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Abstract. Model studies of the Southern Ocean, reportedno such boundaries and so an alternative mechanism has to
here, show that the Antarctic Circumpolar Current respondshe found.
within two days to changes in the zonal wind stress at the Munk and Palrén put forward a theory in which the zonal
latitudes of Drake Passage. Further investigation shows thawind stress was initially transferred to the surface layers of
the response is primarily barotropic and that, as one mighthe ocean, causing a northward Ekman transport. The stress
expect, it is controlled by topography. Analysis of the resultswas then transferred to topography when the flow returned
show that the changes in the barotropic flow are sufficientsouthwards below the level of the Drake Passage sill. Later
to transfer the changed surface wind stress to the underlymodel studies supported this theory. Stevens and Ivchenko
ing topography and that during this initial phase baroclinic (1997) in an analysis of the FRAM (1991) model showed that
processes are not involved. the surface Ekman layer almost exactly balanced the wind

The model results also show that the Deacon Cell respondstress and that there was a return flow at depth which trans-
to changes in the wind stress on the same rapid time scale. fered an almost equal amount of stress to the abyssal topog-
is shown that the changes in the Deacon Cell can also be exaphy. Webb (1993) proposed a simple theory which showed
plained by the change in the barotropic velocity field, an in-how such a flow could generate an Antarctic Circumpolar
crease in the zonal wind stress producing an increased nortt€urrent with a realistic total transport.
ward flow in shallow regions and southward flow where the  Alternative theories have tended to involve the baroclinic
ocean is deep. This new explanation is unexpected as presirculation of the ocean. Johnson and Bryden (1989) argued
viously the Deacon Cell has been thought of as a barocliniahat the surface wind stress could be transferred downward
feature of the ocean. by baroclinic eddies and provided evidence that the strength

The results imply that where baroclinic processes do ap-of the eddy field in the Southern Ocean was sufficient to do
pear to be involved in either the zonal momentum balance othis. Marshall et al. (1993), Gille (1995) and Ivchenko et al.
the Southern Ocean or the formation of the Deacon Cell, they1996) all considered the momentum balance following the
are part of the long term baroclinic response of the ocean’snean streamlines of the Antarctic Circumpolar Current and
density field to the changes in the barotropic flow. argued that any balance must involve baroclinic eddy pro-
cesses. These and other approaches are discussed further in
the WOCE review paper by Rintoul et al. (2001).

A related problem is concerned with the Southern Ocean
Deacon Cell. When the ocean currents are averaged zon-

The paper by Munk and Pain (1951) was one of the first ally to produce a meridional overturning streamfunction, the
to raise the problem of the zonal momentum balance in thd?€acon Cell shows up as a region of apparent downwelling
Southern Ocean. At most latitudes the stress exerted oR€a" 40 S, with associated upwelling near the latitudes of
the ocean by zonal winds can be balanced by pressure difPrake Passage. The two regions are connected by the Ekman
ferences between the eastern and western boundaries of tHYer at the surface and a deep return flow at depths between

ocean. However at the latitudes of Drake Passage there af¥o and three thousand metres. This return flow is below the
depth of the major sills, so given that the Ekman layer is also

Correspondence to: D. J. Webb involved, it seems probable that the feature is connected to
(david.webb@noc.soton.ac.uk) the momentum balance problem.

1 Introduction
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418 D. J. Webb and B. A. de Cuevas: The fast response of the Southern Ocean

However although water may be upwelled from depth attrated on changes in the eddy field and, what we describe
the latitudes of Drake Passage, where the stratification igater as the diabatic Bryan Cell, on a timescale of many years.
weak, it is not clear how downwelling occurs near&)  Here we concentrate on the fast response, over a few days,
where stratification is much stronger. The problem was in-and also consider how this may develop into the long term
vestigated by Bos and Webb (1994), who showed that the response of the ocean.
cell was associated with a large scale meander of the Antarc- To simplify the analysis we decided to initialise the model
tic Circumpolar Current (ACC). In the South Atlantic Sector, with a constant wind stress and with constant surface forcing.
water in the meander moved northwards at a slightly shal-The model is initially spun up for ten model years, so that
lower depth than normal. It then returned southwards, at avhen the perturbation in introduced at the end of this period,
slightly deeper depth, in the remainder of its path around theany changes are primarily due to the perturbation and not the
Southern Ocean. In the centre of the cell at mid-depths, theesidual response to any earlier events.
northward and southward flow of water of different densities  As we will see, the results confirm the work of Hughes et

cancel out so the streamfunction remains constant. Howeves|. (1999), but show that even shorter timescales are involved.

in the surface Ekman layer and at depth, (and also when conye find that the barotropic field alone is able to balance the

sidering vertical flow at the northern and southern limits of surface wind stress at the latitudes of Drake Passage and it

the cell), this cancellation does not happen and the streamdoes this via a mode which does not follow lines fyfh

function indicates a net transport. (where f is the Coriolis parameter andis depth). Baro-
The result of this work has been an emphasis on the im<linic processes may eventually become important, but the

portance of stratification and baroclinicity on the dynam- implication is that they are but a later response of the density

ics of the Southern Ocean. As discussed by Hallberg andield to the changed barotropic flow field.

Gnanadeskian (2001), a number of the momentum balance

theories involve baroclinic processes and even if one prefers

the approach of Munk and Paém (1951), this explanation 2  gpin-up of the ocean model

of the Deacon Cell indicates that stratification has a key role

in the downward transfer of momentum from the wind. The computer model chosen for this study was aetsion of

However baroclinic processes cannot be responsible fofne OCCAM Global Ocean Model (Coward and de Cuevas,
everything. Hughes et al. (1999) used model results to showpoos). The model is based on the Bryan-Cox-Semtner rigid
that at periods between 10 and 220 days the ACC transpolify gcean model (Bryan, 1969; Semtner, 1974; Cox, 1984)
was dominated by a barotropic mode. Hughes et al. (2003hyt includes a free surface and other improvements, includ-
followed this up using sea level data from Antarctica and thejng Modified-Split-Quick advection for tracers in the hori-
neighbouring oceans. The observations show rapid changegntal (Webb et al., 1998) and an improved vertical advec-
in the pressure gradient across Drake Passage, implying rapighn scheme for momentum (Webb, 1985)'he model has
changes in ACC transport. They showed that the changegg |evels in the vertical, varying in thicknesses from 5m at
are highly correlated with sea level measurements all arounghe surface to 208 m at a depth of 6470 m. The thickness of
Antarctica and that they are only weakly correlated with seahe hottom layer in each column is adjustable to give a better
level at islands far offshore (including islands south of the it to topography. The latter was taken from a global ocean
main ACC). They find that the time taken for the signal to pathymetry dataset provided by Coward (private communi-
travel around Antarctica is a few days at most. cation).

The fast timescale implies that what they are seeing is @ e njtial tracer fields (potential temperature and salin-

barotropic response of thg ocean. The speed of barotropi&y) were interpolated from the WOCE SAC climatology
waves is fast; the tu'jes'wnh speeds of order 2004’msre' . (Gouretski and Jancke, 1996) for all oceans except the Arc-
able to circle Antarctica in a day or so. In contrast baroclinic ¢ | the Arctic the fields were interpolated from the Steele
waves have speeds of 2msor less and so would take a gy 4. (2001) climatology. The initial velocities were set to
hundred times longer to propagate around the continent. ;o5 The model was then forced with the annual average
The spur for the present investigation came partly fromgrface wind stress calculated from the Siefridt and Barnier
these fast response results and partly from an observatlonlg%) climatology which is based on ECMWF analyses. A

made during the spin-up phase of the FRAM model, wheng,iface flux of heat and fresh water was imposed, designed
the ACC transport was found to respond within five days 0, re|ax top model level (i.e. the top 5m) to climatology with
any changes in the applied wind stress field. To see if there, timescale of 7.5 dags

was any connection, we set up a perturbation experiment us-
ing a global ocean model, and investigated the ocean's ré- 1hese and other aspects of model design are discussed in the
sponse to a small rapid change in the zonal wind stress at thgaper by Griffies et al. (2005) which describes the details of a simi-
latitudes of Drake Passage. lar global ocean model designed for climate studies.

The perturbation experiment has similarities to that of  2This was chosen to match earlier runs where the top 20 m had
Hallberg and Gnanadeskian (2006) except that they concerbeen relaxed with a timescale of 30 days.

Ocean Sci., 3,417-427, 2007 www.ocean-sci.net/3/417/2007/
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_ _ ) Fig. 2. Drake Passage transport during the analysis period. The
Fig. 1. Drake Passage transports during the spin up and test periines are: Black — the control run; Red — perturbation run, zonal

ods. The lines are.: Black — the control run, Red — perturbation run,wind stress increased by 0.01 N]%]at the latitudes of Drake Pas-
zonal wind stress increased by 0.01 N?’lﬁt the latitudes of Drake sage; Green — zonal wind stress set to zero at the same |atitudes;

Passage; Green —zonal wind stress set to zero at the same latitudesiye — wind stress set to zero everywhere. Days measured relative
Blue — wind stress set to zero everywhere. Transport in Sverdrupgo day 3690 at the start of the analysis period.
(1Sv=16m3s1),

For the initial spin up the model was run for a period of field. In Run 3 the zonal wind stress was set to zero at the lat-
ten model years. The ACC transport through Drake Passagiéudes of Drake Passage. There should then be no northward
during this period is shown in Fig. 1. After an initial rapid Ekman transport at these latitudes and presumably no return
rise to near 160 S the transport slowly declines to approx- flow at depth. The change was implemented, with smooth-
imately 144 Sv at the end of the period. Over most of theing as before, by multiplying the zonal wind by the function
period data was saved and is plotted at monthly intervalsG(6), where,
The result shows that that the model has not reached a final
steady state at the end of the period and that as well as a slow
decline in transport there were some oscillations with periods . . .
of less than a year. However this and similar figures showed” the final run, Run 4, the zonal and meridional wind stresses

no major features that may affect the rest of the analysis. were set to zero everywhere.

G®)=1—F(®).

3 Changes in the wind stress )
4 Changes in the ACC transport

At the end of 3690days (approximately 10years and one

month) the initial spin-up was stopped and the model fieldsThe ACC transports from the four short runs are shown in
archived. The archived data was then used for the initial stateig. 1 and, on an expanded scale, in Fig. 2. The first re-
in four short runs with different surface wind stresses. sult to notice is that the change in the transports is relatively
In the first of these runs, the control, the wind stress wassmall. At day 2 the transport increases from 144.26 Sv in the
unchanged from the spin up phase. In Run 2, the perturbacontrol run to 144.96 Sv in the perturbation run, a change of
tion run, the zonal wind stress was increased by 0.0TRm 0.71 Sv. In the third, zero zonal wind stress run, the transport

(0.1dyne crm?) at the latitudes of Drake Passage. A smooth-is 137.37 Sv, a reduction of 6.88 Sv, and in the fourth run,
ing function F () was used, whereé is latitude, defined so  where the wind stress is set to zero everywhere, the trans-
that the forcing tailed off linearly to north and south. port drops to 136.09 Sv, a change of 8.16 Sv. The changes
_ ; o o increase slightly with time, the differences at 30 days being

F) = (10-6)/6 il 70°5 = 6 > 645, 0.95 Sv for the perturbation run, 7.95 Sv for the zero zonal

=1 if 64°S > 6 > 55°S, wind and a much larger 15.06 Sv for zero wind everywhere.
= (0 —-49/6 if 55°S > 6 > 49°S, The results are consistent with the observation made during
=0 otherwise the spin up of the FRAM model, when the addition of the

wind stress increased the ACC transport by less than 20 Sv.

The second noticeable feature is that the ocean’s initial
response to the changed wind stress occurs very quickly.
315v=16m3s1 Even when the wind is turned off everywhere the bulk of

Following the analysis of the perturbation run, two further
runs were carried out involving larger changes in the wind

Www.ocean-sci.net/3/417/2007/ Ocean Sci., 3, 417-427, 2007
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background, in Fig. 3 we plot the meridional overturning

% "] t9) % streamfunction for the control run, two days into the anal-
R I " m ) ysis period.
oo | ? ' /Wfiw The result is similar to that found in earlier studies (e.g.
, 1007 g0 Doos and Webb, 1994). Near the surface d S@here is a
3000 : — TV strong northward transport in the surface Ekman layer. Part
] 6 of this is connected with the Deacon Cell. It appears to sink
#0001 near 40 S to a depth of 1500 m, returns south at depth and
5000 9o ' @ rises to the surface near the latitudes of Drake Passage. The
. "o remainder is associated with the thermohaline circulation. It
6000 sinks near 49S and continues travelling north in the main
T T e e e thermocline. Later it returns southwards as North Atlantic
Latitude (S) Deep Water, appears to join the Deacon Cell circulation and

also upwells near the latitudes of Drake Passage.
Unfortunately the overturning streamfunction cannot by it-
Self be used to infer the path of individual water particles.
This is because the zonal averaging process loses important
information. In the case of the thermohaline circulation the

the chanae in transport has occurred within 2.7 HaGiven particles do roughly behave_in .the manner shown, but in the
g P v case of the Deacon Cell this is not true.0d@ and Webb

that the physical process must involve the generation of in- h d that in the FRAM model the D Cell isted
ertial oscillations, which die away leaving an Ekman layer, showed that in the model the Deacon LEell consiste

which then through other processes generates the change ﬂ{ a series of small cells in which water particles travel north-
the ACC transport, this is very fast indeed. It is comparableWards at one depth and then southwards at a slightly deeper

with the two to three day timescale it takes for tidal waves todemh' At the top and b°“°”.‘ of the water column these ef-

propagate throughout the ocean. fects do not cancel so .the figure shows the northward and
A third noticeable feature is that the zonal wind stressfSOUthW"’“.d flows of the lightest and densest water masses. At
at the latitudes of Drake Passage is only responsible fo}ntermed|ate levels the northward and southward flows can-

roughly half of the wind generated ACC transport. This is ceITr;l]nd S0 ﬂ:e flgure sthowsfno r:at ﬂO.W' ful in showi
not unexpected because on theoretical grounds the stea%/ € overiurning streamiunction 1S uselul in showing
here the ocean is gaining or losing zonal momentum — or

state barotropic response of the ocean is likely to be asso- s
ciated with contours off/ and these do not follow lines more accurately angular momentum around the Earth’s axis.

of latitude. However only a fraction of the contours ffh At the surface the zonal wind stress increases the angular

which pass through Drake Passage encircle the whole Soutfromentum of the water particles, which then move north-

ern Ocean so, in the absence of a full theory, their role rewards to a latitude where their increased angular momentum

mains unclear. matches that of nearby particles in solid body rotation.

After the initial fast response to the change in wind stress, \tNhﬁre the_slt(r_eam Imgs Tﬁu_:ate S|r|1k|ng, wat(ter p::\jrtmles
the transports also show some longer term oscillations. rfictually are sinking carrying their angufar momentum deeper

Run 3, where the wind stress is set to zero at the latitudes olpto the water COI'.“'mn' Exc_hanges of angular momentum be-
Drake Passage, this shows up as an oscillation with a perio&Ween water particles of different density at th_e same depth
of nine days which decays away after a month. There is alsé"® ot shown, pUt where angular mqmentum Is gained from
alonger period oscillation with a period of about two months. or lost to the solid earth, through horizontal pressure forces,
Setting the wind to zero everywhere produces similar effectsth's shows up as north-south flows at depth within the ocean.

the shorter period fluctuation appearing more irregular and'tLhus the mte:r:nedlgte_ V\t'ﬁtetr;’ gain Igngula(; thomer::]um gs
the longer period oscillation slightly larger in amplitude. €y move northwards in the thermocilin€ and the southwards

flowing water masses lose angular momentum as they cross
the latitudes of Drake Passage below the level of the topog-

5 The Deacon Cell raphy.

Fig. 3. Meridional overturning streamfunction for the control run at
day 3692, after two days of the analysis period. Contour values ar
in Sverdrups (1 Sv=1n3s-1).

If changes in the wind stress produce significant changes ir-1 Changes in the Deacon Cell
the ACC transport after only a few days, it is natural to ask
how rapidly the Deacon Cell responds and what happens t
the zonal momentum balance on the same timescale. A

n Run 2, when the perturbation wind stress is added, the new
verturning streamfunction (not plotted) changes slightly but
contains little new information. More insight is obtained
4Gnanadeskian (2006) reports that a similar fast response wafom the differences between the two streamfunctions. The
observed in runs of the Hallberg and Gnanadeskian (2006) model difference at day two of the analysis period is plotted in

Ocean Sci., 3, 417-427, 2007 www.ocean-sci.net/3/417/2007/
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Fig. 4. Difference in the meridional overturning streamfunction be-
tween the perturbation run (Run 2 — an additional 0.01 Nwind
stress at the latitudes of Drake Passage) and the control run after
two days.

Fig. 4. It shows a tight recirculation confined to the latitudes
of increased wind stress.

In the surface layers the flow is northward, the extra trans-
port at 60 S being approximately 1.65 Sv. The extra Ekman
transport in the surface layers due to the wind is given by,

T =Lzt/f,

whereT is the transportr the wind stress[. the length of I e | ] | |
the line of latitude and’ the Coriolis parameter. 06 04 02 00 02 04 _ 06
L = 27 R cost, Fig. 5. Difference in sea level between the perturbation run and the
— i control run after two days, four days, ten days and sixty days. Grid
f =2Qsino, i 30d f I
ines at egree intervals.
Q — 27/86164 g
whereR is the radius of the eartld, the latitude and2 the
angular velocity of the earth. If the additional wind stress In the present case the change in the current field has oc-

is 0.01 NnT2, then at a latitude of 605, the expected in- curred too quickly for the baroclinic velocity field to be af-
crease in the Ekman transport is 1.58 Sv. Thus the observefitcted. So, if nothing else changed, in time water would
transport is almost exactly that expected from theory. be advected from the surface to great depth and back again.
At the northern limit of the main overturning cell, the During the first few days, during which water displacements
streamfunction shows a downward flux of water particlesare small, this is not a problem but in the long term changes
(and angular momentum) to depths below 3000 m. The flowin the density field will have a significant impact.
then turns south, below the level of topography, and there is
a final return flow to the surface which completes the cell.
It appears natural to describe this change in the overturning The sea surface height field
streamfunction as a change in the Deacon Cell. It is associ-
ated with the same topography and latitude bands, it transferds discussed in the introduction, observations indicate that
wind stress downwards from the surface to the topographychanges in ACC transport are associated with rapid changes
and, as very short time scales are involved, it does not inin sea level all around Antarctica. In Fig. 5 we plot the differ-
volve changes in the density of water particles. ence in the sea surface height field between the perturbation
However there is one important difference. In the long and control runs after two days, four days, ten days and sixty
term mean Deacon Cell discussedhigos and Webb (1994), days.
the vertical movement of each water particle was confined by The results show that initially there is a rapid drop in sea
the limits of its own small cell. This involved excursions of level all around Antarctica. Low amplitude Kelvin and other
a few hundred metres and was consistent with the densityvaves propagate around the Pacific and Atlantic Oceans but
differences and energetics involved. the net change in sea level to the north is small.

Www.ocean-sci.net/3/417/2007/ Ocean Sci., 3, 417-427, 2007
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may be connected to the problem of matching the distribution
of Ekman suction and Ekman pumping with the contours of
f/h.

It is also noticeable that the contours of sea surface height
are affected by the ocean topography but that they do not
follow lines of f/ k. Instead the contours encircling Antarc-
tica tend to follow the shallow mid-ocean ridge northwards in
the South-west Pacific and later reattach to Antarctica via the
deep oceanic basin to the east. A similar process appears to
be occurring further east, with a northwards excursion in the
shallow topography, near Drake Passage, and a return south-
ward flow in the deeper South Atlantic.

7 The meridional velocity field

The results discussed so far show that the ACC transport,
the meridional overturning streamfunction and the sea sur-

RSO, AR : ) . i
0.2 -0.1 : 0.0 IO.“1 0.2 face height field all respond very quickly to changes in the

cm/s

wind stress. The fast response implies that barotropic pro-
Fig. 6. Zonal section through Drake Passage (B@pshowing the  cesses are involved, as the baroclinic processes associated

difference in the north components of velocity between the pertur-with changes in the density field take far longer than two
bation run and the control run after two days and after ten daysdays to develop.

Depth in metres, longitude in degrees east. However it is not clear how the barotropic modes of the

ocean, in which currents are depth independent, can gener-
) ate the vertical flows seen in the overturning streamfunction.
After two days, an area of low sea level is found through- 14 jnyestigate how this happens, the differences in the north-

out arelatively narrow band around Antarctica. At most lon- gt velocity field between the perturbation run and the con-
gitudes the northern limit of the band is well to the south of | 5re plotted in Fig. 6 for days two and ten.

the main ACC. The main changes to the current (not shown) Near the surface the figure shows that the northward flow-

are fouqd in the region where the gradient of sea S‘%ffac‘?ng Ekman layer is stronger in the perturbation run. Below
hg|ght difference is Iarge;t. Thus although a change in thgniq e gifferences are primarily barotropic although there
wind produce_s achange in the total ACC tra_msport, th(_e eXt&y e some small baroclinic effects. The latter, seen as small
current remains close to the Antarf:nc continent and is to Zegions of anomalous velocity, are found primarily in the top
large extent independent of the main ACC. 1000 m. Their amplitudes increase slowly with time.
Following day two and the initial fast response, the seasur-  p¢ day two, the barotropic flow is highly organised, with
face height field continues to develop mainly through the for- o -thward flow over regions of shallow topography and

mation of small scale structures. Thus the boundary betweeg, ihward flow in the deep ocean basins. At day thirty the
the low sea levels around Antarctica and the higher valuegq\ is more complex but, as has been confirmed with a scat-

off-shore becomes sharper. (An example is seen at day foYr piot, most of the northward flow occurs in shallow regions
and day ten just to the west of Drake Passage). Elsewherg,q most southward flow in the deep basins.

a graininess involving just a few grid points develops. (For  aq e discuss in the next section, at levels below the sur-
example in the central South Pacific). face Ekman layer and above topography, the net north-south
While this is happening some of the large scale feature§ransport is almost zero. This is because the relatively strong
also become better defined. One of these features is the SOUfhd narrow northward flows over topography balance the
Indian Ocean region of increased sea level. A second is thqueaker but broad southward flows at the same depths in the
South-east Pacific region of low sea level which starts to eXeep ocean basins. Below the level of topography, there is
tend northwards towards 38 but by day 60 is retreating 5 net southward flow and the Coriolis force associated with

back southwards. It may be significant that both featurespis can set up a pressure field to act on the deep topography.
have similarities with the zero frequency ocean modes re-

ported previously by Webb and de Cuevas (2002, 2003).
Lines of increased sea level gradient also develop near th8 A barotropic Deacon Cell
northern and southern limits of the band of increased wind
stress. These are most noticeable at day sixty, but can also & below the Ekman layer, the change in the Deacon Cell is
tracked back to day ten and day four. As discussed later thegue just to the change in the barotropic velocity field then it

Ocean Sci., 3,417-427, 2007 www.ocean-sci.net/3/417/2007/
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should be possible to reproduce the overturning streamfunc-

— 0
tion of Fig. 4 from the barotropic velocities. By barotropic f
velocity we mean here the vertical average of the velocity E} 1000
field minus the wind driven Ekman layer contribution. a0 | &
To check that this is true, we calculated the barotropic ve- |
locity at each point from the equation, 3000 |
1 0 4000
w06.9) = o (| dzv6.9.9 - 0.9/ ). M f
h(©, ) J-ne.4) 5000 —
wherev is the northwards component of velocity at longi- 6000;
tuded, latitude¢ and depth, & is the ocean depth, is the

eastwards component of wind stress ghthe Coriolis pa- 70 60 50 40 30 20 10
rameter. The overturning streamfunctignis then given by, Latitude (S)
o Z Fig. 7. The predicted change in the overturning streamfunction be-
W, z) = / d¢ R sind / dz vo(0,¢), (2) tween the perturbation run and the control run at day 2 of the anal-
0 —h(6,) ysis period calculated from the barotropic velocity and the surface
whereR is the Earth’s radius. wind stress.
The predicted change in the overturning streamfunction at
day two calculated from this equation is plotted in Fig. 7. jiy The integral of the Coriolis term in the three layers,
The qualitative agreement with Fig. 4 is good but to obtain Awhereh is the bottom of the model Ekman layer ahglis

quantitative measure of agreement we calculdiethe per- — the depth of the shallowest topographic feature. (In Fig. 8
centage variance unexplained. This is given by the equationy,ese are 115m and 1083 m respectively).

2 hy
E :100//dzd¢ (Wo(0, 2~V (0, 2))%/ fdzdd) Wo(6, 2)2 C1= —fo d¢ RSIHG/O dzv(®, ¢, 2). )
) . \
whereWy is the original streamfunction difference. ) 2
At day two E has a value of 6.3%. When the calculation Ca= _/0 d¢ Rsing /hl dzv(0. ¢, 2). ®)

is repeated at day 10 the value is 2.5% and at day 30 it is ) i
reduced further to 0.6%. Similar results are obtained when i ;

. . . . ' C3=— d¢ Rsing | dzv(0, ¢, 2). 7
instead of using Eq. (1), the barotropic velocity is calculated 3 /0 ¢ Rsin /h 2v®,¢.2) )
either by integrating the velocity field below the top 20m of iy e parotropic (sea surface height) contribution to the
the model (i.e. outside the surface Ekman layer) or, assumg juom pressure term

ing geostrophic balance, from the gradient of the sea surface ’
height field. The results confirm that the change in the Dea-
con Cell is primarily a barotropic response of the ocean.

2

2 2r
Pop = /0 do g¢ dh/d = /O dp ghdcjdp. (8)

9 Time evolution of the momentum balance terms iv) The baroclinic (internal density field) contribution to

. o o the bottom pressure term,
In the above discussion it was implied that the extra pressure

force on the deep topography was equal to the extra zonal 2n 0
wind stress applied at the ocean surface and that this occurred Pp= /0 d¢ dhjd¢ /_hdz gp,9,2). )

on the same fast time scale that was associated with changesn is the density. Th idual t due 1o Vi ity i
in the ACC transport, the Deacon Cell and changes in the seynerep I1s the density. the residual term due 1o VIScosity 15

surface height field. To check that this was true we calculateaaIS?hpltothd' ':Ir? te that,. fot; cIIarlty, :Ee S|g?s havg l()jeetn chclsen
the different terms that contributed to the zonal momentum>° &+ When they are in balance the surtace wind stress term

equation along a line of latitude at 60.5. Calculations were and the surface Ekman layer (or Coriolis) term have the same

made using data in the full archive datasets which were avail-?:'gn. ?‘ndt amphtu(;j(tar.] Stl)mtltlarly when in t:alancelthehbotto[E
able at one day intervals. The results are plotted in Fig. 8. oriolis term an € bottom pressure terms aiso have the

The different terms calculated are: Same sign and amplitude. . . -
The figure shows three primary features. During the ini-

i) The total zonal wind stres#’, tial period, the Coriolis term increases to balance the surface
) wind stress. The surface flow is then affected by a slow oscil-
W= /d¢ RsinG 7,6, ¢). (4)  Jatory wave with a period of around five days which decays
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Weijer and Gille (2005) analysed the frequency response of

. Surface Ekman an unstratified Southern Ocean and showed that the mode

0.1 = ol Wind Straee was important at periods of more than a few days. They also
i found that it was not a free mode, i.e. it did not follow con-

_ tours of f/ k. Thus all three models are exciting similar fea-

| /\Mid-depth Return Flow tures but, on the basis of the present results, it is not obvious

i) V4 — whether the models are seeing a single mode or a group of

Baroclinic Bottom Pressure related modes.

T /\ Barotropic Bottom Pressurd The p_reseljt resqlts show thgt changes in the meridional
ol /™ overturning circulation are conflngd to the Deacon Cell and_
© / \/ Abyssal Return Flow that they occur on the same fast time scale as the change in
e
5

Dynes/cm?

e the ACC transport. Thus any increase in the input of angular

10 15 20 25 hays momentum from the atmosphere must be balanced, within a

0

couple of days, by a compensating increase in the loss of an-
Fig. 8. Mean value per unit area of terms contributing to the zon- gular momentum to the solid Earth. The results give further
ally integrated momentum balance at the latitude of Drake Passagesupport to the idea that the primary role of the Deacon Cell

See section 9 for definitions. Values are calculated and plotted ajs to transfer angular momentum vertically at the latitudes of
intervals of one day. Additional terms not shown (i.e. horizontal prake Passage.

viscosity and bottom friction) have negligible amplitude at the scale

plotted They also support the hypothesis that the Deacon Cell is

a purely adiabatic feature in which water particles do not
change density. In future it may be worth reserving the name

away after approximately 25 days. The wave need to be in_Deacon Cell solely to describe the adiabatic flows involving

vestigated further but it is likely to be a barotropic Rossby the Ekman layer at the latitudes of Drake Passage and to use

wave excited by the change in surface forcing. The middlethe term Bryan Cell for the diabatic flows (Webb, 2006).

and bottom Coriolis terms show a similar behaviour, the os- The present analysis shows that, when the zonal wind
cillations in the middle layer dying away to nothing and those Sess  increases, the ocean achieves the new balance
in the bottom layer leaving a residual which balances the neaParotropically by increasing the northward currents over
surface Ekman layer term. shallow topography and the southward currents in the deep
The bottom pressure terms also show a further longer pePasins. At depths between the Ekman layer and the shal-

fiod change. The SSH contribution initially increases to a©West topography, the total transport per unit depth balances
level where it balances the surface wind stress. It then oscilQUt t0 Z€ro, but there remains an extra southward flow in the

lates slightly after which it is seen to slowly reduce in am- gleeper layers which balances the increased northward flow

plitude. The second bottom pressure term due to the densit}l! e surface Ekman layer. Itis the horizontal pressure gra-
field appears to compensate for this. Initially it has no signif- di€nts associated with this deep flow which transfer the in-
icant effect but over the 30 day period of the runs it increase<£¢ased flux of angular momentum to the topography and the

slowly so by the end of the period it is 20% of the size of the SClid Earth.

surface wind stress term and is continuing to increase. Further work is required to fully understand how the new
balance is achieved. Initially the wind driven Ekman trans-

port reduces sea level in the south and increases it in the
10 Discussion and conclusions north. Once a steady state is achieved, this results in regions
of Ekman suction and Ekman pumping uniformly distributed

The present work has shown that when the zonal wind stres@long lines of latitude at the northern and southern limits of
changes at the latitudes of Drake Passage, the ACC transpdft€ band of modified wind forcing.
and sea levels around Antarctica all adjust to the new forcing However if the resulting barotropic flow is matched to the
within a couple of days. Given the short time scale involveddistribution of Ekman pumping in the north and then carries
the processes are expected to involve fast barotropic wavee excess flow to the south, it is difficult to see, given the
and this is confirmed by further investigations of the veloc- complex topography of the Souther Ocean, how if the flow
ity field and the meridional overturning circulation. Thus in follows lines of constantf/#, it also exactly matches the
the case of the velocity field, outside the shallow wind-forcedband of Ekman suction in the south. A full solution may
Ekman layer, all changes are to a good approximation indeinvolve other processes.
pendent of depth - they are primarily barotropic. One possibility is the presence of barotropic gyres, with
The long term changes in sea level observed with thethe equivalent of western boundary currents in which the
present model are very similar to the Southern Ocean Modeflow crosses contours of/h. Studies of steady state
discovered and discussed by Hughes et al. (1999). Recentlifows in zonal channels with topography but no stratification
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(Krupitsky et al., 1996; Wang, 1994) found that such bound-baroclinic circulation. Again the details of how this happens

ary regions were essential. needs to be investigated further but we expect it to result in
In the present time dependent study the creation of sucthe shallow overturning cells that can be generated by meso-

gyres would involve the propagation of barotropic Rossbyscale eddies and by the large scale meandersods@and

waves and so would be a relatively slow process. It is thusiWebb (1994).

interesting to note that the sea surface height field shows Such processes will change the bottom pressure distribu-

structures developing at the latitudes of Ekman pumping andion and so allow the baroclinic field to contribute to the

suction, so it is conceivable that these are a result of such downward transfer of momentum (or strictly speaking an-

process. gular momentum). In the present study we found that at the
There is also the question of how and why changes in theend of thirty days the baroclinic contribution to the momen-

wind (or changes in the Ekman transport), affect the strengtitum transfer had reached 20% of the total. Hughes et al.

of the ACC. The fact that the response is barotropic should2003) estimated that after a year, baroclinic processes be-

make it easier to understand the fast response results preame dominant. The present results are consistent with such

sented here. One approach is discussed in the Appendix timescale.

where estimates of the mean depths of the shallow and deep

regions of ocean are used to estimate the size of the north- )

south barotropic transports in each of these regions. An asAPpendix A

sumption about the way the regions are connected then gives )

a very approximate estimate of the change in the strength Jestimating the change in the ACC transport

the ACC. Despite the crude approximations the resulting es- . .
timate is not unreasonable. Let us approximate the model results by assuming that out-

The results also indicate the possibility that not all of the side the Ekman layer, the change in the current field consists

: f a single barotropic current with two large meanders, one
Ekman transport return flow need generate changes in th o . ’
P 9 9 ?h the South Pacific and the second in the South Atlantic. In

ACC transport. The sea surface height (and barotropic ve- h of th ders th i dtof th
locity) plots show recirculation regions in the South Indian eacd orthese mean _t(:]rs € curren O:s atisu][nzem(()) ow gor i
Ocean and elsewhere and it is possible that wind stress evenf2ds In a region with an average depth o m and re-

urns southwards at an average depth of 4800 m (see Fig. 6).

in these regions may only produces changes in the circulatiori\ L .
9 yonyp 9 ssume that the Coriolis parametgris constant and that

within the region. there is a fixed sea level drd th t. The total
Finally a major conclusion of the present work is that a ereis afixed sea level dr _;bacross € current. The tota
transport per unit deptfi is given by,

change in the barotropic flow field is sufficient to balance a
change in the zonal wind stress at the latitudes of Drake Pas- T =gsh/f (A1)
sage. As far as we know this is a new result, previous studies ’

of the momentum balance all assuming that only baroclinicynereg is gravity. ThusT is a constant.

processes were involved, in the form of mesoscale eddies, | et E pe the change in the northward Ekman transpiét,
large scale meanders of the ACC or changes in the large scage the the mean depth in the shallow regions with northward
thermohaline circulation. The work by Hughes et al. (1999!transport andi, the mean depth in the deep regions of south-

2003) on sea level around Antarctica and its correlation withy5q transport. Let the corresponding full depth barotropic
the ACC transport did essentially question this assumptionransports be; and7». Then,

and this new work has confirmed their suspicions.

That is not to say that the baroclinic theories are wrong. In E = 2(T»—Th), (A2)
the ocean, the time scale of baroclinic processes ranges from
a few weeks, for changes to mesoscale eddies, to hundredsd

of years for changes to the large scale thermohaline circu- T1/Hy = To/ H>. (A3)
lation. In the present case we expect baroclinic processe.?hus

to be involved in two ways. First changes in the horizontal ' Ty =05 E Hy/(Hy — Hy)

barotropic flow field will change the distribution of density in ' (A4)

the ocean and this will inevitably generate baroclinic waves. I2 =05 E Hp/(Hz — H).
The difference flow field shown in Fig. 6, shows anomalies For the depth values given above, this becomes,
within the ocean which may be a result of such waves.

Secondly the requirements of continuity mean that there T1=E/2,
is a change in the vertical velocity fields at the northern and T, = E.
southern limits of the band of increased winds. Over a pe-
riod of a few days the vertical displacements are small but In Drake Passage the additional barotropic current is at-
in time the changed buoyancy forces will resist the overturn-tached to the continental shelf prior to turning northwards
ing (Deacon Cell) circulation and start generating their ownfollowing shallow topography. Therefor the extra flux

(A5)
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through Drake Passage should correspon@jtoThe sim-  Hallberg, R. W. and Gnanadesikan, A.: An exploration of the role
ple theory thus predicts that the short term increase in ACC of transient eddies in determining the transport of a zonally reen-

transport due to changes in the wind should be roughly half trant current, J. Phys. Oceanogr., 31, 3312-3330, 2001.
the increase in Ekman transport. Hallberg, R. W. and Gnanadesikan, A.: The Role of Eddies in De-

Th del sh d that an incr in the zonal wind of termining the Structure and Response of the Wind-Driven South-
€ moadel showe ata crease € zona ern Hemisphere Overturning: Results from the Modeling Eddies

0.01 Nnt2 produces an I_ncrease '_n the Ekman transport of in the Southern Ocean (MESO) Project, J. Phys. Oceanogr., 36,
1.58Sv at 60S and an increase in the ACC transport of 5235 2252 2006.

0.87 Sv. The good agreement with the above theory may bgjughes, C. W., Meredith, M. P., and Heywood, K. J.: Wind-Driven
fortuitous, the full circulation with its recirculation regions  Transport Fluctuations through Drake Passage: A Southerrn
being much more complex than that of the simple model, but Mode, J. Phys. Oceanogr., 29, 1971-1992, 1999.

it does give an indication as to why the increase in the ACCHughes, C. W., Woodworth, P. L., Meredith, M. P., Pyne, A.

transport is so much less than the increase in Ekman trans- R., Stepanov, V., and Whitworth, T.: Coherence of Antarc-
port. tic sea levels, Southern Hemisphere Annular Mode, and flow

through Drake Passage, Geophys. Res. Lett.,, 30(9), 1464,
doi:10.1029/2003GL017240, 2003.
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