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1 In tro duction

In this short article we:

1. Put forward a formation mechanism for EDW which involvesthe destruction of PV
due to `down-front' wind stress

2. Illustrate the mechanism in idealizedand more realistic models

3. Discussimplications for the CLIMODE experiment

4. Suggesthow one might make useof the observations to be collected in CLIMODE
to test our hypothesis.

The article is set out as follows. In section2 we present relevant background material
that makes use of PV °ux ideas. In section 3 we present our mode water formation
hypothesis. In section4 we test out the plausibility of our ideaswith observations and a
morerealistic model of the Gulf Streamand its recirculation. In section5 webrie°y discuss
the implication of these ideas for the observingprogram being deployed by CLIMODE
and give our recommendationson how the observational strategy can be slightly modi¯ed
so that the observations can also be used to test the mode water formation mechanism
involving wind-forcing.

2 Background

The de¯ning feature of EDW is that it is characterizedby low potential vorticit y (PV) q

q = ! a ¢r b; (1)

where! a = f k̂+ r £ u is the absolutevorticit y and b= ¡ g½=½o is the buoyancy. Formation
of EDW therefore involves a modi¯cation and destruction of the PV. PV is changedby
diabatic processesand by frictional forces. EDW formation has long beenattributed to
diabatic processesassociatedwith convectiondrivenby surfacebuoyancyloss. However, we
argueherethat it is possiblethat frictional forcesdriven by wind-stressalsocontribute to
production of EDW. To quantify how important friction is in this process,it is instructive
to considerPV dynamicsand PV °uxes.

2.1 Poten tial vorticit y °uxes

Useful insights in to EDW formation can be obtained by consideringthe °ux form of the
PV equation and its attendant theorems| seeHaynesand McIntyre (1987) | discussed
and applied in an oceanographiccontext, by Marshall and Nurser (1992) and Marshall
et al. (2001). Changesin the PV result from convergences/divergencesof the PV °ux, i.e.

@q
@t

= ¡r ¢J; (2)

2



x
PSfrag replacements

F B
atm¿w

J

J

J

V b+

b¡

Figure 1: A control volumeV (dashedlines) with sidesurfacescoincident with isopycnals
(gray contours) with buoyancy b+ and b¡ that bound the EDW. The \down-front" wind-
stress¿w and °ux of buoyancy from the ocean to the atmosphereF B

atm will result in an
upward PV °ux J at the sea-surface.

wherethe PV °ux
J = qu + r b£ F ¡ D ! a (3)

has an advective constituent qu and nonadvective constituents that arise from diabatic
processesD :

D ´
@b
@t

+ u ¢r b (4)

and from frictional forcesF.
To determinewhat atmosphericforcing conditionsarefavorablefor PV destruction and

whether or not friction can play a signi¯cant role in EDW formation, considerintegrating
(2) over a control volume that encirclesthe EDW. Application of Gauss' theorem to the
integral reveals that reduction of the volume-averagedPV occurs when the net °ux of
PV through the surfaceof the control volume is outward. Considerthe control volume V
shown in Fig.1, with an upper surfacethat coincideswith the frontal outcrop window of the
EDW, sidesurfacesthat are the isopycnalsbounding the EDW, and a bottom surfacethat
crossesisopycnalsat a depth wherethe °ow, frictional forces,diabatic processesand hence
PV °uxes areweak. For such a volume,only the PV °ux out of the sea-surfacecontributes
to the changeof volume-averagedPV sinceno PV is °uxed through the isopycnal surfaces
of the control volume, in accordancewith the \imp ermeability theorem" of Haynes and
McIntyre (1987). Therefore,the PV in the control volumewill be reducedif the PV °ux at
the sea-surfaceis upward. Note that this PV °ux perspective may provide a considerable
simpli¯cation over that due to Walin (1982) because,unlike PV, buoyancy doesnot have
an impermeability theorem and so, in the Walin framework, to reconcileformation and
subduction rates, account must be taken of dissipative processes.Indeed the conundrum
of balancingEDW formation and dissipation rates is at the heart of the Climode project
| seeMarshall (2005).

At the sea-surface,in the limit of a rigid lid, the vertical velocity is zero or otherwise
weak so that the vertical component of the PV °ux is dominated by its nonadvective
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constituents. Under what atmospheric forcing condition is the nonadvective PV °ux at
the surfaceupward? For an inertially stable °ow, where f (f + k̂ ¢r £ u) > 0, diabatic
processeswill result in an upward PV °ux

J D
z = ¡ (f + k̂ ¢r £ u)D (5)

when D < 0 (i.e. cooling). Diabatic processeswill reduce the buoyancy, i.e. D < 0,
when there is a net loss of buoyancy from the ocean to the atmosphere,i.e. F B

atm > 0.
This result that PV destruction and mode water formation occurs when F B

atm > 0 is not
surprising,sincebuoyancy lossto the atmospheretriggersconvective mixing which reduces
the strati¯cation.

The vertical component of the nonadvective PV °ux associated with frictional forces

J F
z = r hb£ F (6)

is nonzeroonly if there is a horizontal buoyancy gradient r hb. Associating the horizontal
buoyancy gradient with a vertically shearedgeostrophic °ow ug via the thermal wind
relation

r hb= f
@ug

@z
£ k̂

revealsthat the nonadvective PV °ux associated with frictional forces

J F
z = f

@ug

@z
¢F (7)

is upward when the frictional force is in the direction of the geostrophicshear. For wind-
forced°ows, the frictional forceis dominantly in the direction of the wind-stress.Currents
at upper-oceanfronts such as the Gulf Stream are usually surfaceintensi¯ed so that the
surfacecurrent of the front is oriented with the geostrophicshear. Therefore, when the
wind blows in the direction of the frontal jet, i.e is in a \down-front" orientation, the
conditions are favorable for PV destruction by wind forces(i.e. J F

z > 0).

2.2 Relativ e imp ortance of buoyancy loss and wind-stress in de-
stro ying PV

In the previoussection,it hasbeenshown that both buoyancy lossand \down-front" winds
lead to destruction of PV. The questionarises:what are the relative contributions of these
two types of atmospheric forcing at destroying PV and forming EDW? To addressthis
issue,considerthe following scalingargument. Under conditions of atmosphericbuoyancy
loss,gravitational instabilit y will result in a convective buoyancy °ux that scaleswith the
buoyancy lossto the atmosphereF B

atm and that decays nearly linearly with depth through
the mixed layer of thicknessH Large et al. (1994). Therefore an appropriate scalefor
diabatic processesinduced by buoyancy loss to the atmosphereis D » F B

atm =H, so that
the scalingfor (5) is

J D
z » f

F B
atm

H
: (8)
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Figure 2: Lower panel: cross-sectionsof density (black contours) and the two-dimensional
PV at the subpolar front of the Japan/East Seaduring a cold-air outbreak on January
31, 2000. The contour interval of the density ¯eld is 0.1 kg m¡ 3. Upper panel: lateral
structure of the wind-drivenbuoyancy°ux (solid) and the buoyancy lossto the atmosphere
(dashed),the later being equivalent to a heat lossof 490W m¡ 2.

A wind-stressof strength ¿o will exert a frictional force of scaleF » ¿o=½o±e over the
turbulent Ekman layer of thickness±e = 0:4u¤=f , where u¤ =

p
¿o=½o is the friction

velocity Wimbushand Munk (1970). If the magnitudeof the horizontal buoyancygradient
at the front is S2 = jr hbj, then the appropriate scalingfor (6) is

J F
z » S2 ¿o

½o±e
: (9)

The relative contributions of friction and diabatic e®ectsto PV reduction can be assessed
by taking the ratio of (9) and (8)

J F
z

J D
z

»
µ

H
±e

¶ µ
F B

wind

F B
atm

¶
; (10)

where F B
wind = M e ¢r hb » S2¿o=½of is the \wind-driv en buoyancy °ux" (WDBF), and

M e is the Ekman transport. For \down-front" winds, Ekman °ow advects water from
the denseside of the front over lighter waters, triggering convection. What the WDBF
physically represents is the scaling for the convective buoyancy °ux associated with this
Ekman-driven convection Thomas and Lee (2005).

On account of the stronglateral density gradients, at wind-forcedfronts, the WDBF can
be comparableor larger than the atmosphericbuoyancy loss,making the ratio (10) greater
than or equalto one. This even holdsat subpolar fronts in the northern hemisphereforced
by wintertime cold-air outbreaksthat extract largeamounts of heat from the oceanyet also
force the fronts strongly with \down-front" wind-stress.For example,using hydrographic
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Figure 3: Initial density ¯eld for the 2-D frontal zoneexperiments (left) and the 3-D iso-
lated front experiment. The contour interval is 0.1 kg m¡ 3. Both experiments wereforced
by a spatially-uniform wind-stressblowing out of the page. A corresponding geostrophic
°ow accompaniesthe density ¯eld.

measurements combined with shipboard meteorologicaldata taken at the subpolar front
of the Japan/East Seaduring a cold-air outbreak Thomas and Lee (2005) estimated the
WDBF to be an order of magnitude larger than the atmosphericbuoyancy °ux even with
the heat lossof 490W m¡ 2 experiencedat the front, seeFig. 2. This implies that the ratio
(10) was of order 10 at the front, and suggeststhat PV destruction by winds dominated
over that due to surfacecooling during the cold-air outbreak. We will present evidencein
Section4 that J F

z =JD
z » 10 in the Climode region.

The low PV at the core of the front shown in Fig. 2 is evidencethat PV destruction
hasoccurred. Notice that the PV at the front is zeroto negative while the strati¯cation is
stable. Although it may seemsomewhatparadoxical that the °uid haszeroto negativePV
yet non-zerostrati¯cation, it must be realizedthat for a strongly baroclinic current such
asthat associated with a front, the horizontal vorticit y (i.e. vertical shear)and horizontal
buoyancy gradients signi¯cantly contribute to the PV (1), sothat the combined conditions
of q · 0 and @b=@z > 0 canbe met if f ! a ¢r hb< 0, a condition that is always satis¯ed for
a geostrophically-balancedcurrent. Fluid that has low PV owing to its baroclinicit y and
not its strati¯cation will be referred to as having \baro clinically-low" PV. The idea that
convection setsPV, rather than strati¯cation, to zero is discussedin Haine and Marshall
(1998) and Marshall and Schott (1999).

2.3 Idealized numerical exp erimen ts

In the previous section, it was shown that forcing of fronts by \down-front" winds leads
to a reduction of the volume-averagedPV. To study the details of this process,two and
three dimensionalnumerical experiments of idealizedfronts forcedby \down-front" winds
wereperformed,the initial conditions of which are shown in Fig. 3.
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Figure 4: Solutionsfrom the 2-D experiment at t = 8:6 inertial periods. (a) The meridion-
ally averageddensity (black) comparedto a density ¯eld with a constant strati¯cation of
S4=f 2 (red); (b) zonal velocity (shades)and density (contours) ¯elds; (c) the meridionally
averagedadvective PV °ux; (d) PV (shades)and secondarycirculation (vectors); and (e)
the meridionally averagedPV at t = 0 (red) and t = 8:6 (black) inertial periods. In both
(b) and (d), warm (cool) shadesindicate higher (lower) values.

2.3.1 Tw o-dimensional fron tal zone exp erimen t

The 2-D experiment wascon¯gured to represent an idealizedfrontal zonewith a spatially-
uniform lateral buoyancy gradient of strength S2 = ¡ @¹b=@y (where¹b = (1=L)

RL
0 bdy and

L = 12 km is the width of the domain), for more details of the experiment seeThomas
(2005). For the experiment, in a surfacelayer of thicknessH , the strati¯cation N 2

ml is
constant and non-zero yet the PV q = f N 2

ml ¡ S4 is nearly zero owing to the strong
baroclinicit y of the frontal zone. Beneath this surfacelayer, there is a pycnocline with
high PV. To isolate the processof PV destruction by friction, the frontal zoneis forcedby
a spatially-uniform \down-front" wind-stressof magnitude 0.1 N m¡ 2, while the surface
buoyancy °ux is set to zero.

A solution representativ eof the numericalexperiment is shown in Fig. 4. As illustrated
in the meridional sectionof the density and zonalvelocity (Fig. 4b), forcing of the frontal-
zoneby \down-front" winds leadsto the formation of multiple fronts with sharp, frontal
jets. The fronts form within several inertial periods asa result of frontogeneticsecondary
circulations characterizedby upwelling along the frontal interfaceand downwelling of the
Ekman °ow (i.e. southward °ow in the upper 20 m in betweenthe fronts) down the dense
sideof the front, Fig. 4d. As evident in Fig. 4d, the secondarycirculation is most intense
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above the strongly-strati¯ed pycnocline, yet exists in a region where the strati¯cation of
the meridionally averageddensity ¹½is non-zero(Fig. 4a). The regionthat the overturning
motions occupy is therefore not characterized by a homogeneousdensity layer as with
typical mixed layers, but is characterized by a \zero-PV layer" with a \baro clinically-
low", nearly-zeromeridionally-averagedPV (Fig. 4e).

The \zero-PV layer" deepens with time, as high PV is eroded from the pycnocline
(Fig. 4e). This erosionof PV indicates a net reduction of the total PV in the domain,
a result that was to be expectedsincefrictional forcesby \down-front" winds drive a net
PV °ux out of the surfaceof the oceanand hencereducethe volume averagedPV. PV
destruction occurs at the baseof the \zero-PV layer" and not within the Ekman layer
(±e ¼ 40 m) wherefrictional forcesare expected to be largest, therefore, it is not obvious
that friction is directly responsible for the °uxing of PV out of the pycnocline and the
deepening of the layer. What is responsiblefor the deepening of the layer is the advective
PV °ux associated with the secondarycirculations. The way in which the secondary
circulation reducesthe PV of the pycnocline is illustrated in Fig. 4d. Near the baseof the
\zero-PV layer", upward motions advect high PV from the pycnocline while downward
motions draw low-PV waters from the surfaceinto the pycnocline. This leadsto a positive
correlation betweenthe PV and the vertical velocity, yielding an upward advectivePV °ux
qw > 0 (Fig. 4c) that extracts PV from the pycnocline and deepensthe \zero-PV layer."
Although the frictional nonadvective PV °ux does not play a major role at the baseof
the \zero-PV layer", in the Ekman layer it is critical. Near the surface,the frictional PV
°ux leadsto a PV °ux divergencethat maintains the low PV valuesin the Ekman layer.
This frictionally-induced sourceof low PV is necessaryto sustain the deepening of the
\zero-PV layer", sincethe secondarycirculation acts only to exchangePV vertically and
thereforecannot decreasethe volume-averagedPV of the frontal zone.

2.3.2 Three-dimensional isolated fron t exp erimen t

The 2-D numericalexperiment discussedaboveshowshow \down-front" winds result in the
formation of a surfacelayer with low-PV, yet the experiment still leavesunclear how PV
destruction can lead to EDW formation, sincethe °uid in the \zero-PV" layer is strati¯ed
and henceis distinct from the weakly strati¯ed waters commonly associated with EDW.
As illustrated in the 3-D numericalexperiment presented below, what is necessaryto make
the connectionbetweenPV destruction by winds and EDW formation is the meandering
and eddying motions of the front.

In contrast to the 2-D frontal zoneexperiment, the 3-D experiment wascon¯gured with
an isolatedfront, Fig.3, characterizedby properties representativ e of the subpolar front of
the Japan/East Sea. The experiment shows how several inertial periods after the initial-
ization of the \down-front" wind forcing, the front becomesunstable to 3-D instabilities
(Fig.5). To seea movie of the experiment go to

http://www.o cean.washington.edu/people/faculty/leif/PVsurf mov.gif

The vertical circulation associatedwith the meanderingof the front drawsthe \baro clinically-

8



Figure 5: Solutions from a 3-D experiment of a front at t = 6:1 inertial periods after a
spatially-uniform,"down-front" wind-stresswas turned on. Left panel: isopycnal surfaces
that bound the frontal zone. Right panel: PV on the isopycnal surfacethat lies inbetween
the two isopycnalsshown to the left. The frontal jet is °owing in the positive x-direction.

low" PV water from the coreof the front down and to the south of the front, pooling the
low-PV water into anticyclonic eddies. As the low-PV water is subducted, the isopcynal
surfacessurrounding this water spreadapart laterally and vertically creating a bolus of
weakly strati¯ed water, more reminiscent of EDW. What has occurred during the sub-
duction of the frontal water is a conversion of the \°a vor" of PV of the °uid from be-
ing \baro clinically-low" with q = f N 2 ¡ f (@u=@z)2 ¼ 0 to being weakly strati¯ed with
q = f N 2 ¼ 0. Notice in the plot of the PV in Fig.5 that the lowest PV in the domain
is found at the core of the front near the surfacewhere the lateral buoyancy gradient is
strongest. This is the region where the frictional PV °ux (6) is most intense,and hence
is the where the low-PV water is actively being formed. Once formed, the low-PV water
is advected down-stream and subducted, generatingthe weak strati¯cation to the south
of the front. This implies that the formation of the bolusesof weakly strati¯ed water to
the south of the front is a non-local process:that is, it is the PV °uxes at the coreof the
front and not the local surfacePV °uxes to the south of the front that are responsible
for the low-PV water found there. This leadsus to postulate that while local heat lossto
the south of the Gulf Stream may contribute to the formation of EDW, EDW may also
be formed in the core of the Gulf Stream and transmitted isopycnally into the Southern
recirculation gyre by eddies.This processwould involve eddy PV °uxes. We seeevidence
for such eddy PV °uxes in the right panel of Fig.5, i.e. low (high) PV °uid is correlated
with the downward (upward), along-isopycnal, circulation of the eddy, yielding a net up-
ward eddy PV °ux, in the samedirection as the surfacefrictional PV °ux that forcesthe
front.
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Figure 6: Wintertime SST from the AMSR-E microwave sensor,courtesyof RemoteSens-
ing Systems. The 17±-to-19± C outcrop window is colored red. Note the warm core of
the Gulf Stream and the irregular opening of the EDW ventilation window (classically
betweenabout 17:5± and 18:5± C).

3 Prop osed mechanism for formation of ED W

3.1 Hyp othesis

Basedon the PV °ux arguments and numerical experiments presented above, we hypoth-
esizethat it is the part of the 17± ¡ 19± outcrop window that encirclesthe coreof the Gulf
Streamthat is crucial to the formation of EDW, becauseit is herewherethe lateral buoy-
ancy gradient and hencethe wind-driven buoyancy °ux is largest. This is clearly visible
in Fig.6. In this region,both buoyancy lossand the \down-front" wind-stressdestroy the
PV and create a plug of \baro clinically-low" PV. This low PV is advected down-stream
until the front forms a southward turning meander/anticyclone. Ageostrophic°ow asso-
ciated with the meander/eddysubducts the low PV, driving the low PV °uid downward
and equatorward. As the low PV is drawn o® the front, the \baro clinically-low" PV is
converted to a low-strati¯cation type PV, i.e. the type of low PV associated with EDW.
In this °avor-of-PV conversionprocess,the isopycnal surfacesbounding the low PV water
spreadapart, and reducethe strati¯cation. It is possiblethat during this process,on the
southward journey of the low PV, the upper isopycnal surfacepunches through the sea
surfaceand exposesthe EDW to the atmosphere. This is a non-local process,i.e. the
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weakstrati¯cation found south of the front may not be a consequenceof local atmospheric
buoyancy loss,but rather a consequenceof the buoyancy lossand \down-front" wind-stress
forcing found upstreamin the coreof the Gulf Stream that destroy the PV.

We also hypothesizethat calculating a PV budget on the isopycnal layer surrounding
the EDW may provide a moreaccurateestimateof the formation rate of EDW ascompared
to estimatesmadeusing isopycnal volume budgetsvia the Walin framework. In contrast
to the volumebudget of an isopycnal layer wherediapycnal volumeand di®usive °uxes on
the interior isopycnal surfacesbounding the layer must be considered,owing to the imper-
meability theorem, the PV °uxes on theseinterior isopycnal surfacesdo not contribute to
the PV budget and therefore do not needto measured.The implication being, only the
PV °ux at the sea-surface(that we might have a hope of observing) must be estimated
to perform the PV budget, which makes the book-keepingfor the PV budget easierand
eliminates errors that might arise from uncertainties in estimatesof the interior °uxes.
What we would like to know, however, is not the PV °ux, but the volume °ux of the
newly formedEDW. In a similar mannerto that described in Marshall and Nurser (1992),
this can be accomplishedby converting the surfacePV °ux to a subduction rate for the
EDW by dividing the PV °ux by the PV contrast betweenthe EDW and the pycnocline.

3.2 Testing the hyp othesis

To test this hypothesis it will be necessaryto evaluate the components of Jz at the sea
surface, i.e. calculate (5) and (6), in the EDW outcropping window. This will involve
monitoring synoptic patterns of the sea-surfacebuoyancy ¯eld, surfacewind-stress,air-sea
heat °ux, mixed-layer depth, and Ekman layer depth. The estimatesof the surfacePV
°ux will be usedto determine:

1. If the core of the Gulf Stream is the region where the PV is being destroyed and
EDW is formed

2. Whether \down-front" windsor buoyancylossdominatesthe EDW formation process

3. What is the formation rate of EDW.

Another aspect of the hypothesisthat needsto betestedis the non-local behavior of the
formation of the EDW. This would best be accomplishedusing Lagrangianmeasurements
tracking water originating from the coreof the Gulf Stream. What would be ideal would
be to measurethe strati¯cation and vertical shear on a Lagrangian platform so as to
observe the conversionof the low-PV °uid's °avor (whereq ¼ f N 2 ¡ f (@u=@z)2 ¼ 0 water
converts to q ¼ f N 2 ¼ 0 water) and to monitor its subduction and subsequent evolution.
If Lagrangian measurements of the vertical shear are not possible, measurements of a
tracer that characterizesfrontal waters and that is obtainable from hydrography, \spice"
for example,could be usedas a proxy for the PV and followed in its journey along the
Stream to seeif it is accumulated in pools of EDW south of the front.
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4 Preliminary calculations testing feasibilit y of pro-
posed mechanism

In addition to collecting new ¯eld observations in the CLIMODE program, preliminary
observations and models can be analyzed to addressthe ideas set out in the previous
sections. In particular, several rather straightforward calculations can be made to test
the feasibility of the proposedmechanism. We present someideasand preliminary results
here.

4.1 Analysis of data

The ¯rst set of calculations would involve analyzing remote sensingdata from previous
winters to assessthe impact that \down-front" wind forcing might have on the formation
of EDW. Maps of SST and wind-stresscan be usedto estimate the wind-driven buoyancy
°ux F B

wind = M e ¢r hb or in more familiar units a wind-driven heat °ux

F Q
wind = ½oCwM e ¢r hT; (11)

where Cw is the speci¯c heat of water (note that for more accurate calculations, the
density compensatinge®ectof the salinity should be taken into account). Comparing the
magnitude of the wind-driven heat °ux to heat lossestimatesover the Gulf Stream will
tell us qualitativ ely if \down-front" winds are a key element to EDW formation.

We have performeda preliminary calculation along theselines to estimate the relative
magnitudesof the surfacefrictional and diabatic PV °uxes in the CLIMODE region for
December 15th, 2003(Fig.7). The calculation wasperformedasfollows. An atmospheric
boundary layer schemedriven by NCEP analyzedwinds, temperatures and speci¯c hu-
midities, was employed which usedbulk formulae, along with daily AMSR-E microwave
sensordata, to compute air-seaheat °uxes and wind-stresses.The wind-driven heat °ux
(11) was estimated using the wind stressto calculate the Ekman transport and the SST
to calculate the SST gradient. The calculation reveals that at the crest of the meander
centered at around 40 N and 65 W, whereand wind-stressis \down-front", in the EDW
outcropping window, the wind-drivenheat °ux is several times larger than the air-seaheat
°ux. Assumingthat the Ekman and mixed-layer depthsarecomparablein magnitude, this
implies that the ratio of the surfacefrictional and diabatic PV °uxes (10) in the crest of
the meander is greater than one, and suggeststhat PV destruction by winds can be a
signi¯cant contributor to EDW formation.

It may alsobepossibleto usethe remotesensingdata to seeif EDW formation involves
non-local processes.This would involvea variation on the advection-di®usionmodel driven
by altimetric observations proposedby Marshall et al. (2005). The idea would be to °ux
in a tracer representing low-PV °uid into the surfaceof the oceanat a rate proportional
to J F

z (which hasbeenestimatedfrom the SSTand wind ¯elds), then usethe velocity ¯eld
derived from satellite altimetry to advect the tracer and follow it along its tra jectory to
seeif it forms pools in the southernrecirculation gyre at meandersand eddiesin the front.
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Figure 7: Estimation of the wind-driven heat °ux (11) (left) and the air-sea heat °ux
(right), with positive values indicating oceanicheat loss, on December 15th, 2003 from
observed SST and NCEP analyzed winds, temperatures, and speci¯c humidities. The
plots show the 17, 18 and 19 degreeoutcrops(contours) alongwith the surfacewind stress
(vectors) and the heat °uxes colored. The scalein the plots is the same.Figure courtesy
of Ivana Cerovecki (MIT).

4.2 Diagnosis of a high resolution mo del of the Gulf Stream and
its recirculation

We now present somepreliminary calculations from a high resolution
¡

1
8

±¢
simulation of

the oceanthat hasbeensetup in support of Climodeby the MIT/JPL groups. The model,
run by Dimitris Menemenlis(JPL) and Chris Hill (MIT), has 50 vertical levels (with 10
m vertical resolution in the top 150 m or so) and employs a KPP scheme(Large et al.,
1994). It is driven by an atmosphericboundary layer schemein which NCEP analyzed
surfacewinds, temperaturesand speci¯c humidities are used,alongwith the evolving SST
¯eld from the model, to computeair-seaheat °uxes.

From Fig.8a we seethat, on this particular occasion1 | March, 8th, 2001 | the
Gulf Stream is meanderingto the south of its climatological position, throwing o® cold
and warm rings. There is an atmosphericcyclone centered over the Stream with winds
directed along the Gulf Streamfront. The air-seaheat °ux, Fig.8b, shows a clear imprint
of SST variations associated with the underlying meanderingGulf Stream. The mixed
layer depth reaches down to 100-150m or so and is clearly strained and teasedout by
mesoscalevariabilit y. The wind-driven heat °ux (11) is plotted in Fig.8c and is a measure
of the vertical component of the PV °ux at the seasurfacedue to the windstress, J F

z .

1We have no expectation that the oceanmodel will capture the observed position of the Gulf Stream
and its rings and eddieson any particular occasion. The model is driven by analyzed atmospheric ¯eld,
but is not constrained by in-situ oceanobservations.
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Figure 8: Diagnosesof air-sea interaction in a high resolution
¡

1
8

±¢
simulation of the

ocean using the MITgcm. The con¯guration is global | only the Gulf Stream and its
recirculation is shown here. All ¯elds are averagesfrom March 8th 2001. (a) Surface
wind-stressand SST (b) net air-seaheat °ux (colored), negative values indicate oceanic
heat loss,and mixed layer depth (contoured) (c) the wind-driven heat °ux (11) (colored),
positivevaluesindicate regionswherePV destructionby winds is likely to beoccurring, and
the mixed layer depth (contoured) (d) the ratio of mechanical to diabatic non-advective
PV °ux at the seasurface,Eq.(10).

Red is a °ux out of the ocean,indicating a tendencyto create low PV °uid. We seeit is
concentrated in regionswhere, simultaneously, one observesstrong frontal gradients and
down-front winds (seeFig.8a). The ratio of mechanical to diabatic non-advective PV °ux
at the seasurface,Eq.(10), is plotted in Fig.8d. The ratio was calculated assumingthat
the Ekman and mixed-layer depthsare of the samemagnitude. In accordwith the scaling
presented in Section2.2, the destabilization due to wind-stressexceedsthat due to air-sea
heat lossby a factor of 10 in strong frontal regions.
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Figure 9: PossibleSeaSoartracklines (gray) and °oat deployment locations (asterisks)
relative to a meandercrest, illustrated using the surfacedensity ¯eld (black contours) and
isopycnal PV ¯eld (color) from the idealized3-D experiment. The recommendedlocation
to deploy °oats for tagging subducting (upwelling) water is marked with the red (blue)
asterisk. The SeaSoarsurvey pattern is chosento samplethe streamof low-PV (high-PV)
subducting (upwelling) downstream(upstream) of the meandercrest.Theisopycnal surface
on which the PV is plotted, outcropsat the front along the line marked by the thick black
contour.

5 Recommendations

To test the hypothesisthat the coreof the Gulf Stream is a region whereEDW is formed
and subsequently subducted, a combination of Lagrangianmeasurements using °oats and
Eulerian measurements of the PV ¯eld obtained from SeaSoarhydrography and shipboard
ADCP currents would be ideal. If a few of the °oats deployed during the wintertime
survey cruisescould be releasedin the coreof the Gulf Stream,on the outcropping isopy-
cnal within the EDW, and at a location/time where/when there are strong \down-front"
winds, it might be possibleto tag and track recently formed \baro clinically-low" PV wa-
ter. Following the three-dimensionaltra jectories of the °oats, one could assesswhether
there is a direct path linking the low-PV frontal waters and the weakly strati¯ed EDW
to the south of the Gulf Stream to determine if the front is a sourceof EDW. Maps of
the PV and tracers tagging frontal water (such asspice)on the EDW isopycnal, obtained
from SeaSoarand shipboard ADCP surveys,could alsoyield information connectingEDW
and frontal waters. The questionarisesas to wherewould be the most ideal locations for
the °oat deployments and SeaSoarsurveys. We usethe solutions from the idealized3-D
experiments as a ¯rst guessat answering this question. The experiments show that the
\baro clinically-low" PV water is formed at the crestsof meandersthen subducted down-
stream of the crest. Hence,the best location to tag subducting low-PV water is just on
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the downstream side of the crest, seeFig. 9. If one wanted to track the upwelled, rel-
atively high-PV water, °oats could be deployed upstream of a meander trough. These
locationsof preferredupwelling and downwelling upstreamand downstreamof a meander
crest have been observed in the Gulf Stream using RAFOS °oats (Bower and Rossby,
1989). Therefore,basedon the RAFOS °oat observations and the numerical experiments,
we recommendthe following strategy. During the wintertime survey, usesatellite SSTand
wind products to identify meandercrestswhere PV destruction by winds is likely to be
active (as in Fig. 7). At thesemeanders,deploy a few °oats in the EDW isopycnal layer
on the downstreamsideof the meandercrestwheresubduction is likely. Finally, similar to
what hasalreadybeenplanned,perform SeaSoarsurveysthat cover the meandercrestand
front, and extend to the adjacent troughs and south into the EDW region (Fig.9). The
°oat velocities and vertical velocities inferred using the omegaequation diagnosticscould
beusedto estimatesubduction rates. To determineif the surfacePV °ux is a usefulmetric
for determining the formation rate of EDW, this subduction rate could be comparedwith
that calculated using the method described in section 3.1 involving the surfacePV °ux
and the EDW-pycnocline PV contrast.
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