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owElin Darelius1;2, Svein �sterhus2, and Tor Gammelsr�d1(1) Geophysi
al Institute, University of Bergen, Norway(2) Bjerknes Centre for Climate Resear
h, Bergen, Norway1. Introdu
tionCold and saline water formed on the relatively large 
ontinental shelf in the South-Western Weddell Sea enters the 
avity under the Fil
hner-Ronne I
e-shelf and intera
tswith the gla
ial i
e. The produ
ed water mass, often referred to as I
e Shelf Water (ISW)is 
old and dense, and it has the potential to sink to the bottom of the Weddell Sea. ISWexits the i
e-shelf 
avity through the Fil
hner depression, forming a plume of 
old densewater on the 
ontinental slope (�gure 1a). ISW is usually de�ned as water with a tem-perature lower than its surfa
e freezingpoint, (i.e. 
a T<-1.9oC) and has a salinity around34.6 (Foldvik, Gammelsr�d & T�rresen 1985b). On the 
ontinental slope it en
ountersWarm Deep Water (WDW), whi
h is 
hara
terized by temperatures between 0-0.8oC andsalinities between 34.64-34.72.The ISW plume was �rst observed by Foldvik, Gammelsr�d & T�rresen (1985a) and sin
ethen a number of mooring arrays have been pla
ed on the slope and in the Fil
hnerTrough proper in order to monitor the 
ow. Data from all existing re
ords were synthe-sized by Foldvik, Gammelsr�d, �sterhus, Fahrba
h, Rohardt, S
hr�der, Ni
holls, Padman& Woodgate (2004) who estimated the 
ux of ISW to 1.6�0.5 Sv. They also indi
atedthree main pathways for the plume down the slope and suggested that relatively highfrequen
y pro
esses, e.g. tidal motion and shelf waves, would determine whi
h path wasfollowed by a parti
ular water par
el. The view of the plume as an unsteady 
ow of 
oldwater is 
onsistent with laboratory work and model e�orts as well as with observationsfrom other over
ow regions.This arti
le presents a summary of the observed variability in the Fil
hner over
ow area(1968-1998) and relates it to pro
esses and phenomena o

urring on slopes and in densegravity plumes.2. DataThe �rst mooring arrays were pla
ed in the area as early as 1968. This was to monitor apossible 
ow of dense water dire
tly from the shelf (the ISW plume was not yet dis
overed)and has been followed by a number of arrays throughout the years 1968-1998. In total40 
urrentmeters have been deployed in the area. Possible interannual variation must bekept in mind when 
omparing re
ords from di�erent deployments.The position of the moorings are shown in �gure 1b. Data were re
orded every hour,ex
ept for mooring Fr1 and Fr2 where the logging interval was two hours. More detailedinformation on the moorings and the instrumentation 
an be found in Foldvik et al. (2004).The work presented here will to some extent be fo
used on data from mooring F1-F4,
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Figure 1: a) Path of I
e Shelf Water (ISW), formed beneath the Fil
hner Ronne i
e shelf inthe southwestern Weddell sea. The 
old dense water passes through the Fil
hner depression inthe east, and 
as
ades down the 
ontinental slope as a density driven plume. From Foldvik et al2001. b) Position of moorings in the out
ow area. The arrows indi
ate mean 
urrent from thebottommost instrument. The referen
e arrow to the left represents a velo
ity of 15 
m/sand D1. The F1-4 moorings were deployed in 1998 and they were pla
ed a
ross the slope,
overing a depth range from 647 to 1974 meters and thus "
at
hing" the main plume path.3. AnalysisThe data have been analyzed using rotational and ordinary Fourier analysis as well aswavelet analysis (e.g. Torren
e & Compo (1997)).Hanning windows with 50% overlap have been used for the Fourier analysis. The lengthof the window was allowed to vary as the number of windows used was kept 
onstantat 8. The results from the Fourier analysis are presented in energy preserving diagrams.The data were not de-tided prior to the analysis, but the spe
tra have been 
ut o� attidal frequen
ies. The 
oordinate system was rotated for several moorings,(B1-B3: -25o;A,F1-2: -40o; D1:-140o and D2: 20o) in order to align the x-axis with the isobaths, i.e. 'U'is along- and 'V' a
ross-slope.Through Wavelet analysis an os
illation 
an be lo
ated in time, i.e. it shows when energyis present at a 
ertain frequen
y. Prior to the wavelet analysis the data was �ltered usinga 3-hour Hanning-�lter and then de
imated at intervals of four hours. The series waszero-padded and analyzed using a "Morlet" base.The slope-aligned 
oordinate-system des
ribed above was used also in the wavelet analysis.The 
on�den
e levels are 
al
ulated assuming a red noise ba
kground with a lag-1 of 0.72.4. ResultsThe plume is observed to be highly variable with variations and os
illations o

urring
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ales. To get an impression of the variability the bottom temperature andsalinity re
ords from F1-4 are presented in �gure 2. The plume seems to be 
on
entratedmainly around mooring F2 and F3 (at 1180 and 1637 meters depth respe
tively), but isintermittently present also at F1 and F4 (647 and 1984 m depth). It will be shown laterthat the arrival of ISW at F4 is related to an os
illation of roughly 6 days.4.1 Os
illations - Fourier AnalysisResults from the Fourier analysis are presented in �gure 3. The shown spe
tra are 
hosento be the 
learest and statisti
ally most signi�
ant (i.e they are derived from suÆ
ientlylong time series). We �nd high energy levels on frequen
ies 
orresponding to periods of 
a35h (f=0.7), 
a 3 days (f=0.3) and 
a 6 days (f=0.17).� 35 h (O35h)The os
illation with a period of 35 h (O35) is the most energeti
 and is observedmainly in the time series from D2 (along shelf), F1, F2 (a
ross shelf) and from F3.Although less energeti
 it 
an be seen also F4. (Figure 3
-f,h).Rotary spe
tra show that the os
illation is Counter Clo
kwise (CCW) at F1 andClo
kwise (CW) at F2 and F3. At D2 the CCW energy is larger, although the
ontribution from CW rotation is substantial.� 3 days (O3)The three-day os
illation (O3) is primarily seen in the a
ross slope series from D2and F3 but also in F2 and F4 (a
ross/along)(Figure 3 
,f-h) and to some extent inS2 (not shown).The os
illation is CW at both D2 and F3 (and F4), but CCW at F2.� 6 days (O6)The six-day os
illation (O6) is most pronoun
ed in the along slope re
ord from D1and F3 and will be dis
ussed further in relation to F4 where the os
illation at timeso

urs along as well as a
ross slope, see se
tion 4.2. Energy is also found at thesefrequen
ies in the trough proper, e.g. in Fr1, S3 and S2.(Figure 3 
-d,g-h. S2-3 arenot shown).A CW rotation is observed at F4.Interestingly, the periods observed on the slope seem to be multiples of the shortest one:O3=2*O35, O6=2*O3=4*O35. It is however not possible to determine the os
illationfrequen
ies pre
isely from the Fourier analysis.The energy levels on mooring A (�gure 3a), lo
ated relatively far from the Fil
hner Trough,is notably low 
ompared to other moorings in the plume.5. Dis
ussionGreatly simpli�ed, we would expe
t a dense plume to adjust geostrophi
ally and thus to
ow along the isobaths, with the (upslope) Coriolis for
e balan
ing the (downslope) pres-
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Figure 2: Bottom (9 mab) a) temperature and b) salinity at F1-F4 in February-Mar
h 1998.sure for
e. Fri
tion would slow down the 
ow, and 
ause it to de
e
t slightly downslope.However, many laboratory and model experiments show results that 
ompli
ates this sim-
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Period, [days]Figure 3: Results from Fourier analysis - energy preserving spe
tra.ple pi
ture. Eddies and waves develop greatly altering the shape and the velo
ity patternsof the plume. They in
rease downslope transport (Tanaka & Akitomo 2001) and enhan
esmixing (Cenedese, Whitehead, As
arelli & Ohiwa 2004)(Jiang & Garwood 1996).Our observations of os
illations within the plume (O35, O3, O6) suggest that eddies andother disturban
es is generated also in the Fil
hner over
ow plume. The features mighthowever be generated elsewhere and simply imposed on the plume 
ow.The O6 motion at F4 is 
y
loni
 and most likely barotropi
, sin
e it is 
lose to homogenousin the verti
al (at least over the height of the mooring, whi
h 
overs 200 meter or 10% ofthe water 
olumn). This is 
onsistent with the eddies observed in the laboratory studies.The 
o-o

urren
e of 
old water and os
illations (O6) at mooring F4 and D1 (at 1984 and2075 m depth respe
tively) 
ould indi
ate that eddies or periodi
 subplumes like those



FRISP Report No. 17 (2006)observed in the laboratory by Etling, Gelhardt, S
hrader, Brenne
ke, Kuhn, d'Hieres &Didelle (2000) and in models by Jiang & Garwood (1995), transport dense water downs-lope. The relatively steep ridge just west of D1 
ertainly in
uen
es the 
ow and steers thewater downslope. W�ahlin (2002) showed how a plume 
an lean on topography, allowing ageostropi
ally balan
ed 
ow a
ross isobaths.Another possible explanation to the observed os
illations on the slope is 
oastally trappedwaves or so 
alled shelf wave. It has been suggested that the observed intensi�
ation ofthe diurnal tidal 
urrents near the shelfbreak in the Weddell Sea is due to the ex
itation ofshelf waves with tidal frequen
ies (Middleton, Foster & Foldvik 1987). Middleton, Foster& Foldvik (1982) adapted a barotropi
 shelfwave model (earlier presented by Saint-Guily(1976)) to the southern hemisphere and the 
ontinental slope in the Fil
hner area andbased on data from mooring A-C they provide eviden
e for the existen
e of shelf waveswith frequen
ies of 3-60 days.Looking 
loser at O35 with respe
t to shelf waves and the Saint-Guily model one seesthat the frequen
y would 
orrespond to a wavelength of about 200 km and that the �rstmode (S=0) is the only possible mode (�gure 10a in Middleton (1982)). The �rst mode
orrespond to CCW motion on the upper slope and a CW motion lower down with thetransition o

urring at roughly 1600 m depth. This value is however relatively dependenton a slope parameter, �. Now mooring F1 lo
ated at 687 m depth show a strong CCWsignal at O35, while F2 lo
ated at 1180 m depth show a strong CW signal (weak CW signalat F3 and F4), whi
h agrees qualitatively with the theory for shelfwaves. The os
illationis equally strong at all mooring depths, indi
ating that the motion is barotropi
.When
on
entrating on the F-moorings it seems plausible that O35 is related to propagatingshelf waves - but D2 (1800m) show relatively strong CCW motion at O35 (dis
ussed inFoldvik, Gammelsr�d, Restad & �sterhus (2003)) and the older moorings B-C, lo
ated
lose to the shelf break, show no O35 at all.Waves 
ould be generated elsewhere and travel to the plume area along the 
ontinentalslope, but it is also possible that pro
esses related to the plume is involved in the waveinitiation. Whitehead & Chapman (1986) observed that shelfwaves was generated in thelaboratory due to the 
ow of a (light) surfa
e gravity 
urrent over a sloping bottom.The data set is limited by its low spatial resolution and by its temporal pat
hiness.More observations in 
ombination with a regional numeri
al model is needed in order tounderstand the meso s
ale pro
esses responsible for the variability des
ribed in this workand to be able to explore their e�e
ts on the plume and the produ
tion of deep water.Referen
esCenedese, 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.Etling, D., Gelhardt, F., S
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