The experiments des
ribed here provideeviden
e to support the physi
al regime proposed by W�ahlin (2002) and verify an analyti
al99



model (Darelius & W�ahlin 2007, W�ahlin 2002), whi
h allows for a �rst-order estimate of thetransport 
apa
ity of 
anyons and ridges 
ross-
utting a slope.A
knowledgements I am thankful to Prof. P. Rhines at the S
hool of O
eanography,University of Washington for making the lab available and to E. Lindahl for te
hni
al assis-tan
e during the experiments. The stay at University of Washington was funded by WorldUniversity Network, WUN. The stay in Grenoble was supported by the European Com-munity's Sixth Framework Programme through the grant to the budget of the IntegratedInfrastru
ture Initiative HYDRALAB III, Contra
t no. 022441 (RII3), and the experimentswere 
arried out with help from S. Viboud, H. Didelle, J. Sommeria, G. Lane-Ser�, J. Bu
kand A. W�ahlin. Dis
ussions and suggestions from P. Rhines, E. Lindahl, G. Lane-Ser�,A. W�ahlin and T. Eldevik were greatly appre
iated, as was assistan
e with Fig. 1 from F.Chi
he.Referen
esBaines, P. G. & Condie, S. (1998), Observations and modelling of antar
ti
 downslope 
ows:a review, in S. S. Ja
obs & R. F. Weiss, eds, `O
ean, I
e, and Atmosphere - Intera
tionat the Antar
ti
 Continental Margin', Vol. 75, AGU, Washington D.C.Boren�as, K. M. & Lundberg, P. A. (1988), `On the deep-water 
ow through the Faroe BankChannel', Journal of Geophysi
al Resear
h-O
eans 93(C2), 1281{1292.Cenedese, C., Whitehead, J. A., As
arelli, T. A. & Ohiwa, M. (2004), `A dense 
urrent
owing down a sloping bottom in a rotating 
uid', Journal of Physi
al O
eanography34(1), 188{203.Cushman-Roisin, B. (1994), Introdu
tion to Geophys
ial Fluid Dynami
s, Prenti
s-Hall In
.,Upper Saddle River, New Jersey.Darelius, E. & W�ahlin, A. (2007), `Downward 
ow of dense water leaning on a submarineridge', Deep Sea Resear
h 56(7), 1173{1188.Darelius, E., Smedsrud, L., �sterhus, S., Foldvik, A. & Gammelsr�d, T. (2007), `On thestru
ture and variability of the Fil
hner Over
ow plume', (Manus
ript).Davies, P., W�ahlin, A. & Guo, Y. (2006), `Laboratory and analyti
al model studies of theFBC deep water out
ow', Journal of Physi
al O
eanography 36(7), 1348{1364.Ezer, T. (2006), `Topographi
 in
uen
e on over
ow dynami
s: Idealized numeri
al sim-ulations and the Faroe Bank Channel over
ow', Journal of Geophysi
al Resear
h111(C02002). 100



Foldvik, A., Gammelsr�d, T., �sterhus, S., Fahrba
h, E., Rohardt, G., S
hr�der, M.,Ni
holls, K. W., Padman, L. & Woodgate, R. A. (2004), `I
e shelf water over
owand bottom water formation in the southern Weddell Sea', Journal of Geophysi
alResear
h-O
eans 109(C2).Garrett, C. (2004), `Fri
tional pro
esses in straits', Deep-Sea Resear
h Part II - Topi
alStudies In O
eanography 51(4-5), 393{410.Hogg, N. G. (1983), `Hydrauli
 
ontrol and 
ow separation in a multi-layered 
uid withappli
ations to the Vema Channel', Journal of Physi
al O
eanography 13(4), 695{708.Jiang, L. & Garwood, R. W. (1998), `E�e
ts of topographi
 steering and ambient strat-i�
ation on over
ows on 
ontinental slopes: a model study', Journal of Geophysi
alResear
h-O
eans 103(C3), 5459{5476.Johnson, G. C. & Sanford, T. B. (1992), `Se
ondary 
ir
ulation in the Faroe Bank ChannelOut
ow', Journal of Physi
al O
eanography 22(8), 927{933.Johnson, G. C. & Ohlsen, D. R. (1994), `Fri
tionally modi�ed rotating hydrauli
 
hannelex
hange and o
ean out
ows', Journal of Physi
al O
eanography 24(1), 66{78.K�ampf, J. (2000), `Impa
t of multiple submarine 
hannels on the des
ent of dense water athigh latitudes', Journal of Geophysi
al Resear
h-O
eans 105(C4), 8753{8773.K�ampf, J. (2005), `Cas
ading-driven upwelling in submarine 
anyons at high latitudes',Journal of Geophysi
al Resear
h-O
eans 110(C2).Mauritzen, C., Pri
e, J., Sanford, T. & Torres, D. (2005), `Cir
ulation and mixing inthe Faroese Channels', Deep-Sea Resear
h Part I-O
eanographi
 Resear
h Papers52(6), 883{913.Moum, J. N., Perlin, A., Klymak, J. M., Levine, M. D., Boyd, T. & Kosro, P. M. (2004),`Conve
tively driven mixing in the bottom boundary layer', Journal of Physi
al O
eano-graphy 34(10), 2189{2202.Ott, M. W., Dewey, R. & Garrett, C. (2002), `Reynolds stresses and se
ondary 
ir
ulation ina strati�ed rotating shear 
ow', Journal of Physi
al O
eanography 32(11), 3249{3268.Pri
e, J. & Baringer, M. (1994), `Out
ows and deep-water produ
tion by marginal seas',Progress in O
eanography 33(3), 161{200.Saunders, P. M. (1990), `Cold out
ow from the Faroe Bank Channel', Journal of Physi
alO
eanography 20(1), 29{43.Sherwin, T. J. & Turrell, W. R. (2005), `Mixing and adve
tion of a 
old water 
as
adeover the Wyville Thomson Ridge', Deep-Sea Resear
h Part I-O
eanographi
 Resear
hPapers 52(8), 1392{1413. 101



Sherwin, T., GriÆths, C., Inall, M. & Turrell, W. (2007), `Quantifying the over
ow a
rossthe Wyville Thomson Ridge into the Ro
kall Trough', Deep Sea Resear
h (submitted).Tanaka, K. & Akitomo, K. (2001), `Baro
lini
 instability of density 
urrent along a slopingbottom and the asso
iated transport pro
ess', Journal of Geophysi
al Resear
h-O
eans106(C2), 2621{2638.W�ahlin, A. K. (2002), `Topographi
 steering of dense 
urrents with appli
ation to submarine
anyons', Deep-Sea Resear
h Part I-O
eanographi
 Resear
h Papers 49(2), 305{320.W�ahlin, A. K. (2004), `Downward 
hanneling of dense water in topographi
 
orrugations',Deep-Sea Resear
h Part I-O
eanographi
 Resear
h Papers 51(4), 577{590.W�ahlin, A. K. & Walin, G. (2001), `Downward migration of dense bottom 
urrents', Envi-ronmental Fluid Me
hani
s 1, 257 { 259.W�ahlin, A. K., Darelius, E., Cenedese, C. & Lane-Ser�, G. (2007), `Laboratory observationsof enhan
ed entrainment in the presen
e of submarine 
anyons and ridges.', Deep SeaResear
h (submitted).

102



Laboratory observations of enhan
ed entrainment in the presen
eof submarine 
anyons and ridgesA. W�ahlin1, E. Darelius2;3, C. Cenedese4 & G. Lane-Ser� 5(1) Earth S
ien
e Center, G�oteborg University, Sweden(2) Geophysi
al Institute, University of Bergen, Norway(3) Bjerknes Centre for Climate Resear
h, Bergen, Norway(4) Woods Hole O
eanographi
 Institution, USA(5) S
hool of Me
hani
al, Aerospa
e and Civil Engineering, University of Man
hester, UKAbstra
tThe 
ontinental slopes are often 
overed by small-s
ale topographi
 features su
h as subma-rine 
anyons and ridges. Dense plumes 
owing geostrophi
ally along the slope may en
ountersu
h features and all, or part of, the dense water 
an be steered downslope. A set of labo-ratory experiments was 
ondu
ted at the rotating Coriolis platform to investigate the e�e
tof small-s
ale topography on plume mixing. A dense water sour
e was pla
ed on top ofa slope, and experiments were repeated with three topographies: a smooth slope, a slopewith a ridge, and a slope with a 
anyon, and for three 
ow regimes: laminar, wave-, andeddy-generating plumes. When a ridge or a 
anyon was present on the slope the dense plumewas steered downslope and waves developed along the ridge and 
anyon wall, regardless ofthe 
ow 
hara
teristi
s on the smooth slope. Froude numbers were estimated, and werefound to be higher for the topographi
ally steered 
ow than for 
ow on smooth topography.The strati�
ation in the 
olle
ting basin was monitored and the mixing inferred. The totalmixing in
reased when a ridge or a 
anyon was present, and the in
reased entrainment ratewas hen
e more important than the shortened path. The di�eren
e in mixing levels betweenthe regimes was smaller when topography was present, indi
ating that it was the small-s
aletopography and not the large-s
ale 
hara
teristi
s of the 
ow that determined the propertiesof the end produ
t. Eddies were observed to degenerate when en
ountering topography, andthe dense water trapped beneath them was steered downslope.1 Introdu
tionDensity 
urrents supply bottom water to the deep o
ean and the pro
ess by whi
h these mixwith the ambient water in
uen
es the basin strati�
ation. It has been shown in laboratoryexperiments (e.g. Wells & Wettlaufer (2005), Baines (2001, 2005), Baines & Turner (1969))how an entraining plume builds strati�
ation in the basin that it 'feeds', and that the mixingin the plume determines the strati�
ation in the basin. The sensitivity of o
ean strati�
ationto plume entrainment and its parameterization has been studied in regional o
ean models103



(e.g. Chang et al. (2005)) and in more idealized basins and models (e.g. Hughes & GriÆths(2006), W�ahlin & Cenedese (2006)).Laboratory studies (e.g. Addu
e & Cendese (2007), Cenedese et al. (2004), Ellison &Turner (1959)) show that the entrainment rate in
reases with the Froude number, i.e. theratio between the 
urrent velo
ity and the speed of a long internal wave. For super
riti
al
ows, where the Froude number is greater than one, instabilities may develop, whi
h giverise to enhan
ed entrainment rates. This has been observed, for example, in Lake Geneva(Fer et al., 2001, 2002). For sub
riti
al 
ows, the entrainment rates are smaller than forsuper
riti
al 
ows, but they are still an in
reasing fun
tion of the Froude number (Addu
e& Cendese 2007, Cenedese et al. 2004). The same dependen
y is found in the o
ean (e.gGirton & Sanford (2003), Pri
e & Baringer (1994)), although o
eani
 super
riti
al 
owsare rare, perhaps be
ause of the large entrainment rates that these 
ows have. Given the
omparatively large entrainment rates for super
riti
al 
ows, a �rst-order des
ription is thatthey entrain ambient water until they be
ome sub
riti
al. In one-dimensional 'streamtube'des
riptions of the plume (e.g. Smith (1975) and Pri
e & Baringer (1994)) the entrainmentrate depends strongly on the average slope of the bottom (W�ahlin & Cenedese 2006).Small-s
ale topographi
 features, su
h as submarine ridges and 
anyons, 
an a
t to steerdense water downslope. This has been observed in the Wyville Thompson Ridge Over
ow(Sherwin et al. 2007, Sherwin & Turrell 2005), in the Adriati
 Sea (Vilibi
 et al. 2004), inthe Fil
hner Over
ow (Darelius et al. 2007, Foldvik et al. 2004) in laboratory experiments(Darelius 2007, Davies et al. 2006, K�ampf 2005, Baines & Condie 1998) and in numeri
almodels of dense out
ows (K�ampf 2000, Jiang & Garwood 1998). As the water is steereddownslope by topography the plume thi
kness and velo
ity, and thereby the Froude number,
hange. The entrainment rate of a plume is in
reased in the vi
inity of topography (Jiang& Garwood 1998, Baines & Condie 1998), but the des
ent rate, and thus the plume pathand the distan
e over whi
h mixing pla
es, de
reases for a topographi
ally steered plume.The e�e
t of small-s
ale topography on dense plumes is generally not 
onsidered; neitherthe 
hanneling and in
reased downslope transport that they indu
e nor the in
reased en-trainment that may be asso
iated with the enhan
ed downslope 
ow. The aim of our studyis to investigate to what extent small-s
ale topography a�e
ts the mixing in a dense plume.A set of laboratory experiments was 
ondu
ted at the Coriolis rotating platform inGrenoble. The three parameter regimes des
ribed by Cenedese et al. (2004) were investi-gated. These, on a smooth topography, produ
ed a laminar 
ow, a 
ow with roll-waves,and a 
ow with eddies. Ea
h of these experiments was repeated, �rst with a submarineridge, and then with a 
anyon, positioned on the slope. The total mixing was measured bysampling the basin water with verti
ally traversing probes every 5 minutes. This methodappears to give a reliable estimate of the mixing provided the length of the slope ex
eedsthe fri
tional drainage length s
ale (Lane-Ser� & Baines 1998), so that arti�
ial mixing atthe end wall is avoided. In all three regimes, the total mixing was larger when small-s
ale104



topography was present on the slope than when it was not. The in
reased entrainment rateis hen
e more important than the shortened path.2 Experimental set-upThe experiments were 
ondu
ted on the Coriolis rotating platform, in a 13 m diameter tank.Fig. 1 shows a sket
h of the experimental set-up. A sloping bottom, making an angle � = 6Æwith the horizontal (i.e. a 1:10 aspe
t ratio) and measuring 8 x 2.5 m was pla
ed in thetank. The slope was 
onne
ted to a 25 
m high horizontal shelf on one side and on the otherside, via verti
al false walls, to the outer 
ir
ular wall, sealing o� a semi-
ir
ular basin. Thedashed area in Fig. 1
 indi
ates the position of a removable se
tion, where the smooth slope
ould be repla
ed by a 
anyon or a ridge. From now on ridge and 
anyon will be referredto jointly as \
orrugation" and dire
tions (right/left) are referred to looking upslope. Theridge (
anyon) was 16 
m wide and 10 
m high (deep), and oriented perpendi
ular to thealong-slope dire
tion. A dense water sour
e was pla
ed on the top-right side of the slope,25 
m from the shelf break. The sour
e 
onsisted of a re
tangular plasti
 box �lled withhorsehair and an assemblage of thin (0.5 
m in diameter) plasti
 tubes through whi
h thedense water 
owed (Fig. 1b). The sour
e was 2.5 
m high and 20 
m wide.The tank was initially �lled with fresh water to a depth D and spun up to a rotation pe-riod T = 60 s (f = 0.21 s�1). The inje
ted water was either (approximately) 0.04% or 0.1%denser than the ambient 
uid, whi
h 
orresponds to a redu
ed gravity of 0.004 m/s2 and0.01 m/s2. At the start of the experiment the sour
e was opened, releasing dense water at arate Q0 = 10 l/min. The ambient water depth was kept 
onstant by an open surfa
e drain,whi
h 
ould be adjusted verti
ally, in the opposite side of the tank. The 
ow was visualizedby 
oloring the sour
e water red and videotaping it from above. The dye was added froma separate pump with a 
ow rate that 
ould be adjusted manually, hen
e it was possibleto swit
h the dye sour
e on and o� during the experiment. The experiments were normallyrun for about an hour before the �rst re
ording. To visualize the motion in the upperlayer, 
oating markers were sprinkled on the free surfa
e. The salinity in the en
losed basinwas monitored with two verti
ally traversing probes, C4 and C5 (see Fig. 1
 for position).The probes were lowered with a speed of 1 
m/s making one pro�le every 5 minutes duringthe 
ourse of the experiments. Only data re
orded during the down
asts are 
onsidered here.The sour
e 
ow rate, density, and ambient water depth were tuned in order to pro-du
e three di�erent 
ow regimes 
hara
terized by laminar 
ow, roll-waves, and eddies (seeCenedese et al. (2004)). In addition, two 
riteria had to be ful�lled:1) the fri
tional drainage length LD (see e.g. Lane-Ser� & Baines (1998)),LD = Qf 32g0�p2� (1)where Q is the sour
e 
ow rate, f the Coriolis parameter, g0 the redu
ed gravity and � the105



Regime Topography D (
m/s) ��0 (kg/m3) LD QC=R UNLaminar Smooth 65 3.7 2.9 - 1.7Ridge 65 4.4 2.4 19 2.1Canyon 65 3.9 2.8 16 1.8Waves Smooth 35 11 1.1 - 5.1Ridge 35 9.4 1.1 41 4.4Canyon 35 9.2 1.2 37 4.3Eddies Smooth 35 4.3 2.9 - 2.0Ridge 35 4.3 2.9 19 2.0Canyon 35 3.1 3.5 13 1.5Table 1: Values of ambient water depth (D), sour
e density di�eren
e (��0) andderived parameters.kinemati
 vis
osity of water, had to be smaller than the length of the slope (8 m); and 2) thesour
e 
ow rate Q0 had to be smaller than the transport 
apa
ity QC=R of the 
orrugations(see Appendix). Table 1 shows the ambient water depth and the density di�eren
e used toobtain the three regimes, together with LD, QC=R and the Nof velo
ityUN = g0�f : (2)Bulk estimates of the plume velo
ity obtained from the videotapes show that the a
tualvelo
ity was up to 30% smaller than UN , as also observed by Addu
e & Cendese (2007).Sin
e no more a

urate velo
ity measurements were performed, the Nof velo
ity is taken asrepresentative for the plume.For ea
h regime three experiments were 
arried out using a smooth slope, a slope witha 
anyon, and a slope with a ridge, giving a total of 9 experiments. Ea
h experiment lastedbetween 4 and 8 hours and ended as the dense sour
e was turned o�. Only data from the�rst 4 hours will be used here.The 
ondu
tivity sensors were 
alibrated regularly using water with a known salinity andtemperature. In addition, the bottom and surfa
e density and temperature were measuredprior to and at the end of ea
h experiment using an Anton Paar DMA35N handheld densitymeter.3 Results3.1 Smooth slopeAs the dense 
uid was released, it adjusted and de
e
ted to the right under the e�e
t ofrotation. The dense plume 
owed with an along-slope 
omponent due to rotation and a106



Figure 1: Sket
h of the experiment set-up (not to s
ale). a) Overview of the topogra-phy, b) dense sour
e, 
) top view. C4 and C5 mark the position of verti
ally pro�lingprobes. Side view of d) the 
anyon, e) the ridge, and f) the shelfdownslope 
omponent due to fri
tion. The speed of the 
urrent was somewhat smaller thanthe Nof velo
ity, 2 - 5 
m/s, the 
urrent width in
reased from around 30 
m, 
lose to thesour
e, to a 
ouple of meters far downstream, and the thi
kness of the 
urrent, Hp, variedfrom a few 
m at the sour
e to a few millimeters far downstream. In the laminar regimeexperiment (Fig. 2a), the dense 
uid had a 
onstant thi
kness and the interfa
e betweenthe dense 
urrent and the ambient 
uid was sharp, indi
ative of little (or no) mixing. Inthe wave regime experiment (Fig. 2b), roll-waves developed at the interfa
e between thedense and ambient 
uid. Crests (darker 
olor) and troughs (lighter 
olor) 
an be seen inFig. 2b. As the waves moved downslope, they grew in amplitude but they did not breakin the three-dimensional fashion observed by Addu
e & Cendese (2007). We expe
t thatthese non-breaking waves will 
ause a small amount of mixing between the light ambient
uid and the dense 
uid, as observed by Addu
e & Cendese (2007) and Cenedese et al.(2004). However, they will signi�
antly in
rease the downslope transport as the speed ofthe wave fronts is 30-40% greater than the mean 
ow (Fer et al. 2001). Finally, in theeddy regime experiment (Fig. 2
), 
y
loni
 eddies formed periodi
ally in the water abovethe dense 
urrent and moved along-slope with a small a
ross-slope velo
ity 
omponent. Thedense 
urrent 
uid below the eddies was observed to dome upwards due to the low pressuregenerated by the 
y
loni
 eddies. In Fig. 2
 the darker 
olor represents the in
reased heightof dense water in the dome stru
ture. Possible me
hanisms of eddy generation are des
ribedin Cenedese et al. (2004), Spall & Pri
e (1998) and Lane-Ser� & Baines (1998).107



Figure 2: Images from the three regimes of the smooth slope experiments. The bla
kmarks on the middle of the slope are 1 m apart. a) Laminar regime, b) Wave regime,
) Eddy regime. The 
olor shift from weak on the left side to stronger on the rightside may be partly due to the non-uniform illumination.108



3.2 E�e
t of topographyWhen a 
orrugation was present on the slope, it 
hanneled the dense 
urrent downslope.The downslope 
ow indu
es an Ekman transport to the right, and if the downslope velo-
ity is suÆ
iently large the fri
tional transport 
ountera
ts the geostrophi
 tenden
y to 
owalong the depth 
ontours and out of the 
orrugation region (W�ahlin 2002). An analyti
al1.5-layer model have been proposed, whi
h gives the velo
ity and thi
kness of the plumeas a fun
tion of the distan
e from the sloping 
anyon (Davies et al. 2006, W�ahlin 2002) orridge 
enter (Darelius & W�ahlin 2007). The model results have been shown to agree withlaboratory experiments of V-shaped ridges and 
anyons (Darelius 2007, Davies et al. 2006).The analyti
al expressions for plume thi
kness, velo
ity, and transport 
apa
ity (QC=R), orthe maximum amount of water that the 
orrugations used in the experiment 
an 
hanneldownslope, are given in the Appendix.In the present experiments, the sour
e 
ow Q0 was smaller than QC=R for all 
ows, andthe entire plume is expe
ted to be steered downslope by the 
orrugation. Fig. 3 shows topviews of the three regimes in the presen
e of the ridge, and Fig. 4, of the 
anyon. The plumebe
ame narrower and thi
ker (the red 
olor is darker) and it a

elerated as it was de
e
teddownslope. Waves and instabilities developed along the 
orrugation wall (Fig. 5), also inthe laminar and eddy regimes.The introdu
tion of a 
orrugation on the slope in
uen
ed the eddies in the eddy regime.Fig. 6 shows the tra
ks of parti
les that were sprinkled on the free surfa
e in order tomonitor the motion of the ambient water. The parti
les moved with an anti
lo
kwise motionwhile approa
hing the ridge. When the ridge was en
ountered the dense water seemed tobe \released" from the upper water 
olumn, 
owing downslope along the ridge, while theparti
les be
ame 
lose to stationary or moved up beyond the slope to where the bottom is
at. The same behavior was observed in the presen
e of the 
anyon (not shown here).3.3 Salinity in the basinFig. 7 shows the salinity in the basin as a fun
tion of time and depth during the laminarexperiment with smooth topography. Almost undiluted sour
e water is deposited at thebottom of the basin in a thi
kening layer. Also inserted is a (dashed) line h(t) showing thereferen
e level, i.e. the thi
kness that the plume water layer would have had if there hadbeen no mixing at all: h(t)Z0 A(z)dz = V (t) = tZ0 Q(�)d� (3)where A(z) is the basin area as a fun
tion of distan
e above bottom, V (t) the volume ofsour
e 
uid in the basin, and Q(t) the sour
e volume 
ux. In the present experiments,A(z) = A0 + 
z where A0 = 2 m2 and 
 = 4 m, and Q(t) = Q0 where Q0 = 10 l/min.109



Figure 3: Top view photographs of the 
ow with a ridge present on the slope. Thebla
k marks on the middle of the slope are 1 m apart. The s
attered dots are bla
k
oats that were released in order to monitor motions in the ambient layer. a) Laminarregime, b) Wave regime, and 
) Eddy regime. The sour
e was moved 
loser to theridge in the wave regime, from 2.5 m to 1.5 m, be
ause otherwise the 
ow would havedrained 
ompletely before it en
ountered the ridge.
110



Figure 4: Top view photographs of the 
ow with a 
anyon present on the slope. Thebla
k marks on the middle of the slope are 1 m apart. The s
attered dots are bla
k
oats that were released in order to monitor motions in the ambient layer. a) Laminarregime, b) Wave regime, and 
) Eddy regime. The sour
e was moved 
loser to the
anyon in the wave regime, from 2.5 m to 1.5 m, be
ause otherwise the 
ow wouldhave drained 
ompletely before it en
ountered the ridge.
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Figure 5: Waves forming along the topography. a) ridge b) 
anyon.Inserting these expressions into (3) givesh(t) = �A0
 +sA20
2 + 2Q0t
 : (4)There is a 
ertain time-lag 
orresponding to the time it takes for the dense water to rea
hthe sondes (the pla
ement of the two sondes 
an be seen in Fig. 1
), and the 
urves havebeen shifted so that t = 0 when the plume �rst rea
hes the sonde. The dense interfa
eos
illates, presumably be
ause of waves that travel over the basin. Fig. 8 shows the sameplot for the laminar experiment with a ridge. A larger volume of less dense water is foundin the basin, indi
ating that more ambient 
uid has been mixed into the plume 
omparedwith the experiment without ridge. This is also evident in Fig. 9, the laminar experimentwith a 
anyon.4 Mixing indu
ed by the topographi
 featuresThe large size of the tank made it possible to avoid 
ollision of the dense 
urrent with thewall at the end of the slope. The drainage length-s
ale, LD (
f eq. (1)), was shorter thanthe length of the slope (8 m) for all three regimes (see Fig. 2 and Table 1), although thea
tual drainage length appears to be somewhat larger than (1). The dense water drainedgradually downslope into the basin, or was 
hanneled downslope by topography. Sin
e the
ow did not 
ollide with the wall at the end of the slope, \arti�
ial" mixing was minimized,112



a)

b)Figure 6: Top view photographs of the 
ow in the eddy regime with a ridge present onthe slope. The bla
k dots are 
oats that were distributed on the surfa
e. a) 140 minafter experiment start. The 
olored 
ir
les mark 
oats that are tra
ed in (b). b) 146min after experiment start. The 
olored dots mark the positions of the 
oats in thetime between (a) and (b), at interval 10 s.113



Figure 7: Salinity as a fun
tion of time and distan
e above bottom (
m) for laminarexperiment with smooth topography. Colors indi
ate salinity a

ording to the 
olorbar,the s
ale has been adjusted so that red is pure sour
e water (salinity 10.8) and blue ispure basin water (salinity 5.8). Top panel: Sonde C4. Lower panel: Sonde C5. Bla
kdashed line shows the referen
e level at whi
h the interfa
e would be if there was nomixing between plume and ambient water. The 
urve has been shifted so that t = 0at the time when the dense 
uid �rst rea
hes the sonde.
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Figure 8: Same as in Fig. 7, but for ridge topography. The 
olor s
ale has beenadjusted so that red is pure sour
e water (salinity 7.7) and blue is pure basin water(salinity 1.8). Be
ause of the presen
e of residual 
uid in the basin from a previousexperiment the bla
k dashed line has not been shifted. The white areas indi
ate missingdata.
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Figure 9: Same as in Fig. 7 but for a 
anyon topography. The 
olor s
ale has beenadjusted so that red is pure sour
e water (salinity 7.1) and blue is pure basin water(salinity 1.8). The white areas indi
ate missing data.
116



and it is believed that the observed dilution of the sour
e water was 
aused by entrainmentpro
esses on the slope itself. The measurements in the basin 
an thus be used to estimatethe mixing in the plume. Be
ause of the time variability, the time lag, and the di�eren
ebetween the two sondes, some 
aution is required when estimating the entrainment. Sin
ethe time lag is unknown the volume of plume water in the basin 
annot be used to 
al
ulatethe total entrainment. It 
an, however, be estimated from the dilution of the plume waterin the basin. It is tempting to take the average of the two sondes and to low-pass �lter thedata in order to redu
e the variability. Su
h a pro
edure \
reates" arti�
ial mixing sin
e thepro�les are smoothed 
ompared with the original data. Instead a bulk mixing ratio, rb, hasbeen obtained, similarly to Cenedese et al. (2004). First, a mean plume density anomaly��P was 
al
ulated from the last pro�le at t = tf , when �(tf ; z) = �F (z), using��PhB = DZ0 (�F (z)� �A)dz: (5)In the above, �A is the ambient ba
kground density and hB the thi
kness of the dense layerin the basin, de�ned as the level where the density �rst ex
eeded �A by 0.001 kg/m3 ormore in the last pro�le. Next, rB was 
al
ulated by dividing ��P with the sour
e densityanomaly ��0 = �0 � �A, i.e. rB = ��P =��0.Finally, the average of the mixing ratios from the two sondes was 
al
ulated. The resultsare shown in Table 2. No mixing gives rB = 1, while rB = 0 for 
omplete mixing. Themixing ratio is smallest (indi
ating mu
h mixing) for the wave regime and largest (indi
atingless mixing) for the laminar regime. The largest topography-indu
ed de
rease, over 50%,of the mixing ratio o

urs for the laminar regime. The 
anyon and ridge mixing ratios are
omparable in the laminar and wave regimes but somewhat larger in the eddy regime.A bulk estimate of the total entrained transport, QE , is obtained from the expressionQE = Q0( 1rB � 1) (Cenedese et al. 2004). A mean value of the entrainment velo
ity wE isthen given by wE = QEAP (6)where AP is the total surfa
e area of the plume (see Table 2). Assuming that the plumevelo
ity U is approximately equal to the Nof speed (2), the entrainment 
oeÆ
ient E, de�nedby wE = EU , 
an be 
al
ulated using (5) and (2),E = fQEg0�AP : (7)The results are shown in Table 2. In order to 
ompare the obtained E with previous studiesa representative value of the Froude number FrB , FrB = UN=pg0HP , where HP is theplume thi
kness, was estimated. The plume thi
kness varies between 2 
m at the sour
edown to the Ekman layer thi
kness of 1.3 mm in the drainage layer, and these values gave117



RegimeTopographyrb QE (l/min)Ap (m 2)E�10 �4FrB FrT

LaminarSmooth0.762.48.752.70.6-2.5

Ridge0.633.76.754.4
4.7

Canyon0.604.06.755.4
4.9

WavesSmooth0.544.66.252.41.1-4.3

Ridge0.505.13.255.9
6.4

Canyon0.445.63.256.7
6.9

EddiesSmooth0.703.014.41.70.7-2.7

Ridge0.594.16.215.4
4.7

Canyon0.564.46.218.0
4.9

Table2:Mixingratio(rb ),surfa
earea(Ap )andentrainment
oeÆ
ient(E)forthe

di�erentregimesandtopographies.
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Density 
lass rb Basin water(% of volume)Basin water <0.3 >70Highly diluted sour
e water 0.3-0.7 30-70Moderately diluted sour
e water 0.7-0.95 5-30Pure sour
e water > 0:95 <5Table 3: De�nition of the water masses studied in Figs 10-12.the upper and lower values of FrB quoted in Table 2. The obtained values for E and FrB
onform qualitatively to those reported in Addu
e & Cendese (2007), although it shouldbe stressed that the un
ertainties in the present experiments are large, in parti
ular withregard to the Froude number.All three regimes show eviden
e of in
reased mixing in the presen
e of a 
orrugation,probably indu
ed by the waves and billows that were observed along the 
anyon wall (Fig.5). Theoreti
al estimates of plume velo
ity and thi
kness in the vi
inity of the 
orrugation
an be used to estimate a topographi
 Froude number, FrT . This has been done (see Ap-pendix), using the sour
e density and spatial averages of the analyti
al model results forvelo
ity and thi
kness. The results are shown in Table 2. The topographi
 Froude numbersare all larger than the slope values, FrB , whi
h may explain the enhan
ed entrainment rates.Fig. 7 - 9 show the strati�
ation in the basin. The plume water was divided into fourdensity 
lasses de�ned by the mixing ratio between basin and sour
e water (see Table 3).The volume of ea
h density 
lass in the basin 
ould then be 
al
ulated from the verti
alpro�les. The results are shown in Fig. 10 - 12, whi
h show the per
entage of the volume (upto 30 
m depth) that ea
h density 
lass o

upies as a fun
tion of time. There are no abrupt
hanges in the rate of in
rease of ea
h density 
lass, indi
ating that the mixing pro
esseswere 
onstant during the experiments and that no regime shift o

urred.As expe
ted, the volume of \pure" basin water de
reases with time as it is repla
ed byplume water. In the laminar regime (Fig. 10) the experiments with a 
orrugation have alarger and more rapidly in
reasing volume of \highly diluted" (Fig. 10b) and \moderatelydiluted" (Fig. 10
) sour
e water than the experiment with smooth topography. There is less\pure" sour
e water in the experiments with a 
orrugation than with a smooth topography(Fig. 10d).In the wave regime (Fig. 11) the mixing on the smooth slope is enhan
ed 
ompared withthe laminar regime (Fig. 10d and 11d). There is no \pure" sour
e water in the basin in thewave regime (for any of the topographies), while there is so in the laminar regime. Fig. 11band 11
 show that the presen
e of a 
orrugation in
reased mixing; there is more \highlydiluted" sour
e water with a 
orrugation and more \moderately diluted" water with the119
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Figure 10: Volume of water within the four density 
lasses as a fun
tion of time. Datafrom the laminar experiments with smooth topography (green), ridge topography (red)and 
anyon topography (blue). Cir
les show data from C4, triangles data from C5. a)Basin water, b) Highly diluted sour
e water, 
) Moderately diluted sour
e water, andd) Pure sour
e water.smooth topography.In the eddy regime (Fig. 12) the in
uen
e of the topography is not as 
lear. Fig. 12dshows that only small volumes of \pure" sour
e water rea
hed the basin when the 
anyon ispresent and Fig. 12
 shows that there is somewhat more \moderately diluted" sour
e water
ompared with the smooth topography. There is no 
lear di�eren
e between the topogra-phies in the produ
tion of \highly diluted" sour
e water.In all regimes the 
anyon indu
es more mixing than the ridge, and as 
an be seen in Table2, the 
anyon experiments has larger theoreti
al Froude numbers than the ridge experiments.120
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Figure 11: Same as Fig. 10, but for the wave regime.The nine experiments show similar results for the two sondes, but there are 
ertain di�er-en
es. For example, it 
an be seen in Fig. 10
 and 12
 that the densest water is re
orded byC5. This may be 
aused by Ekman drainage ahead of the 
orrugation transporting nearlyundiluted sour
e water down to the sonde.5 Dis
ussionExperiments were 
ondu
ted in three parameter regimes 
hara
terized by laminar 
ow (deepambient water; small sour
e density), waves (large sour
e density), and eddies (shallow am-bient water; small sour
e density). The experiments displayed several properties that are ina

ordan
e with previous studies of dense plumes on sloping topography, and new observa-tions of how a dense plume is a�e
ted by the presen
e of a ridge or a 
anyon. The laminar
ow had a smooth dense layer that moved along the slope, while dense water 
ontinuously121
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Figure 12: Same as Fig. 10, but for the eddy regime.was drained downslope by Ekman transport through the lower edge. In the basin, a sharpinterfa
e separated a thi
kening layer of dense water from the ambient water, indi
ative oflittle mixing. The 
ow was similar to previous observations (e.g. Addu
e & Cendese (2007),Cenedese et al. (2004), Lane-Ser� & Baines (1998)). When a 
orrugation was pla
ed on theslope, the dense water was steered downslope along it. The dense water a

elerated, andwaves developed. The mixing was enhan
ed 
ompared with that observed with a smoothslope.When the sour
e density was in
reased, the 
ow swit
hed into the roll-wave regime, andmixing in
reased. This is in a

ordan
e with �ndings in e.g. Addu
e & Cendese (2007) andCenedese et al. (2004). The layer of diluted plume water in the basin was separated fromthe ambient water by an interfa
e that was less sharp than in the laminar experiment. Witha 
orrugation in pla
e, the dense water was steered downslope and waves were observed.These waves were similar in amplitude and wavelength to the roll-waves, but traveled down-122



slope next to the 
orrugation, rather than at an angle along the slope. The basin water wassomewhat more mixed 
ompared with the experiment with no 
orrugation.By de
reasing the ambient 
uid depth and/or in
reasing the sour
e transport (not re-ported here) the 
ow swit
hed into the eddy regime, and the plume broke up into a trainof domes that were trapped underneath 
y
loni
 eddies moving along the slope in the up-per layer. The formation of eddies and the trapping of dense 
uid was similar to previousobservations by Cenedese et al. (2004) and Lane-Ser� & Baines (1998). This regime was
hara
terized by high variability and slightly in
reased mixing 
ompared with the laminar
ow. When a 
orrugation was introdu
ed, the eddies �rst moved along the slope, but, assoon as they en
ountered the 
orrugation, they disintegrated or moved upslope beyond theslope to the 
at bottom. The dense water trapped below the eddies was steered downslopenext to the 
orrugation, as in the other two regimes. Growing waves were observed on theleft hand side of the 
orrugations, and total mixing was in
reased in the presen
e of a 
or-rugation. The in
rease in mixing ratio was smaller than that observed for the laminar 
ow.The eddy results suggest that small-s
ale topography 
an a
t to separate and releasedense water that is trapped underneath eddies in the upper layer, and even destroy the ed-dies themselves. The observations are in 
ontrast to existing theories of vortex-drift indu
edby topography that predi
t an along-slope motion of the eddies (Ja
ob et al. 2002, Nof 1983).When an eddy has a strong barotropi
 
omponent, su
h as ours, it is expe
ted to havea downhill 
omponent in the drift (Ja
ob et al. 2002). However, existing theories haveonly been applied to topography with a length-s
ale larger than the eddy size, and labo-ratory studies pertaining to topography, whi
h is smaller than or 
omparable to the eddysize, show that the eddies may instead split up and move around the obsta
les (Addu
e &Cenedese 2004, Wang & Dewar 2003). This may explain the upslope motion.Bulk estimates of the entrainment 
oeÆ
ient and the Froude number for the smoothslope experiments 
onform qualitatively with previous experiments for 
ows on a smoothslope (Addu
e & Cendese 2007, Cenedese et al. 2004). Bulk estimates of the entrainment
oeÆ
ient show that the values obtained with a 
orrugation present on the slope have thesame magnitude regardless of the regime of the large-s
ale 
urrent. The larger entrainmentrate is 
ompensated by a larger des
ent rate, i.e. by a shorter plume path, and the in
reasein the �nal mixing ratio of the produ
t water is substantially smaller than the in
rease inE. Froude numbers were 
al
ulated, but the upper and lower estimates span a wide range.In the vi
inity of the 
orrugation a theoreti
al plume thi
kness and velo
ity 
an be found(Darelius & W�ahlin 2007, Davies et al. 2006), assuming a �rst-order for
e balan
e betweenthe pressure gradient, the Coriolis for
e and the fri
tional for
e. These predi
tions have beenshown to agree with laboratory experiments (Darelius 2007, Davies et al. 2006), and implysuper
riti
al 
ow in the vi
inity of the 
orrugation for all of the present experiments. Theresults suggest that it is the small-s
ale topography that determines the mixing propertiesof the plume, rather than the large-s
ale 
hara
teristi
s of the plume.123



Enhan
ed mixing 
aused by tidal 
ow over submarine 
anyons has previously been ob-served e.g. on the Mid-Atlanti
 Ridge (see e.g. Ledwell et al. (2000), and in the laboratory(Wells & Helfri
h 2006). The mixing pro
ess studied is not driven by tides but by the plumewater's release of potential energy as it 
ows downhill. The results suggest that the presen
eof 
orrugations will redu
e basin density and strati�
ation. There are no models availablethat 
apture these small-s
ale pro
esses and whi
h are simple enough to be used in a subgridparameterization of dense over
ows or pro
ess studies of density driven 
ir
ulations.Data from the Fil
hner Out
ow, Antar
ti
a, show eviden
e of a

eleration of the plumeas it is steered downslope by a ridge in the region (Foldvik et al. 2004), although no measure-ments of mixing have been performed. Somewhat 
ontradi
tory to the results presented here,almost undiluted plume water is o

asionally observed to 
ow downslope with relatively highspeed (up to 1 m/s) in the vi
inity of the ridge at 2100 m depth. More �eld data is needed toassess whether topographi
 steering of dense water is indeed an agent that is of importan
eto o
ean strati�
ation.A
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APPENDIXA Theory: Topographi
ally steered 
owsFlow in a linear 
anyon was 
onsidered in Davies et al. (2006), but the expressions presentedhere follows the derivation in Darelius &W�ahlin (2007). Fig. 13 shows a sket
h of the 
anyon
ow, with the dense interfa
e given by the analyti
al model (Darelius & W�ahlin 2007, Davieset al. 2006, W�ahlin 2002), i.e.h(y) +D(y) = 8<: H0 h�� 1
 + 2
 e
� e
y=W � 1
 i W � YL � y < �WH0 h� 1
 e
y=W + 1
 i �W � y � 0 : (8)In the aboveD(y) is the bottom elevation, h(y) is the thi
kness of the dense layer, 
 = sW=Æ,s is the slope of the 
anyon axis, W is half of the e�e
tive width of the 
anyon, Æ =p2�=fthe thi
kness of the Ekman layer, YL = 1
 ln� 12e
�1� is the position where the dense layerinterse
ts the left wall and H0 is the height to whi
h the layer 
limbs on the wall. Thegeometri
al de�nitions are shown in Fig. 13.Similarly, the position of the interfa
e for 
ow leaning on a linear ridge is given byh(y) +D(y) = 8><>: H0 � 1
 [e�
 � 1℄� e
y=W y � �WH0
 �1� e
y=W � �W < y < 00 y � 0 : (9)127
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Topography g0 (m/s2) Hy0 (
m) �hy (
m) �uy (
m/s) FrTRidge 0.04 5.9 2.4 14 4.70.10 3.4 1.7 26 6.4Canyon 0.04 7.0 2.5 15 4.90.10 4.4 2.0 31 6.9Table 4: Interfa
e height (H0), mean height and velo
ity (�h, �u) and the estimatedFroude number (FrT ) for the experiments with topography. Parameters marked withy are derived from the analyti
al model.geometry, HC = 10 
m, WC = 8 
m and s = 0:1, this gives 
 = 5:2 and a transport 
apa
ityQC = 0:0014g0=f for the 
anyon and QR = 0:0016g0=f for the ridge, whi
h when evaluatedwith the appropriate g0 and f gives the values quoted in Table 4.The obtained transport 
apa
ities for the 
orrugations are larger than the sour
e volume
ux for all experiments, and as expe
ted all the water in the plume was steered downslopeby the 
orrugation. To obtain the theoreti
al plume thi
kness and velo
ity in the topo-graphi
ally steered 
ow, H0 was found through iteration using the sour
e 
ux, Q0 = 10l/min, and the transport 
apa
ity QC=R. The results are listed in Table 4. Fig. 13 showsthe estimated position of the interfa
e and the velo
ity for the wave regime.The Froude number, Fr, 
an be written asFr = upg0h (13)where U and h are the velo
ity and the thi
kness of the dense layer and g0 is the redu
edgravity. For ea
h experiment the theoreti
al Froude number, FrT , was 
al
ulated using thelateral mean values of the theoreti
al layer thi
kness, �h, and the velo
ity, �u. In order toobtain a representative mean value this was 
al
ulated in the area where h > 0:5hmax,where hmax is the maximum thi
kness of the dense layer (the area is shaded in Fig. 13).The results are presented in Table 4.
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On the Stru
ture and the Variability of theFil
hner Over
ow PlumeE. Darelius1;2, L.H. Smedsrud 2, S. �sterhus 2, A. Foldvik 1,& T. Gammelsr�d 1(1) Geophysi
al Institute, University of Bergen, Norway(2) Bjerknes Centre for Climate Resear
h, Bergen, NorwayAbstra
tThe Weddell Sea is one of the major generation sites for Antar
ti
 Bottom Water. The 
oldand dense I
e Shelf Water that is formed under the Fil
hner-Ronne I
e Shelf is a pre
ur-sor to the Antar
ti
 Bottom Water, and it exits the i
e-shelf 
avity through the Fil
hnerDepression forming a dense plume on the 
ontinental slope. I
e Shelf Water spills over thesill at a rate of 1.6 Sv (Foldvik et al. 2004). Properties of the dense plume are des
ribedusing data from all available 
urrent meter re
ords and CTD-stations in the region, fo
usingmainly on meso-s
ale variability and three distin
t os
illations that have periods of about35 hours, 3 days and 6 days. The os
illations are 
lose to barotropi
 and are seen in bothtemperature and velo
ity re
ords. The observations are 
ompared with theories on eddiesgenerated in over
ow plumes and on 
ontinental shelf waves, but none of them seems todes
ribe well the phenomena observed.Twenty-�ve years of CTD data (more than 300 pro�les) were synthesized to give a \mean-pi
ture" of bottom temperature and plume thi
kness. Low temperatures and relatively thinlayers of dense plume water are observed at great depth in the vi
inity of a ridge, whilepro�les west of the ridge show higher temperatures and thi
ker layers. The three pathwayssuggested by Foldvik et al. (2004) are 
oupled to theories on topographi
 steering by 
anyonsand ridges and dis
ussed in relation to the presented data.1 Introdu
tionDeep water formation at high latitudes is an important part of the thermohaline 
ir
ulation,and has a 
entral role in dis
ussions of 
limate 
hange. The Weddell Sea is tradition-ally thought to be the largest sour
e of bottom water in the southern hemisphere (Orsiet al. 1999, Foldvik & Gammelsr�d 1988, Dea
on 1937), although rates and formation areasare a matter of debate (S
hlitzer 2007, Fahrba
h et al. 2001, Broe
ker et al. 1998). Thedistribution of bottom temperature and oxygen 
ontent around Antar
ti
a show, however,that the 
oldest and most oxygen-ri
h water has its sour
e in the Weddell Sea region (Orsi& Whitworth 2004, Dea
on 1937), but dense water is also formed in the Ross Sea (Gordon131



et al. 2004) and o� the Ad�elie 
oast. Part of the deep water "raw-material" in the WeddellSea is formed as the o
ean intera
ts with the Fil
hner-Ronne I
e Shelf (FRIS) in the south-western Weddell Sea. The water mass, often referred to as I
e Shelf Water (ISW), has atemperature lower than the surfa
e freezing point and is formed as a result of the depressionof the freezing point with in
reasing pressure.Cold and saline shelf water formed on the relatively shallow and wide 
ontinental shelvesduring winter enters and �lls the FRIS 
avity through the Ronne Depression in the westand from the Berkner Bank further east (Ni
holls et al. 2001). The shelf water, althoughat its surfa
e freezing point (-1.9ÆC), is, at depth, warmer than the in situ freezing point,and it 
an thus be 
ooled further as its available heat is given o� to warm and melt the
old gla
ial i
e with whi
h it is in 
onta
t. The 
ooled shelf water mixes with the gla
ialmeltwater, and the resulting water mass is less dense than its origin and tends to rise alongthe shelf (see e.g. N�st & Foldvik (1994)). Frazil i
e formation is initiated within the risingplume as it be
omes super
ooled due to the in
rease in its in situ freezing point (Smedsrud& Jenkins 2004, Die
kmann et al. 1986, Foldvik & Kvinge 1974). The i
e 
rystals rise andsettle under the i
e shelf forming a layer of marine i
e, and the salinity of the water in
reasesagain. The ISW is 
older and slightly fresher than the original water mass, and it es
apesthe 
avity through the Fil
hner Depression as a subsurfa
e northward 
ow. Spilling overthe sill, it turns left due to the Earth's rotation, and forms a gravity driven plume on the
ontinental slope (Foldvik et al. 2004). The ISW plume mixes with the overlying WeddellDeep Water (WDW) to form Weddell Sea Bottom Water (WSBW) and eventually Antar
ti
Bottom Water (AABW).The plume of I
e Shelf Water exiting from the Fil
hner-Ronne I
e Shelf through theFil
hner Depression was �rst observed in 1977 by Foldvik et al. (1985a,b). Sin
e then, anumber of mooring arrays have been pla
ed on the slope and in the Fil
hner Depressionproper in order to monitor the 
ow. The data were synthesized by Foldvik et al. (2004) whoestimated the 
ux of ISW to be 1.6�0.5 Sv, 
orresponding to a WSBW formation rate of4.3�1.4 Sv. They further suggested that the ISW plume follows three main pathways downthe slope, and 
on
luded that two prominent ridges 
ross
utting the shelf slope in
uen
e the
ow of the 
old plume water. Laboratory experiments (Darelius 2007, W�ahlin et al. 2007)have shown that ridges (and 
anyons) 
an e�e
tively steer plume water downslope and atheoreti
al framework for su
h topographi
ally steered 
ows has been presented by Darelius(2007) and W�ahlin (2002).Greatly simpli�ed, one would expe
t the dense water spilling over the sill of the Fil
h-ner Depression to adjust geostrophi
ally and to 
ow along the isobaths, with the (upslope)Coriolis for
e balan
ing the (downslope) pressure for
e. Fri
tion would slow down the 
owand 
ause it to de
e
t slightly downslope (Killworth 2001). Dense 
uid would 
onstantly bedrained downslope from the lower part of the plume through Ekman drainage (W�ahlin &Walin 2001). However, most laboratory and model experiments indi
ate that this pi
ture is132



too simple. Eddies, waves and subplumes may develop that greatly alter the shape and thevelo
ity patterns of the plume (Ezer 2006, Cenedese et al. 2004, Jung
laus et al. 2001, Etlinget al. 2000, Lane-Ser� & Baines 1998, Jiang & Garwood 1996, Smith 1977). Observationsfrom over
ow regions indi
ate that eddies or waves are formed in the o
ean (see e.g. Geyeret al. (2006), K�ase et al. (2003) and H�yer & Quadfasel (2001) for eviden
e from the FaroeBank Over
ow and Denmark Strait), and it will be shown here that, as suggested by Foldviket al. (2004), su
h disturban
es are probably generated within the Fil
hner Over
ow.Mesos
ale features, like eddies and waves, impa
t mixing pro
esses (Addu
e & Cendese2007, W�ahlin et al. 2007, Cenedese et al. 2004, Jiang & Garwood 1996) and des
ent rates(Tanaka & Akitomo 2001) and they will thus in
uen
e the �nal properties and destiny ofthe plume water. These pro
esses determine, to some extent, the 
omposition of the watermasses found in the deep o
eans and therefore the 
hara
teristi
s of large s
ale 
ir
ulation(Willebrand et al. 2001). An understanding of these pro
esses - and a 
orre
t representationof them in 
limate models - is a ne
essity if one seeks to understand and predi
t our future
limate (Saunders 2001).We revisit and dis
uss the Fil
hner area and the Fil
hner plume, fo
using on meso-s
alevariability. A surprisingly large variability is found that 
annot satisfa
torily be explainedby existing theory. A des
ription of the general plume stru
ture, water properties and path-ways is in
luded.2 Data and MethodsThis work is based primarily on data from 20 
urrent meter moorings that were deployedin the Fil
hner Over
ow area between 1968 and 1999. An overview of deployments, in-struments and data re
ords is given by Foldvik et al. (2004). Fig. 1 shows the positionof the moorings and the mean 
urrent from the bottom-most instrument at ea
h mooring(Foldvik et al. 2004). A total of 44 Aanderaa 
urrent meters (models RCM 4/5 and 7/8)was used, re
ording 
urrent (speed and dire
tion) and temperature data. The instrumentswere pla
ed from 10 to 433 m above bottom (mab) and moorings on the slope re
ordeddata on
e every hour. The a

ura
y for an individual speed and dire
tion measurement is�1 
m/s and �5Æ respe
tively, a

ording to the manufa
turer. For low speeds (<1 
m/s)systemati
 errors might o

ur, but the velo
ities in the dis
ussed time series are always wellabove this threshold. The re
ord length varies from 15 to 837 days, but is about one yearfor most instruments. The F1-4 moorings (see Fig. 1) were equipped with Seabird Mi
roCat(SBE-37) 
ondu
tivity-temperature sensors in addition to the 
urrent meters. These werepla
ed 9 mab, and they have an a

ura
y of <0.01ÆC for temperature and <0.004 S/m for
ondu
tivity, a

ording to the manufa
turer.To fa
ilitate 
omparison between re
ords, the lo
al 
oordinate system was rotated in133



Figure 1: Map of the study area showing bathymetry and mooring and CTD positions.The arrows indi
ate the mean 
urrent (from Foldvik et al (2004)) at the bottom-mostinstrument on ea
h mooring. A, B, C and D show the lo
ation of the CTD-pro�lesdis
ussed in the text.order to align the x-axis with the isobaths. u is thus always dire
ted along and v a
ross theslope.Analysis of the 
urrent meter data revealed variability and os
illations. Fourier analy-sis was used to identify energy-
ontaining frequen
ies. Eight Hanning windows with 50%overlap were used in the Fourier analysis (i.e. the length of ea
h window is 2/9 x L, whereL is the length of the time-series). The results from the Fourier analysis are presented invarian
e-preserving diagrams. The data were not de-tided prior to the analysis, but tidalfrequen
ies (diurnal and semi-diurnal) are not presented. In addition to \normal" Fourieranalysis on the u and v 
omponents of the 
ow, a rotational Fourier analysis was performed.An os
illation 
an be divided into a 
lo
kwise (CW) and a 
ounter-
lo
kwise (CCW) part,and the analysis identi�es energy-
ontaining frequen
ies in the two rotation dire
tions. Itshould be noted, and it will be 
ommented on in the dis
ussion, that it is the rotation of thevelo
ity ve
tor lo
ally that is obtained through this analysis, and not that of the large-s
alemotion. 134



Wavelet analysis (Torren
e & Compo 1997) was used to lo
ate episodi
 os
illations, i.e.to show when energy is present at a 
ertain frequen
y. Prior to the Wavelet analysis the datawere �ltered using a 3-hour Hanning-�lter and then de
imated at intervals of four hours.The series was zero-padded and analyzed using a Morlet base (Torren
e & Compo 1997).In addition to 
urrent meter re
ords, CTD data from a number of years are used. Datafrom the Norwegian Antar
ti
 Resear
h Expeditions (NARE) are largely unpublished, andare from 1977, 1979, 1980, 1985, 1987, 1989, 1990, 1992, 1993 and 1995. The 1977 and 1979data were presented in Foldvik et al. (1985a,b) and a few stations from 1990 were presentedin Foldvik et al. (2004). CTD data from the Ronne Polynya Experiment (ROPEX) in 1998(Ni
holls et al. 2003), two AWI 
ruises in 1986/87 and 1995 (Wilfried & Oerter 1997, Miller& Oerter 1990), and data from WOCE (Orsi & Whitworth 2004) have been added to theanalysis. More than 300 stations have been analyzed. The un
ertainty in the data generallyde
reased for more re
ent 
ruises, but is assumed to be better than �0:006ÆC for temper-ature and �0:01 for salinity. Fig. 1 shows the CTD stations. All CTD data were 
olle
tedduring the Austral summer, sin
e it is diÆ
ult to rea
h the area in wintertime due to harshsea-i
e 
onditions. The deepest measurement of the CTD is o

asionally deeper than thee
ho-depth added manually to the data re
ords, and this measurements has been used as the\true" bottom depth at these stations, whereas the e
ho-depth has been used at all otherstations.The thi
kness of the plume at ea
h station was determined from the CTD temperaturepro�les. In the absen
e of the plume, the deeper part of the water 
olumn is o

upied byWDW with a relatively 
onstant temperature pro�le. The WDW temperature is 
lose to0.5ÆC at 1000 m depth and de
reases linearly to 0ÆC at 2000 m depth. The thi
kness of theplume, when present, 
ould be dete
ted from the depth at whi
h the temperature pro�ledeviates from the WDW-pro�le, i.e. where the temperature de
rease is larger than for theWDW. The 
riterion for dete
ting the 
old bottom plume is dTdz > 5:0ÆC/1000 m (positivez upward). False dete
tions of the plume thi
kness due to inversions in the temperaturepro�le were removed manually.Mean bottom temperature and plume thi
kness �elds (Fig. 3) were found as follows. Onlydata between 30ÆW and 40ÆW and with depths between 800 and 3200 m were in
luded. TheCTD data were �rst divided into depth bins of 200 m (i.e. 800-1000, 1000-1200, ..., 3000-3200) and then into 0.25Æ bins zonally (i.e. 30-30.25, 30.25-30.50, ..., 39.75-40.00). The meanbottom temperature and plume thi
kness were 
al
ulated for ea
h depth-longitude bin, anda 
orresponding 
olor was applied to the map using the GEBCO bathymetry. When nostations were lo
ated in the bin, it was left white. The GEBCO depth and the depthre
orded in the CTD data do not always agree, and the data may then be slightly displa
ed.The data from the Fil
hner Depression have not been divided into depth bins but have beenproje
ted onto 74Æ40'S. 135



3 ResultsThe CTD data from the Fil
hner Over
ow area between 1977 and 1998 is �rst presented,providing a pi
ture of the mean stru
ture and properties of the plume. It will later be shownthat the over
ow is highly variable on relatively short temporal and spatial s
ales, and singleCTD 
asts and se
tions must thus be thought of as \snap shots". The plume water 
an bedistinguished from the ambient Weddell Deep Water based on temperature alone, and soonly temperature data are presented.3.1 Spatial stru
tureBefore spilling over the sill, the ISW is found as a northward 
owing subsurfa
e layer inthe Fil
hner Depression. Prior to 1989, observations showed a dense bottom layer of HighSalinity Shelf Water (HSSW) underlying the ISW, but due to 
hanging sea-i
e 
onditions thesupply of HSSW 
eased and ISW now o

upies the deepest portion of the trough (N�st &�sterhus 1998). The ISW-interfa
e tilts towards the west, and the upper limit is lo
ated at500 m depth on the eastern side, and at 400 m depth on the western side (Foldvik et al. 2004).The ISW is strati�ed by salinity, whi
h in
reases towards the bottom to a salinity between34.6 and 34.7. A typi
al temperature pro�le from the Fil
hner Depression is presented inFig. 2a (pro�le A, see Fig. 1 for lo
ations), where the surfa
e freezing point (Tf � �1:9ÆC)is marked. ISW, or water with temperatures lower than -1.9ÆC, is found below about 500m depth. The minimum bottom temperature re
orded in the Fil
hner Depression is -2.22ÆC.When spilling over the sill, the ISW forms a dense plume that mixes with and entrainsambient WDW and the temperature pro�les evolve a

ordingly. Fig. 2a shows three tem-perature pro�les from the slope (pro�les B-D: Fig. 1), that are 
hara
teristi
 of the area andshow the \evolution" of the 
old bottom plume layer. Pro�le C shows a thin, 
old bottomlayer, while pro�les B and D show thi
ker layers with a higher minimum temperature. Mostof the pro�les from the area west of the ridge are similar to pro�le D, whereas those east ofthe ridge are often more similar to C.The height at whi
h the temperature pro�le deviates from the ba
kground WDW-pro�leis indi
ated in Fig. 2 by bla
k diamonds. The plume thi
kness is de�ned as the distan
ebetween this transition point and the bottom, as illustrated by the verti
al arrow in Fig. 2afor pro�le D (about 730 m). The maximum plume-thi
kness observed on the slope is 860 m.Stations that have a bottom temperature 
lose to the freezing point generally have a plumethi
kness below 300 m, but mooring data o

asionally show low temperatures at shallowerdepths (e.g. 433 mab at mooring F2). The bottom temperature of the thi
kest plume layersis usually in the range -1.0 to -0.5ÆC.Among the years with available CTD-stations, 1985 has the best 
overage and Fig. 2bshows a temperature se
tion obtained this year. The se
tion 
rosses the slope from 600 to2000 m depth and runs parallel to the ridge along 36ÆW (see Fig. 1 for lo
ation). Only136
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data from the bottom-most 400 m are in
luded. A main 
old 
ore of the plume is visiblearound 1700 m depth (35 km) where the bottom temperature is -1.91ÆC. Pro�le C (40 km)has a plume thi
kness of about 120 m, and the transition towards the WDW is dete
ted at0.04ÆC. A se
ond \
ore" is visible at 950 m depth (7 km) where the bottom temperature is-0.82ÆC and the plume about 60 m thi
k. Between the two \
ores" the plume has a largerverti
al extension (�300 m), and a higher minimum temperature (pro�le B).The \mean" bottom temperature and plume thi
kness are shown in Fig. 3 (See Se
tion 2for 
al
ulation details). As many of the stations do not 
apture the lower-most few meters,or tens of meters, we use 50 m as the lowest \plume thi
kness". Thi
kness values smaller(larger) than 50 (450) m are indi
ated as 50 (450) m, respe
tively. Stations where no plumewas observed is marked with an asterisk. The ba
kground WDW temperature is 0ÆC at2000 m depth, and -0.15ÆC at 3000 m depth.A near-
onstant layer of ISW is seen in the Fil
hner Depression (west of 31ÆW along74Æ40'S), where the bottom temperature is below -1.9ÆC and the layer thi
kness about 200m. Stations on the slope with a 
old bottom layer are usually found west of 33Æ30'W. Thebottom temperature generally in
reases towards the north (deeper waters) and west (Fig.3a), and the plume thi
kness in
reases (Fig. 3b). The 
ore of the 
old plume at �1000 mdepth 
an be found around 34ÆW (Fig. 3a), but 
old bottom temperatures are also found fur-ther west. The plume moves west while sinking down, and around 2000 m depth the plumeis found west of 35ÆW. As the plume advan
es, it en
ounters the �rst ridge 
ross-
uttingthe slope, and Fig. 3a shows that low bottom temperatures and small layer thi
knesses arefound in the vi
inity of this ridge at relatively large depths. Comparing temperatures fromthe same depth level east and west of the ridge, it is evident that it is warmer on the westside, where the temperatures are around -1ÆC at 1500 m depth and in
rease to -0.5ÆC at2500 m and where the plume is 400 m thi
k or thi
ker. No thin 
old stations, su
h as pro�leB in Fig. 2a, are found west of the ridges. The plume lo
ation 
annot be easily de�ned inthe west, where the dense water seems to o

upy most of the slope between 800 and 2500 mdepth. Fig. 3a show mean bottom temperatures from the moorings. The 
oldest mooringsare F2 and F3 at 1200 and 1700 m depth 
lose to 36ÆW (see Fig. 1 for lo
ation). They havemean temperatures around -1.6ÆC, whi
h is 
lose to the mean value from the CTD-stations.The deepest pat
hes of '
lose to undiluted' ISW are found east of the ridge at 36ÆW at2000 m depth. The absolute minimum at a station in this region is -1.64ÆC at 2175 m depth,while mooring D1 at 2100 m depth re
orded a minimum temperature of -1.92ÆC and 8% ofthe data points from the lowest instrument are below -1.64ÆC.The \mean" pi
ture from the CTD data 
an be 
omplemented with temperature andsalinity re
ords from the F1-F4 moorings, 
ross
utting the slope from 650 to 2000 m depth
lose to 36ÆW. The moorings have good temporal, but poor spatial resolution. Fig. 4shows the (low-passed) Seabird Mi
roCAT temperature and salinity re
ord in a Hovm�oller138



Figure 3: Mean a) bottom temperature and b) plume thi
kness from CTD-stations inthe Fil
hner Over
ow area. The gray small dots indi
ate the positions of individualCTD-stations. The 
olor shading represents 
al
ulated means over depth ranges of200 m and in 0.25Æ longitude bins. More than 300 stations below 800 m depth arein
luded. In (a) bottom moorings are shown as squares, with their 
olor indi
atingthe mean temperature over the length of the re
ords. The plume thi
kness in (b) isfound using the verti
al temperature pro�les as illustrated in Fig. 2. The asterisks in(b) indi
ate stations that have no 
old bottom layer.139



diagram for February-Mar
h and June-July. The 
old plume is generally present at themiddle two moorings (F2 and F3; Fig. 1), whi
h were lo
ated in the area with the lowestbottom temperature in Fig. 3a, and whi
h re
orded temperatures lower than -1.2ÆC most ofthe time . The plume is o

asionally present at the lower and the upper mooring (F4 andF1; Fig. 1). The bottom temperatures were generally lower during the austral winter thanduring the summer, espe
ially at the upper part of the slope, and the salinity was lower.The apparent variability will be the fo
us of the next se
tion.
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Figure 4: Hovm�oller diagram of bottom temperature in a) austral autumn and b)winter and bottom salinity in 
) austral autumn and d) winter at mooring F1-4.Lo
ations are shown in Fig. 1. 140



3.2 VariabilityA large part of the temporal plume variability is due to os
illations at more-or-less dis-tin
t frequen
ies. The tides, whi
h are strong in the area, have been dis
ussed elsewhere(Middleton et al. 1987, Foldvik et al. 1990), and the fo
us is here on the os
illations withperiods of 35 hours, 3 days and 6 days that are repeatedly found in the mooring re
ords.The os
illations will �rst be shown as they appear on individual moorings and then their ge-ographi
al and temporal distributions will be presented. Individual moorings are generallyreferred to by their \names", as given in Fig. 1.3.2.1 The 35-hour os
illationMooring F2 (Fig. 1) was pla
ed in the 
enter of the plume path at 1180 m depth in 1998and re
orded at 4 levels; 10, 56, 202, and 433 mab. The mean thi
kness of the plume in thisarea is 250-300 m (Fig. 3b, previous se
tion). The lower 
urrent meter (10 mab) re
orded amean temperature of -1.63ÆC and is submerged in water with low temperatures most of thetime (75% of the data points are below -1.5ÆC). Only o

asionally does the temperature riseto 0ÆC. (3% of the data points are above -0.5ÆC). The middle instrument (56 mab) showsa similar temperature re
ord, with temperatures being only slightly higher. The shallowest
urrent meter (433 mab) is usually above the plume and within the WDW at 0.5ÆC (85%of the data points are above 0ÆC), but on a few o

asions the temperature drops drasti
ally(2% of the data points are below -1.5ÆC). The rise (drop) in temperature at the lower (up-per) instruments often o

urs during longer periods of temperature os
illations, su
h as theone depi
ted in Fig. 5a where the temperature at the lower instruments is seen to os
illatebetween a minimum of -2ÆC and a maximum of 0.5ÆC with a period of about 35 hours.The 35-hour os
illation is evident in the velo
ity data (Fig. 5b), where the os
illation in thealong-slope 
omponent lags the a
ross-slope 
omponent, giving a 
lo
kwise (CW) rotation.The amplitude of the os
illation is 10 
m/s, and the signal is seen, unattenuated, at alldepths.During this period, the same os
illation is observed at F1 (not shown), lo
ated further upthe slope at 647 m depth. Here the temperature at all instrument depths (10, 100, 207 mab)os
illates between -1.8ÆC and 0.5ÆC. The amplitude of the velo
ity os
illation is smaller thanat the deeper F2, but the signal is again almost verti
ally homogenous. Contrary to F2, thealong-slope 
omponent leads, and the os
illation is 
ounter-
lo
kwise (CCW).The 35-hour os
illation is present further down the slope, at F3 (1637 m, not shown).The os
illation here is mainly seen in the deeper (10 and 56 mab) temperature re
ords and itis not re
ognizable (at least during this period) in the shallowest re
ord, whi
h is dominatedby a slower os
illation (3 day). The bottom temperature and velo
ity re
ords from the slope(F1-4) during the period are shown in Fig. 6.141
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Figure 5: a) Temperature and b) velo
ity from F2 (1180 m depth) in November 1998showing a 35-hour os
illation. The re
ords have been �ltered (band passed 24-72h).The key in (b) applies to all graphs.3.2.2 The 3-day os
illationThe data re
ords from mooring F3, lo
ated at 1637 m depth and probably on the lowerside of the plume (see Fig. 1, 3, 4) show similar os
illations in temperature and velo
ity.The upper instrument (433 mab) has a mean temperature of 0.4ÆC and it is normally wellabove the plume sin
e its temperature rarely drops below 0ÆC (0.5% of the data points).The bottom-most instrument (9 mab) re
orded a mean temperature of -1.46ÆC with 80% ofthe data points being 
older than -1ÆC.Fig. 7 shows the temperature and velo
ity re
ords from Mar
h 1998. The temperature at433 mab is seen to os
illate between 0.3 and 0.4ÆC with a period of about 3 days. The sameos
illation is present in the a
ross-slope velo
ity re
ord, where the amplitude is 20 
m/s. Thedata are un�ltered and 
ontain a 
ertain level of noise, but no 
lear verti
al attenuation orphase shift is dis
ernible. The os
illation is less 
learly seen in the temperature re
ords fromthe lower instruments, whi
h are, during the end of the period shown, dominated by a faster35-hour os
illation. The same is true for the along-slope velo
ity 
omponent (not shown)in whi
h a 3-day os
illation 
an be distinguished initially and a 35-hour period towards theend of the period. 142



Figure 6: Hovm�oller diagram of bottom (9 mab) temperature from F1-4 during theepisode with a 35-h os
illation shown in Fig. 5.3.2.3 The 6-day os
illationMooring F4 is situated at 1984 m depth and is generally below the main path of the plume(see Fig. 4). The mean temperature is -0.4ÆC and only 18% of the data points from 9 mabare below -1.0ÆC (5% are below -1.5ÆC). Fig. 8 shows velo
ity and temperature re
ords fromF4 during the winter months. A 6-day os
illation is seen at all depths, both in the tempera-ture and velo
ity re
ords, and its initiation is asso
iated with a sudden drop in temperatureat the bottom mooring. The temperature de
reases from 0ÆC to 
lose to -2ÆC (un�ltereddata, not shown), indi
ating that the WDW, whi
h is usually surrounding the mooring, isrepla
ed by almost undiluted ISW. The temperature 
ontinues to os
illate with a periodof approximately 6 days for about a month, but the amplitude de
reases and the temper-ature at the bottom-most instrument stabilizes. The shallowest instrument (207 mab) isnever submerged in 
old plume water and so the plume is always thinner than 200 m, inagreement with the mean thi
kness from the CTD data in Fig. 3b. The os
illation at theupper instrument is out of phase with the deeper ones: low temperatures at the bottom are
oupled to a slight in
rease (�0.1ÆC) in temperature at 207 mab.143
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ords from F3 (1637 m)in Mar
h 1998 showing a 3-day os
illation.There is a verti
al shear in the mean 
urrent, with velo
ities in
reasing towards the bot-tom, but the os
illation in velo
ity is seemingly verti
ally homogenous with an amplitudeof 5-10 
m/s. The velo
ity ve
tors tra
e out a 
lo
kwise ellipse in whi
h the 
old water is
owing with an eastward 
omponent, i.e. opposite to the mean 
ow.Os
illations with the same 6-day period were re
orded more than a de
ade earlier atmooring D1 (not shown), whi
h was pla
ed 100 m deeper than F4, 9 km to the north andin the vi
inity of a steep rise running perpendi
ular to the slope. Here the os
illation isrestri
ted to the along-ridge dire
tion, rather than being \
ir
ular" as at F4. The amplitudewas 35 
m/s and thus roughly equal to the mean speed (37 
m/s). The temperature re
ordwas os
illating in phase with the velo
ities, with low temperatures (�-1.8ÆC) 
orrespondingto high speeds (�70 
m/s), and high temperatures (�0ÆC) to slow (or no) 
urrents (�0
m/s) (see Foldvik et al. (2004), Fig. 12d). The 
ow 
an be 
hara
terized as pulses of 
oldhigh-speed plume water and intermittent quies
ent periods when the mooring is submergedin Weddell Deep Water. The os
illation is seen at both 25 and 100 mab.3.2.4 Os
illations on the slopeFourier analysis reveals that the three os
illations, hen
eforth referred to as O35, O3 andO6, are relatively energeti
 and reo

ur over the slope. The periods are (within the a

u-144
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207mabFigure 8: a) Temperature and b) velo
ity at F4 (1984 m) in June 1998 showing asix-day os
illation. The re
ords have been �ltered (band passed, 3-15days). The keyin (b) is valid for all graphs.ra
y of the methods used) multiples of ea
h other: O6 = 2�O3 = 4�O35. Fig. 9 show theFourier spe
tra for four instruments on the slope. Some moorings have pronoun
ed peaks(i.e. energy) at all three frequen
ies (e.g. F3, Fig. 9d) while others have one (e.g. D1, Fig.9a) or two (e.g. D2/F2, Fig. 9b/
) dominant peaks. At some moorings the peaks are seenin both velo
ity 
omponents (e.g. F2, Fig. 9b), while one 
omponent is totally dominant atothers (e.g. u at D1, Fig. 9a). At D2, O35 is strongest in the along-shelf 
omponent andO3 in the a
ross-shelf 
omponent. The shallow moorings west of the ridges have low energylevels and no prominent peaks, other than at tidal frequen
ies.Fig. 10 gives an overview of the energy levels at the three frequen
ies (O35, O3, O6).Ea
h mooring is represented with a pie-
hart, whose area is proportional to the sum of theenergy levels at the three frequen
ies and where the distribution of the energy amongstthem is indi
ated by the size of the se
tor. The energy levels presented are the mean overan interval f ��f (shaded gray in Fig. 9) using velo
ity data from all instrument levels onthe mooring. Energy levels are highest in the area west of the Fil
hner Depression, whilelower levels are found in the depression and west of the two ridges. There is a tenden
yfor the shortest period (O35) to be more pronoun
ed at the upper part of the slope, whilethe longest (O6) is more energeti
 further down and the intermediate (O3) in the middlepart of the slope. Mooring D2 is however an (energeti
) ex
eption. The moorings in theFil
hner Depression have high energy levels at longer periods (10-15 days), but of the threefrequen
ies dis
ussed here only O6 is observed.145



a) b)

15 10 6 4 3 2 1
0

50

100

150

200

250
D1 (25 mab)

 fS
yy

Period, [days]
15 10 6 4 3 2 1

0

50

100

150
D2 (25 mab)

 fS
yy

Period, [days]
) d)

15 10 6 4 3 2 1
0

20

40

60

80

100

120

140

160
F2 (56 mab)

 fS
yy

Period, [days]

U, along shelf
V, across shelf

15 10 6 4 3 2 1
0

20

40

60

80

100

120

140

160
F3 (56 mab)

 fS
yy

Period, [days]Figure 9: Fourier spe
tra for mooring a) D1 (25 mab), b) D2 (25 mab), 
) F2 (56mab) and d) F3 (56mab) for the u (solid line) and v (dashed line) 
omponent. Theshaded areas indi
ate the frequen
y intervals in
luded in Fig. 10.
146



Figure 10: Partition of energy for the three velo
ity os
illations dis
ussed, i.e. withperiods of 35 hours (O35), 3 days (O3) and 6 days (O6). Ea
h mooring is representedby a pie-
hart whose area is proportional to the total mean energy level of the threefrequen
ies and where the distribution of the energy amongst them is indi
ated by thesize of the se
tor. The energy level is 
al
ulated as the mean over an interval (shadedgray in Fig. 9) around the frequen
ies of interest. Velo
ity data from all instrumentlevels on the moorings have been in
luded. The light gray arrows (FO1-3) are thepathways suggested by Foldvik et al (2004) and are dis
ussed in se
tion 4.1.The os
illations and the observations at the moorings are summarized in Table 1.3.2.5 Temporal distributionThe episodi
 nature of the os
illations at some of the moorings, and their persisten
y atothers, be
ome apparent through wavelet analysis and is summarized in Table 1. Fig. 11presents results from the wavelet analysis of re
ords from moorings D1 and D2, pla
ed 40km apart at a depth of 1800 and 2100 m respe
tively (during 1985). The di�eren
es be-tween the two moorings are striking. D1 shows a relatively persistent 6-day os
illation inthe along-slope velo
ity (u, Fig. 11a), while D2 shows an intermittent 35-hour os
illation inthe along-slope velo
ity (u) and temperature (T ) and a more persistent tidal (diurnal) and3-day os
illation in the a
ross-slope velo
ity (v, Fig. 11b-d). The variations in temperatureat D2 are asso
iated with os
illations in u. During periods without the 35-hour os
illation147



(in u) the mooring is surrounded by warm (�0ÆC) WDW, while the os
illation brings 
oldwater (T � �1:9ÆC) to the mooring. The 
old water is thus adve
ted along the slope, andnot a
ross it. The 
orrelation between u and T over the whole re
ord is high (r = 0.85), withhigh (50-75 
m/s) westward velo
ities at low temperatures (see also Foldvik et al. (2004)Fig. 12, se
tion 6.2)The 
o-o

urren
e of low temperatures and os
illations is apparent at other mooringslo
ated at the lower (F4 - O6) and upper (F1 - O35) sides of the plume. It is notable that thestrong, predominantly diurnal tidal signal (in both u and v) at F1 (
lose to the shelf break)is apparent in the velo
ity re
ords but not in the temperature re
ords, while O35 a�e
tsboth velo
ity and temperature. The strong tidal signal at F1 is asso
iated with 
ontinentalshelf waves (Middleton et al. 1987). With a few ex
eptions, the os
illations are episodi
 (seeTable 1).3.2.6 SummaryThe 
urrent meter re
ords from the Fil
hner area show that os
illations with periods of35 hours (O35), three days (O3) and 6 days (O6) are present, in addition to tidal motion.These periods are observed at several lo
ations, and in re
ords from di�erent years (Table 1).� Os
illations in velo
ity are a

ompanied by os
illations in temperature� The os
illatory motion is neither attenuated nor strengthened with depth. This is alsoapparent when the shallowest instruments are above the dense bottom layer.� Velo
ity amplitudes range from 5-10 
m/s to 35 
m/s.� The (small) temperature os
illations re
orded at instruments above the plume (sur-rounded by WDW) are often out of phase with the (larger) temperature os
illationsat the lower instruments, i.e. the temperature in
reases at height when it de
reases atdepth.� The os
illations are (with a few ex
eptions) episodi
 and on a number of moorings theos
illations are asso
iated with the presen
e of 
old plume water at the mooring.� Both CW and CCW motions are observed, with CCW motion lo
ated higher up theslope� The shortest period (O35) is apparently stronger on the upper part of the slope, whileO6 is observed at the lower part and O3 in between, with some ex
eptions.� Moorings in the Fil
hner Depression, on the 
ontinental shelf and west of the tworidges have relatively low energy levels and no distin
t peaks at O35 and O3, whileO6 is 
learly dis
ernible in the depression and at the deep western mooring.148
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ObservedatDepthUVTCCW/CWComments

O35F1647xxxCCWEpisodi
,v.homogenous

F21180(x)xxCWEpisodi
,v.homogenous

F31637x(x)xCWEpisodi
,notv.homogenous

D21800xx-Episodi


O3F21180xx(x)CCWEpisodi
,v.homogenous

F31637(x)xxCWRelativelypersistent,v.homogenous

D21800x
-Relativelypersistent

F41980xxxCWEpisodi


O6F.D.�600(x)(x)CCWEnergyalsoatlowerfrequen
ies

F31637x
-Notv.homogenous

W.R.1939(x)(x)
F41980xxxCWEpisodi
,v.homogenous

D12100xx-Persistent

Table1:Summaryofobservationsofos
illations(O35,O3,O6)atthemoorings.

F.D.=Fil
hnerDepression,W.R.=WestofRidge,v.=verti
al,and'(x)'means

thattheos
illationisobserved,butthattheenergylevelisrelativelylow.
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4 Dis
ussion4.1 Stru
tureThe dense ISW in the Fil
hner Depression has the potential to sink to the bottom of theWeddell Sea. The initial density di�eren
e is not so large; its in situ density at sill level(600 m) is 1030.8 kg/m3 
ompared with 1030.7 kg/m3 for the WDW found here, but its lowtemperature makes it more 
ompressible than the WDW. At 3000 m depth, the ISW wouldhave an in situ density of 1041.9 kg/m3, while the WDW has a density of 1041.7 kg/m3.Thus thermobari
ity, or the e�e
t of temperature on the 
ompressibility of sea water, makesit possible for ISW to penetrate to great depths (Killworth 1977).The �25 years of CTD data presented in Se
tion 3.1 
on�rm the presen
e of a 
oldbottom plume westward of 34ÆW and deeper than 800 m. Data from the shallower part ofthe slope have not been in
luded in the analysis, sin
e it is diÆ
ult to distinguish the plumefrom the surfa
e layer of Winter Water (Mosby 1934) by means of temperature.Bottom temperatures and plume thi
kness in
rease westward and there is a qualitativedi�eren
e between CTD-pro�les east and west of the ridges. West of the ridges the plume isthi
k (>450 m), and it has relatively high bottom temperatures and small verti
al temper-ature gradients. CTD-
asts from eastern lo
ations often show low temperatures and thinplumes with large temperature gradients. Mixing and entrainment of ambient WDW isrelatively low in the sill region, while it is more important between the eastern and westernstations. No attempt has been made to quantify rates of mixing in the region. Cold andalmost undiluted ISW is sometimes observed at great depth along the �rst of the two ridges,
ontrary to W�ahlin et al. (2007), who observed mixing to be enhan
ed by topography andtopographi
 steering.Based on mooring and CTD data, Foldvik et al. (2004) suggested that the ISW-plumefollows three di�erent pathways: one following the shelf break and the upper part (600-800 m) of the slope (FO1), one 
owing at mid-depth (2500-3000 m) (FO2), and one being
hanneled downslope by a ridge lo
ated at � 36ÆW (FO3). The partition of the plume issket
hed in Fig. 10. Of the three suggested bran
hes, only FO3, following the ridge down-slope, 
an be seen in the mean temperature and thi
kness �elds presented in Fig. 3. FO2was dete
ted as a 
old, low salinity bottom layer around 39ÆW by Foster & Carma
k (1976)in data from 1973 (not in
luded in this study), but it is not apparent here. A

ording tothe data presented here, plume water o

upies almost the entire slope west of the ridges,i.e. the area between FO1 and FO2. It should be noted that mu
h (but not all) of the datafrom the area west of the ridges are from 1978. As dis
ussed above, the analysis in
ludesonly data >800 m depth, and hen
e FO1 is too shallow to be dete
ted.Darelius & W�ahlin (2007) and W�ahlin (2002) showed that ridges and 
anyons 
ross
ut-ting the slope 
an promote the downslope 
ow of dense water. They further introdu
ed the151




on
ept of transport 
apa
ity, i.e. that there is a maximum amount of dense water that asubmarine ridge or 
anyon with given dimensions 
an steer downslope, and they suggestedthat a dense plume impinging on a ridge or a 
anyon would split if its transport 
apa
ityis ex
eeded. FO3 was shown by Darelius (2007) to be a result of topographi
 steering, anda CTD-se
tion a
ross the ridge shows a dense layer \leaning" on it (See Darelius (2007),Fig. 7). As mentioned above, our data do not support the idea of a 
learly de�ned se
ondpath, FO2 at mid depth. If it nevertheless exists, it 
ould be explained by topographi
steering. About 20 km west of the �rst ridge there is a se
ond ridge, extending down toabout 2000 m depth (see Fig. 1). The two ridges 
reate a 
anyon-like stru
ture betweenthem, in whi
h dense plume water 
an be 
hanneled downslope. At the end of the 
anyon,at about 2000 m depth, the plume water would again 
ow on the open slope, following theisobaths geostrophi
ally (FO2). The transport 
apa
ity of the �rst ridge was estimated tobe 0.3 Sv ISW by Darelius & W�ahlin (2007) and that of the 
anyon would be 0.6 Sv, usinga ridge width, W = 7 km, an Ekman layer thi
kness, Æ = 35 m, a bottom slope, s = 0:03,a ridge height, H = 500 m, and an idealized 
osine shaped 
anyon. A density di�eren
e of�� = 0:1 kg/m3 was used in the 
al
ulations (�� = 0:05 kg/m3 gives 0.15 (0.3) Sv for the�rst (se
ond) ridge). The total out
ow is estimated to be 1.6 Sv (Foldvik et al. 2004) andthe two ridges 
ould thus together 
hannel a substantial part of the out
ow downslope, andtentatively explain the suggested pathways. The upper pathway (FO1) would be followed bywater that initially 
ows suÆ
iently high up on the slope to es
ape the ridges (whi
h emergea few hundred meters below the shelf break) and by water that 
ows over the ridges/
anyonas their transport 
apa
ity is ex
eeded. Dense water steered by the �rst ridge follows FO3and by the se
ond ridge FO2. But again, the observation of a thi
k layer of plume waterwest of the ridges does not mat
h this explanation. This water is likely to have passedover the se
ond ridge. It seems strange, that the se
ond ridge would not steer dense waterdownslope, when the �rst ridge seems to be so e�e
tive in doing so. Unfortunately, thereare neither CTD nor mooring data available in the vi
inity of the se
ond ridge, so its roleremains an open question.4.2 VariabilityFourier analysis reveals high energy levels for motion with periods of roughly 35 hours (O35),3 days (O3) and 6 days (O6). Curiously, the periods seems to be (within the a

ura
y ofthe methods used) multiplies of ea
h other: O6 = 2�O3 = 4�O35. O35 is most pronoun
edat the upper part of the slope, with mooring D2 at 1775 m being an energeti
 ex
eption.O3 is mainly observed in the a
ross-slope dire
tion (v) further down on the slope, whileO6 is most pronoun
ed in the vi
inity of the ridge and at the deepest moorings. Moor-ings situated in the Fil
hner Depression and west of the ridges show low energy levels andno prominent peaks at 035 and O3, while O6 
an be identi�ed in the Fil
hner Depressionand at the deep mooring west of the ridges. The 
urrent measurements suggest that theos
illations are barotropi
 or 
lose to barotropi
. Although the data re
ords do not ex-tend all the way to the surfa
e, they do in many 
ases extend well above the dense bottomlayer, and the os
illations are generally present, unattenuated, at all instrument levels. The152



temperature re
ords from levels above the plume often show a small amplitude os
illation(� 0:1ÆC) that is out of phase with that from instruments at lower levels. The observationagrees with general theories on wave-kinemati
s, where 
onvergen
e and upward motionin the lower layer is a

ompanied by divergen
e and downward motion in the upper layer(and vi
e versa). The temperature gradient in the overlying WDW is about 0.5ÆC / 1000m, and a temperature di�eren
e of 0.1ÆC 
orresponds to a verti
al ex
ursion of about 200 m.The energeti
 os
illations found in the over
ow area 
ould either be 
aused by externaldisturban
es or waves traveling into the area, or they 
ould be generated lo
ally and dire
tlyrelated to the over
ow. Inertial os
illations in the region would be faster, with a period of12.4 h. Observations from other over
ows (Geyer et al. 2006, Girton & Sanford 2003,Bru
e 1995), laboratory experiments (Cenedese et al. 2004, Etling et al. 2000, Lane-Ser�& Baines 1998, Smith 1977) and numeri
al models (Ezer 2006, Tanaka & Akitomo 2001)show that eddies may form within dense over
ows and plumes. One external 
andidate is
ontinental shelf waves (CSW), whi
h would travel westward along the shelf. Su
h waveswere suggested by Foldvik et al. (2004), without further dis
ussion, as an explanation forthe 3-6 day os
illations. Shelf waves 
ause the enhan
ed diurnal tides observed at the shelfbreak (Middleton et al. 1987). The observations are 
ompared with existing theories on su
heddies and waves below.Eddies Eddies are generally thought to form in dense over
ows and plumes either throughvortex stret
hing (Lane-Ser� & Baines 1998, Spall & Pri
e 1998) or baro
lini
 instability(Swaters 1991). Vortex stret
hing tends to form strong eddies 
lose to the sour
e, whilebaro
lini
 instabilities form as an along-slope 
ow is established (Lane-Ser� 2001). Thebaro
lini
 eddies are often a

ompanied by sub-plumes, su
h as in laboratory experimentsby Etling et al. (2000). Both generation me
hanisms will be 
onsidered here.In short, eddies are generated through vortex stret
hing when the 
uid above the denselayer is 
aptured and stret
hed as the dense 
uid des
ends the slope. To maintain its po-tential vorti
ity, a vorti
al 
ir
ulation is generated that is transmitted to the lower layerbarotropi
ally. The generation me
hanisms are des
ribed in more detail by Lane-Ser� &Baines (1998) and Cenedese et al. (2004), and will not be further 
ommented on here.The eddies so formed are baro
lini
, with a strong barotropi
 
omponent (Lane-Ser� &Baines 1998) and the motion is 
y
loni
 and strongest in the upper layer. In 
ontrast, theos
illations found here are all barotropi
 or 
lose to barotropi
, i.e 
onstant with depth.Lane-Ser� & Baines (2000) estimated that vortex stret
hing would 
ause eddy generationwith a period of three days within the Fil
hner Over
ow.Etling et al. (2000) suggested that eddies were formed through vortex stret
hing inlaboratory experiments when the indu
ed 
oastal 
urrent passed over a plume and was
ompressed verti
ally. These eddies propagated seemingly independent of the plume itself,although sometimes trapping dense 
uid beneath them. The Antar
ti
 Coastal Current153



splits in two just east of the Fil
hner Depression (at 27ÆW) with one bran
h 
ontinuingalong the slope and one as a 
oastal 
urrent (Gill 1973). The slope 
urrent must pass overthe plume, possibly generating eddies. These eddies, if trapping dense 
uid beneath them,would have a baro
lini
 
omponent similar to those des
ribed above.The PV-hypothesis was proposed by Spall & Pri
e (1998) to explain the generation ofeddies in the Denmark Strait over
ow. It is based on vortex stret
hing, but it is not appro-priate for the Fil
hner Over
ow sin
e it requires a three-layer out
ow.Eddies may form from baro
lini
 instabilities (Tanaka & Akitomo 2001, Jiang & Garwood1996, Swaters 1991, Smith 1976). Spall & Pri
e (1998) dis
ussed baro
lini
 instabilities inrelation to the Denmark Strait over
ow, and 
on
luded that the observed eddies probablywere not generated by su
h instabilities. Many of their arguments 
an be applied to theFil
hner Over
ow. The os
illations observed in the Fil
hner Over
ow show little or no ver-ti
al phaseshift (Fig. 5, 7, 8), while growing baro
lini
 waves require a substantial shift.Contrary to the observed barotropi
 (or 
lose to barotropi
) os
illations, eddies formed frombaro
lini
 instabilities are stronger within the dense bottom layer than in the 
uid above.The baro
lini
 eddies are 
on
entrated, or at least mu
h stronger, on the downslope side ofthe 
ow and 
annot explain the energeti
 os
illations re
orded at the upper part of the slope(Fig. 10). In addition, the development of eddies from baro
lini
 eddies are relatively slow.Plume water spilling over the sill and advan
ing with 20 
m/s 
an be expe
ted to rea
hthe mooring array F1-F4 within 2-3 days, while baro
lini
 eddies formed in Tanaka's (2006)simulations rea
hed a mature stage only after 17 days in their "Steep slope-High latitude"(SH) s
enario, whi
h has a slope, Coriolis parameter, 
ux and density di�eren
e appropriatefor the Fil
hner Over
ow, albeit a di�erent out
ow geometry. Baro
lini
 instabilities areinitialized on an initially steady 
urrent, and there are no observations or indi
ations of su
ha 
ow downstream of the Fil
hner sill. In summary, the observations 
annot be explainedby baro
lini
 instabilities.Continental Shelf Waves Another possible explanation for the observed os
illations is
oastally trapped waves or so-
alled 
ontinental shelf waves (CSW). These waves, as theirname implies, are trapped along the shelf and propagate (in the southern hemisphere) withthe 
oast to the left (i.e. westward around Antar
ti
a) as a sequen
e of horizontal eddieswith alternating sign (LeBlond & Mysak 1978). Mu
h like topographi
 Rossby waves, theyowe their existen
e to the 
ombined e�e
t of rotation and variable water depth and theytypi
ally have amplitudes of a few 
entimeters, periods of several days and wavelengthsmu
h longer than the Rossby radius (Mysak 1980). CSW 
an be both barotropi
 and baro-
lini
 and their amplitude de
reases exponentially away from the shelf break. The wavesare usually generated by atmospheri
 for
ing or wind (Mysak 1980), but other generationme
hanisms are possible, su
h as intera
tions between 
urrents and topography and variabledis
harge from the 
oast. The observed intensi�
ation of the diurnal tidal 
urrents near the154



shelf-break in the Weddell Sea is thought to be due to the ex
itation of shelf waves with tidalfrequen
ies (Robertson 2005, Middleton et al. 1987). In a laboratory setting, Whitehead &Chapman (1986) observed shelf waves to be generated by a low density surfa
e 
urrent overa sloping bottom when the speed of the 
urrent was smaller than the phase speed of a �rstmode barotropi
 shelf wave. Shelf waves 
ould thus propagate into the area, or be generatedlo
ally, possibly by me
hanisms related to the out
ow itself.Middleton et al. (1982) adapted a barotropi
 shelf wave model (Saint-Guily 1976) forthe southern hemisphere and the 
ontinental slope in the Fil
hner area. Based on datafrom the older moorings west of the ridges, they provided eviden
e for the existen
e of shelfwaves with frequen
ies of 3-60 days in the area. The energy levels at those lo
ations aremu
h lower than those reported for further east, and there are no prominent peaks in theenergy spe
tra. The authors suggest atmospheri
 for
ing as a likely generation me
hanism.Looking 
loser at O35 in respe
t to shelf waves and the Saint-Guily model, it's seen that thefrequen
y would 
orrespond to a wavelength of about 200 km and that the �rst mode is theonly possible mode (Middleton et al. (1982), Fig. 10a). The �rst mode 
orresponds to CCWmotion on the upper slope and a CW motion lower down with the transition o

urring atroughly 1000 m depth. Mooring F1, lo
ated at 687 m depth, shows a strong CCW signal atO35, while F2, at 1180 m depth, shows a strong CW signal (weak CW signal at F3 and F4)- as predi
ted by the shelf wave model. (This pattern is not, as it will be dis
ussed later,unique for shelf waves.) The os
illations o

ur episodi
ally and normally lasts a 
ouple ofperiods. The motions are barotropi
 or 
lose to barotropi
, and strongest at the shallowestpart of the slope. When 
on
entrating on the F-moorings it seems plausible that O35 maybe related to propagating shelf waves, but D2 (1775 m) shows a relatively strong along-shelfos
illation at O35 (dis
ussed in Foldvik et al. (2003)) and the older moorings, lo
ated west ofthe ridges and 
lose to the shelf break, show no O35 at all. The latter point 
ould possiblybe explained by interannual variability, i.e. that the waves were not generated when themoorings west of the ridge were operating, or by the presen
e of the two ridges between theobservation points, as relatively small topographi
 irregularities have been shown to s
atter,re
e
t or degenerate barotropi
 shelf waves (Mysak 1980). Shelf waves are strongest at theshelf break and 
ould not satisfa
torily explain the os
illations that are observed to be mostenergeti
 lower down on the slope, i.e. O3 and O6. Shelf waves 
an travel far. The frequen
y(O35) is not mentioned by Fahrba
h et al. (1992), who reports on variability from 
urrentmeter moorings pla
ed on the 
ontinental slope further east on Kapp Norvegia (17ÆW) andit is not seen in data from 
urrent meter moorings on the 
ontinental slope on the easterntip (45-55ÆE, 64ÆS) of the Antar
ti
 Peninsula (von Gyldenfeldt et al. 2002). (O3 and O6are not reported on Kapp Norvegia / the Antar
ti
 Peninsula either.) If the os
illations aredue to shelf waves, the generation me
hanism, and the preferen
e for the observed period(s),remains to be explained.The rotation at the moorings for O35 (CCW at the top of the slope and CW furtherdown), was shown to agree with the shelf wave model of Middleton et al. (1982). The155



Figure 12: Sket
h of a CW and a CCW eddy passing westward on a 
ontinental slope.The gray arrow indi
ates the dire
tion of eddy-motion and the small, numerated bla
karrows indi
ate 
urrents registered at moorings lo
ated on the shallow side (1-9), in the
enter (10-16), and on the deep side (17-25) of the eddies. The mooring at the shallow(deep) side register CCW (CW) motion, while the mooring in the 
enter register ana
ross-slope os
illation.observed pattern 
ould, however, be given by any eddy-train, 
y
loni
, anti
y
loni
 or al-ternating, traveling westward along the slope and passing the mooring array with the eddy
enter between F1 and F2. A mooring lo
ated on the shallower side of an eddy travelingwestward will register a CCW motion, and a mooring lo
ated on the deeper side will registera CW motion, regardless of whether the eddy itself is rotating 
ounter-
lo
kwise or 
lo
kwise(Fig. 12). A mooring lo
ated near the 
enter of the eddy will register an os
illation in thea
ross slope 
omponent only. The pattern is readily re
ognized in Table 1, at least for O35and O3, where CCW motion is found on the shallower moorings and CW motion on thedeeper. The os
illations on D1 are strongly steered by the ridge.Bearing in mind the low energy levels downstream of the two submarine ridges 
ross-
utting the shelf, it is interesting to note the laboratory observations made by W�ahlin et al.(2007) regarding eddies interse
ting submarine ridges and 
anyons. They found that theridge e�e
tively blo
ked the eddies; the rotary motion in the upper layer 
eased and thesurfa
e water was partly de
e
ted upslope. Meanwhile, the dense bottom layer \es
aped"and 
owed downslope along the ridge. In these experiments the ridge was relatively high
ompared with the water depth. In another set of experiments, eddies were found to passover topography that was half the height of the water depth (Addu
e & Cenedese 2004).The height of the ridges are about 300 and 600 m respe
tively, and it is possible that they,or at least the se
ond, highest ridge, 
ould be involved in blo
king eddies moving westward.156



The strong os
illations observed at D1, in the vi
inity of the ridge, 
ould, somewhatspe
ulatively, be 
onne
ted to laboratory observations made by Darelius & W�ahlin (2007)and W�ahlin et al. (2007). They des
ribe wavelike features appearing as dense 
uid is steereddownslope by the ridge. Potentially, the a

eleration of the topographi
ally steered 
uid
ould 
ause the 
ow to be
ome super
riti
al, making it possible for roll waves to develop(Cenedese et al. 2004, Swaters 2003, Fer et al. 2002). Roll-waves 
an develop in dense gravityplumes if the Froude number is larger than two (Fer et al. 2002), but these instabilities wouldbe super-inertial, i.e. have a frequen
y larger than the Coriolis parameter f (Swaters 2003).The observed os
illations are, however, sub-inertial. The O6 period is observed in theFil
hner Depression, suggesting that the os
illations are generated further upstream.5 Con
lusionThe over
ow of 
old I
e Shelf Water from the Fil
hner Depression in the Weddell Sea hasbeen des
ribed, based on CTD and 
urrent meter data. The plume appears as a 100-300 mthi
k bottom layer with minimum temperatures 
lose to the surfa
e freezing point at depths>1700 m on the eastern side of two ridges 
ross
utting the slope 
lose to 36ÆW. Plume wateris e�e
tively guided by the topography, 
owing downslope along the �rst of the ridges. Westof the ridges, the temperature of the 
old bottom layer is higher, and the plume thi
knesshas in
reased up to a maximum of over 800 m. Diluted plume water o

upies the slopebetween 800 - 2500 m depth.Three dominating os
illations, with periods of 35 hours, 3 and 6 days are do
umented,in addition to tidal os
illations. The three os
illations explain a large part of the variabilityon the slope. The 35-hour os
illation is strongest at the top of the slope, while the 3-dayand 6-day os
illation are most energeti
 at greater depths. Energy levels are lower west ofthe two ridges and in the Fil
hner Depression. The os
illations are seen in both velo
ity andtemperature re
ords, and the motion is seemingly barotropi
. Three me
hanisms 
on
erningover
ow plumes and variability on 
ontinental slopes were 
onsidered: eddies generated byvortex stret
hing, eddies generated by baro
lini
 instabilities and 
ontinental shelf waves,but none of them seems to satisfa
torily explain the observations.A
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