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Abstract The vorticity balance of the Antarctic Circumpolar Current in Drake Passage is examined using
4 years of observations from current- and pressure-recording inverted echo sounders. The time-varying vor-
ticity, planetary and relative vorticity advection, and bottom pressure torque are calculated in a two-
dimensional array in the eddy-rich Polar Frontal Zone (PFZ). Bottom pressure torque is also estimated at
sites across Drake Passage. Mean and eddy nonlinear relative vorticity advection terms dominate over linear
advection in the local (50-km scale) vorticity budget in the PFZ, and are balanced to first order by the diver-
gence of horizontal velocity. Most of this divergence comes from the ageostrophic gradient flow, which

also provides a second-order adjustment to the geostrophic relative vorticity advection. Bottom pressure
torque is approximately one-third the size of the local depth-integrated divergence. Although the cDrake
velocity fields exhibit significant turning with depth throughout Drake Passage even in the mean, surface
vorticity advection provides a reasonable representation of the depth-integrated vorticity balance.
Observed near-bottom currents are strongly topographically steered, and bottom pressure torques grow
large where strong near-bottom flows cross steep topography at small angles. Upslope flow over the north-
ern continental slope dominates the bottom pressure torque in cDrake, and the mean across this Drake Pas-
sage transect, 3 to 4X107° m s~ 2, exceeds the mean wind stress curl by a factor of 15-20.

1. Introduction

The broad outlines of the momentum balance in the Antarctic Circumpolar Current (ACC) were described
by Munk and Palmén [1951]: momentum input fairly uniformly over the course of the ACC by the wind stress
is ultimately balanced principally by bottom form stress. In the corresponding vorticity balance, vorticity
input by the wind stress curl is balanced by bottom pressure torque. These topographic balancing forces
are likely to be enhanced in regions of greater bathymetric relief such as Drake Passage and the Scotia Sea,
Kerguelen Plateau, and Campbell Plateau. Details of the contributions of particular regions to the mean vor-
ticity balance, however, have not previously been well observed, nor have the details of the transfer of vor-
ticity from the surface to the locations at the bottom where topographic forcing is applied.

Wells and de Cuevas [1995] found a first-order balance between circumpolar wind stress curl and bottom
pressure torque in a model ACC, with bottom pressure torque generated primarily in the Drake Passage/
Scotia Sea/Argentine Basin region and south of Tasmania and New Zealand. They also found that in the
northern part of the ACC both advection and lateral friction added to wind stress curl, while in the south
these two terms tended to compensate for each other. Hughes and de Cuevas [2001] confirmed that a
numerical model zonally integrated barotropic vorticity balance is dominated by wind stress curl and bot-
tom pressure torque, with locally large nonlinear terms. Grezio et al. [2005] found the same dominant bal-
ance, with an enhancement of both relative vorticity advection and bottom pressure torque near
topography in several numerical models. Thompson and Naveira Garabato [2014] investigated the role of
standing meanders and regions of elevated eddy kinetic energy in the vorticity balance in an eddy-
resolving model. They found a local balance between stretching (the ageostrophic divergence of horizontal
velocity) and relative vorticity advection, with advection dominating above 2000 m and divergence below,
consistent with standing Rossby waves, and the magnitude of both terms correlated with the strength of
quasi-standing meanders. The larger scales evident in the barotropic and time-mean vorticity balances in
their model are consistent with slow propagation of these meanders.
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Numerical models of the Southern Ocean [Killworth, 1992; Hughes and Killworth, 1995; Killworth and Hughes,
2002] exhibit an equivalent-barotropic vertical structure in the ACC: that is, pressure and density contours
are parallel, so that the current does not turn significantly with depth. This structure arises because the vari-
ation of the Coriolis parameter with latitude and the vertical gradient of vertical velocity are both second
order [Killworth, 1992; Killworth and Hughes, 2002]; in models this condition tends to be violated only in lim-
ited locations near topography [Hughes and Killworth, 1995; Killworth and Hughes, 2002]. Mean velocities in
the data-assimilating Southern Ocean State Estimate (SOSE) [Mazloff et al., 2010] rotate with depth mostly
outside or below the jet centers, and where flow goes over topography [Pena-Molino et al., 2014]. Moored
[Ferrari et al., 2012] and drifting [Phillips and Bindoff, 2014] velocity observations, including measurements in
proximity to topography, reveal time-varying velocities which turn significantly with depth, but much
smaller turning in the mean.

Hughes [2005] used the mean surface dynamic topography of Niiler et al. [2003] and an assumption of
equivalent-barotropic vertical structure to examine the mean nonlinear vorticity balance of the ACC. He
described two regimes: a wave-like one in regions of smooth bathymetry in which the surface planetary
and mean relative vorticity advection balanced (with a wavelength consistent with stationary Rossby waves
with small net depth-integrated divergence); and in regions of enhanced bathymetry (including Drake Pas-
sage) a regime in which planetary vorticity advection dominated over relative vorticity advection. Chereskin
et al. [2010] confirmed the first type of balance, between planetary and relative vorticity advection, from
direct velocity observations in the Subantarctic Front in the southeast Pacific. Hughes [2005] suggested that
the planetary vorticity advection in the second regime would be balanced by bottom pressure torque,
which would likely be elevated in those regions. The direct measurements of bottom currents described
here will demonstrate a different local balance in Drake Passage.

Hughes and Ash [2001] and Williams et al. [2007] examined eddy forcing of the mean ACC using satellite
altimeter sea level anomaly data, and found significant surface eddy vorticity fluxes in areas where the cur-
rent appears to be topographically steered, including Drake Passage. In the OFES (Ocean General Circulation
for the Earth Simulator) model, relative vorticity provides a coupling between shallow and deep currents in
high-eddy kinetic energy regions downstream of standing meanders [Thompson and Naveira Garabato,
2014]. Changes in the relative sizes of jets and eddies with depth, along with observations of large near-
bottom eddy velocities (O(10) cm s~ ') [Chereskin et al,, 2009], imply that deep eddy fluxes may also be
nonnegligible.

An observational examination of the subsurface contributions to the ACC vorticity balance could help con-
firm or refute the dynamics and balance inferred from surface data [e.g., Hughes, 2005; Williams et al., 2007]
and numerical models [e.g., Wells and de Cuevas, 1995; Hughes and de Cuevas, 2001; Grezio et al., 2005;
Thompson and Naveira Garabato, 2014]. In this paper, we investigate the vorticity balance of the ACC in
Drake Passage using a 4-year time series of measurements by current and pressure recording inverted echo
sounders (CPIES) deployed across Drake Passage as part of the cDrake project [Chereskin et al., 2012], as well
as a 9-year time series of shipboard acoustic Doppler current profiler (SADCP) velocities in Drake Passage,
SOSE, and 21 years of satellite altimeter fields. Data sources and methods for computing vorticity balance
terms are described in section 2. We examine observed near-bottom velocities, mapped bottom geostro-
phic stream function, and the corresponding bottom pressure torques in section 3. In section 4, we discuss
the vertical structure of the time-varying and time-mean cDrake velocity fields. We examine the mapped
relative vorticity and mean and eddy relative vorticity advection fields in the cDrake LDA in section 5 and
the LDA vorticity balance in section 6. We discuss our results in section 7 and summarize in section 8.

2. Data and Methods

2.1. cDrake

As part of the cDrake experiment [Chereskin et al., 2012], 42 CPIES were deployed across Drake Passage
from November-December 2007 to November-December 2011 (Figure 1). The CPIES measure velocity
50 m above the bottom (outside the bottom boundary layer), bottom pressure, and bottom-to-surface
round-trip acoustic travel time. The 3 X 7 Local Dynamics Array (LDA, Figure 1), with 37-km instrument
spacing, was positioned in the eddy-rich Polar Frontal Zone (PFZ) just downstream of the Shackleton Frac-
ture Zone (SFZ) and designed to cover a meander wavelength (200-250 km) [Chereskin et al., 2010; Rocha
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Figure 1. Drake Passage area with cDrake CPIES sites (black dots) over bathymetry n, from Smith and Sandwell [1997] (color contour lines) and RVIB NB Palmer multibeam database
(filled color contours). Gray curves show climatological front positions from Orsi et al. [1995]. Purple line shows the most common LM Gould track. The LDA area is enlarged at bottom
left, and the subarea in the central-eastern LDA from which time series are shown is outlined.

et al, 2016]. The cDrake CPIES data and processing are described in Tracey et al. [2013] and Firing et al.
[2014]. Multibeam bathymetry data were also collected and processed on each of the five cDrake cruises,
providing high-resolution bathymetry around the CPIES sites (Figure 1); these data are averaged to 2-km
resolution, and gaps are filled by linear interpolation from the Smith and Sandwell [1997] bathymetric
database.

2.1.1. Objectively Mapped Geostrophic Fields

The application of objective mapping to the cDrake observations is described by Firing et al. [2014] and
summarized here. Bottom pressures and near-bottom currents are objectively mapped to a 4000 dbar refer-
ence (hereafter referred to as barotropic) geostrophic stream function 1, horizontal velocity
ug=(ug,vg)=(—0W /0y, 0y /0x)/f, vertical relative vorticity {;=0v,/0x—0duy/dy, and relative vorticity gra-
dients 859/8x and 8Cg/6y, using the geostrophic continuity constraint Vi - (fug)=VyXVyy=0 (where Vy
is the horizontal gradient operator). Bottom-to-surface round-trip acoustic travel times are converted to pro-
files of geopotential anomaly by use of a Gravest Empirical Mode (GEM) [Meinen and Watts, 2000; Watts
et al, 2001] lookup table, and geopotential anomaly at each depth is then objectively mapped to baroclinic
geostrophic stream function, velocity,
relative vorticity, and relative vorticity
gradients. While the baroclinic fields
are (by construction) self-similar with
depth, the degree of turning with
depth of the total current depends on
the relative directions and magnitudes
of the barotropic and baroclinic com-

Figure 2. |dealized illustration of combinations of barotropic current up: (blue)
with self-similar deep (thick vectors) and shallow (thin vectors) baroclinic currents

U (red), such as those produced by a GEM. In the left example, the total current ponents (Figure 2).

u (purple) is approximately equivalent-barotropic, turning by < 1 rad over the

depth range (note that this criterion could also be met by a very weak baroclinic The objective mapping procedure iter-
current such that the total current was close to the barotropic current at all ates through three sets of time and

depths); in the middle, the current is approximately equivalent-barotropic except les: the ti d
at the bottom, and in the right example the two components have both different space scales: the time mean, mappe
orientations and similar magnitudes, such that the net turning with depth > 1 rad. at 200 km; the 61-day low-pass filtered
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anomaly, mapped at 60 km, and the residual (effectively a 61-day high-pass filtered series), mapped at
50 km (spatial scales are determined based on decorrelation distances of filtered observed time series) [Fir-
ing et al., 2014]. Firing et al. [2014] also describe validation of the accuracy of the cDrake maps by numerical
simulations and comparison with independent measurements, indicating that vorticity balance terms can
be resolved above the level of their uncertainty at periods of 7 days and longer. To examine 4-year time
series and the dominant terms at various time scales, we use additional smoothing, applying Butterworth
filters with cutoff periods of 30 days (plotted) or longer (not shown). We will refer to the variables computed
from the CPIES data by objective mapping and the GEM as cDrake mapped or geostrophic velocity, vortic-
ity, and so on.

2.1.2. Ageostrophic Contributions

Although ageostrophic residual velocities (from the directly measured near-bottom total velocities) are
small compared to the mapped geostrophic velocities, the ageostrophic contribution to divergence and rel-
ative vorticity gradients depends not only on the size of ageostrophic currents but also on their spatial vari-
ability. Previous work [Thompson and Naveira Garabato, 2014] suggests that relative vorticity advection in
the interior is primarily balanced by ageostrophic divergence of the horizontal flow, and episodic high val-
ues of Rossby number in the LDA (see section 5) point to a possibly significant cyclostrophic contribution.
We estimate the combined gradient flow [Holton, 1979] as follows:

10p
K|u|2+f|u\=;%=f\ug|, (1)

where n is the direction normal to the total flow, |u| and |ug| are the total and geostrophic horizontal
speeds, respectively, and

_ _wxxlpjz/ - l//yylpi +2[pxy¢x¢y

W2y @

K ™~ Kg

is the curvature of the flow, here approximated using the objectively mapped derivatives of geostrophic
stream function  [Watts et al,, 1995]. There is a slight preference for negative r in the cDrake LDA, reflect-
ing the slight preference for cyclonic circulations (see section 5) and associated subgeostrophic flow. We
then have the total gradient wind velocity,

2uy

u=—— 2
14+/1+4Kg|ug|/f

where we have chosen the solution of (1) that gives u(x; — 0)=u,. We then estimate the relative vorticity
{, relative vorticity gradients 9(/0x and 9(/dy, and the vertical derivative of vertical velocity,

ow/0z=—Vy - u, 4

3)

by finite differencing of the total (horizontal) gradient wind flow u. We will refer to the difference between
the total gradient wind-derived fields and the objectively mapped geostrophic fields as the ageostrophic
cDrake velocity,

U;=u—uy, (5)

and similarly ageostrophic vorticity, divergence, and so on. We estimate uncertainties on these fields by
propagation of error through the finite differences; because this method does not incorporate spatial corre-
lations, the resulting uncertainties are overestimates [see Firing et al., 2014].

2.1.3. Vorticity Budget Terms

We use the cDrake mapped (geostrophic) and ageostrophic velocity, vorticity, and vorticity gradient fields
to estimate terms of the quasi-geostrophic vertical vorticity balance,

1
Gtu - Vul+pv—fw,= — VX1, (6)
Po

where subscripts indicate derivatives, f=df /dy is the meridional gradient of the Coriolis parameter f, w is
the vertical velocity, p,=1050 kg m ™ is a constant reference density, and 7 is stress. The vortex stretching
term, fw,, is calculated from the divergence of horizontal velocity: w,=—(ux+Vv,)=—(UgxtVay)—pvg/f. The
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vorticity tendency {,, relative vorticity advection u- Vy{, planetary vorticity advection fv, and vortex
stretching —fw; are balanced by the vertical divergence of stress curl (1/p,)VyX1,. Neglected terms in (6)
include nonlinear stretching ({w,), tilting (u, XV 4w), and lateral stress divergences.

The depth-integrated vorticity balance is then

Jo Crdz—i-r u - Vyldz+pV+fw,= lV,.,><'cw— lVHXrb, (7)
Np Ny Po Po

where z=1n, < 0 is the bottom coordinate, V:J;Z vdz, w,, is bottom vertical velocity, t,, is surface wind
stress, and 1, bottom frictional stress. For a predominantly geostrophic flow, the vortex stretching due to
flow over topography, fw,=fuy - V1, will be dominated by J(pp, 1,)=fupg - Vi1, the negative of the
bottom pressure torque, where p,, is the bottom pressure and u, 4 the bottom geostrophic velocity. As dis-
cussed above, the bottom pressure torque is also expected to outweigh the bottom frictional torque. Thus,
in the full-depth quasi-geostrophic balance, the depth integrals of vorticity tendency, nonlinear relative vor-
ticity advection, and linear planetary vorticity advection are balanced by bottom pressure torque and the
vorticity forcing due to wind stress curl.

As u; < uand {, < {4, we compute planetary vorticity advection directly from cDrake mapped (geostro-
phic) velocity, and vorticity tendency by finite time-differencing of the cDrake mapped vorticity fields. We
use both the mapped and total velocity and relative vorticity gradient fields to compute relative vorticity
advection and horizontal divergence.

We use the mapped geostrophic bottom reference currents and high-resolution bottom topography to
compute bottom pressure torque, —J(pp,1p)/po=—FuUpg - Vun,. Bathymetry gradients are estimated by
first-differencing the 2-km data (see above) and further smoothed by Gaussian-weighted averaging to the
objective mapping grid. We are interested in bathymetry gradients at the scales that influence the meso-
scale flow sampled by the cDrake array outside the bottom boundary layer. Bishop et al. [2012] suggest that
relatively small seamounts can affect the geostrophic flow at larger scales, so we tested length scales rang-
ing from 10 to 50 km (the shortest objective mapping scale) for the bathymetry gradient weighted averag-
ing. We will show the 50-km-smoothed bathymetry and resulting bottom pressure torques in both sections
3 and 6, but consider the values produced by less-smooth fields as a measure of uncertainty. We also com-
pute total vortex stretching either as —fw,=—fu, - V1, using the measured site bottom currents and
topographic gradients (section 3), or as j,;)b fw,dz using the depth integral of total horizontal velocity diver-
gence (section 6).

Using the geostrophic or total (gradient flow) fields described above we also attempt to estimate terms
expected to be relatively small, including the nonlinear contribution to the divergence term, {w;; vortex
tilting; and dissipative and diffusive terms. For the tilting term, u, XVyw, we use finite differencing of w,
(4) integrated from the surface. We calculate bottom frictional stress based on either a linear [Gill, 1968]
or quadratic [Arbic and Scott, 2008] drag parameterization and mapped bottom velocity fields, and then
compute torques by finite differencing. We approximate horizontal diffusion of vorticity by eddies
below the cDrake array resolution using a harmonic eddy-diffusivity parameterization, x.V#((), with
V2{ from finite differencing of mapped Vx{. To achieve comparable levels of eddy diffusion to those
produced by the biharmonic parameterization found in SOSE we would use a constant eddy diffusivity
of ke=200m s .

We calculated wind stress curl over the LDA using satellite-based surface wind vectors. For 2007-2009 we
obtained 0.25-degree gridded, 3-day averaged Level 3 wind vectors from SeaWinds on QuikScat from
Remote Sensing Systems (RSS) at ftp://ftp.ssmi.com/qscat/qscat_wind_vectors_v04/. The QuikScat wind vec-
tors are calculated using the Ku-2011 algorithm [Ricciardulli and Wentz, 2011]. For 2009-2011 we obtained
ASCAT Level 2 swath data from JPL PODAAC at ftp://podaac-ftp.jpl.nasa.gov/allData/ascat/preview/L2/
25km. ASCAT data are provided by the European Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT) and the Royal Netherlands Meteorological Institute (KNMI). We average both QuikScat and
ASCAT data to the cDrake objective mapping grid using Gaussian-weighted averaging with a 50-km decor-
relation length, and combine them to form one time series for the cDrake time period. We convert vector
wind to wind stress using the drag coefficient parameterizations of Yelland and Taylor [1996, for speeds
below 6 m s~ '] and Yelland et al. [1998, above 6 m s~ ']. Gradients are estimated by center differencing.
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2.2, Shipboard ADCP

Shipboard acoustic Doppler current profiler (SADCP) velocity measurements in the top 1000 m of Drake Pas-
sage have been collected on approximately twice-monthly, all-season crossings by the ARSV Laurence M.
Gould (LMG) since November 2004. The 183 crossings through October 2013 have been compiled into a
mean velocity field on a 25-km by 25-km horizontal grid with 24-m vertical resolution [Firing et al., 2011;
Lenn et al., 2007]. The LMG takes a variable path across Drake Passage, producing a sampling fan spanning
50 km (at the northern end) to 450 km (at the southern end) of along-stream distance. The most common
track runs just to the west of the cDrake central line and has 92 to 171 crossings through each 25-km
segment.

We use the time-mean gridded SADCP velocities to compute mean relative vorticity ({)=(v),—(u), and
mean relative vorticity advection (u) - V4(() by center differencing. From SADCP data on the most common
track, we compute a time series of one component of relative vorticity advection, vi Uy, where (u,v),, are
across- and along-track velocity and y,, is the along-track coordinate, rotated approximately 9° from meridi-
onal. We compare this quantity to cDrake vu,, computed from the 3-day low-pass filtered mapped data
(neglecting the 9° difference in orientation).

The SADCP and cDrake fields represent quite different temporal and spatial scales, and we emphasize that
the comparisons between them are intended to validate the statistics of the cDrake higher-derivative fields,
rather than particular values at particular times or locations. The comparison of cDrake relative vorticity and
vorticity gradients with those computed from this independent SADCP dataset by a different method is
used to confirm that the cDrake objective mapping and GEM method does not result in over- or under-
estimation of the higher derivatives of velocity.

2.3. SOSE

We used numerical model output from the Southern Ocean State Estimate (SOSE) to examine the effect of
horizontal resolution and coverage on the objective mapping results. The Southern Ocean State Estimate
[Mazloff et al., 2010] is an eddy-permitting, data-assimilating state estimate which uses the adjoint method
to iterate the MITgcm to minimize misfit between the estimate and observations by modifying model
forcings (atmospheric fluxes and initial and boundary conditions) within their uncertainties. The model uses
a 1/6° C-grid at 42 depth levels, with higher resolution near the surface. We use output from SOSE iteration
59, spanning 2005 through 2007 (data from cDrake are not assimilated into this version of SOSE). SOSE pres-
sure anomalies were objectively mapped in the same manner as for the cDrake data, allowing us to map
both from an LDA-like set of input points and from data extending beyond the edges of the mapping grid,
producing better estimates of higher derivatives. We mapped to the cDrake LDA grid first from 1/6° fields
extending 100 km beyond the grid, and secondly from fields from the LDA area sub-sampled to 1/3°
(latitude) to 2/3° (longitude), or approximately 38 km (comparable to the cDrake LDA instrument spacing).

2.4. Satellite Altimetry

To extend the 4 years of cDrake results to a longer time period, we use satellite-derived mean absolute
dynamic topography (MADT) produced by Ssalto/Duacs (http://www.aviso.oceanobs.com/en/data/product-
information/duacs.html) and distributed by AVISO with support from CNES (http://www.cnes.fr). We use 21
years of the delayed-time MADT product, which incorporates sea level anomaly from multiple satellites (up
to four at a time) with the CNES-CLS2013 mean dynamic topography. The fields are produced on a 1/4°
grid by mapping with length scales of ~100 km [Ducet et al., 2000]. We compute surface geostrophic veloc-
ity, vorticity, and vorticity gradients from the sea surface height (the surface geostrophic stream function)
both by finite differencing and by objective mapping (following the same method used for cDrake).

3. Flow Over Topography and Bottom Pressure Torque

The near-bottom currents measured by the cDrake array over 4 years (Figure 3a and Chereskin et al., 2012)
are similar in magnitude, orientation, and variance to the first year of measurements discussed by Chereskin
et al. [2009]. The mean currents (Figure 3a) at most sites throughout the passage flow nearly along the local
topographic contours, with closer alignment where topographic gradients are stronger. This alignment of
the flow along steep topography applies for topography smoothed at scales of 2 to 10 km, implying that
these are the scales steering the flow at 50 m above the bottom. Time variability in current direction is small
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Figure 3. Bottom currents and topography: (a) mean vectors and standard deviation ellipses of measured near-bottom currents (up, teal)
and local (10-km-smoothed) isobath vectors (magenta, with length proportional to the bathymetry gradient magnitude), over the original
bathymetry (gray scale filled contours, see section 2.1 and Figure 1); (b) inset showing the array over the SFZ, boxed area in Figure 3a, with

the 3000 m isobath (black); scale vectors indicate the same magnitudes as those in Figure 3a; (c) mean bottom geostrophic stream func-
tion (blue contours, 0.2 m? s~ 2 interval) and geostrophic current vectors (up g, teal) over 50-km-smoothed bathymetry (gray scale filled

contours).

over the SFZ (Figure 3b) and the northern and southern slopes (Figure 3a). In the eastern LDA, which lacks
both major topographic features and local roughness, variance ellipses are close to isotropic.

Small deviations in mean current direction from exactly along the local topography produce downslope
flow over the southern continental slope, and upslope flow over the northern slope (Figure 3a). Over the
SFZ the CPIES measurements indicate a consistent pathway for the flow, with a preference for southeast-
ward flow along the upstream (southwest) side of the ridge and northwestward flow along the downstream
(northeast) side (Figure 3b). Some flow may be directed through a pass in the SFZ between the cDrake
instruments (Figure 3b), but the mean flow at the instruments adjacent to and on the ridge implies a larger-
scale diversion of the flow around this part of the ridge. Flow at the five SFZ CPIES adjacent to the pass is
slightly down the local slope, on both sides of the ridge, while flow at the instrument atop the ridge south
of the pass is more strongly upslope, so that the net vortex stretching due to flow over the SFZ appears to
be small.

Objectively mapped geostrophic bottom current orientations (Figure 3c) are generally similar to the point-
measurement total currents. Particularly in the LDA, where objectively mapped current direction is better-
determined, differences in sign between wy,=uy - Vi, and up 4 - Vn,, for a given n, field, are associated
with weak and/or nearly along-slope flows only. Time variability in these dot products is associated with var-
iability in both current magnitude and direction, which is particularly strong between the SFZ and the
northern slope (Figure 3a). In fact both time-mean and time-variable dot products are strongly sensitive to
the current-topography angle, which itself is strongly sensitive to the smoothing scale chosen for the
topography.
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Figure 4. (a) Mean and (b) standard deviation from 7-day low-pass filtered time series of bottom pressure torque, —J(py, 11,) =—fupg - Vi
1, at CPIES sites, estimated using mapped bottom geostrophic stream function and 50-km-smoothed topography (25-km for the sites
over the SFZ). (c) Mean and (d) standard deviation in the LDA of mapped bottom pressure torque (filled color contours) and bottom flow
over topography —fuy - Vi, =—fw, at CPIES sites (filled circles). The standard deviation exceeds the mean bottom pressure torque (or
fwp,) at many points, but the standard error for these 4-year means is an order of magnitude smaller. Black contours in Figure 4c show the
50-km-smoothed 1}, in the LDA (deepest in the bottom left and top right), and light gray contours the mean mapped bottom geostrophic
stream function; note that the bottom geostrophic flow is upslope where bottom pressure torque is positive.

To estimate the bottom pressure torque forcing term in the mesoscale vorticity balance, we are interested
in topography at scales that interact with the mesoscale bottom pressure field. Smoothing topography with
a Gaussian with a 50-km length scale (Figure 3c) removes most of the topographic relief apart from the
southern and northern slopes, including the SFZ. The mesoscale bottom pressure torques inferred from this
topography (Figure 4) are large and positive over the northern slope (consistent with upslope flow, Figure
3¢, and with possibly balancing v for v > 0), and negative (but smaller) over the southern slope. Larger val-
ues in the LDA are due to the deep mean anticyclonic and cyclonic recirculations there, and thus nearly can-
cel out when averaged over 200-km scales. Positive bottom pressure torques on the upstream side of the
SFZ and negative torques on the downstream side also cancel to first order, leaving a small positive resid-
ual. The mesoscale, 50-km flow may be affected by shorter-scale topography, as suggested by Bishop et al.
[2012]. Bottom pressure torques computed using 25-km-smoothed topography are larger than those com-
puted with 50-km-smoothed topography but otherwise similar in sign and distribution. Because the

FIRING ET AL.

DRAKE PASSAGE VORTICITY BALANCE 4289



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011682

latitude

|atitude

latitude

-60 -66 -64 -62 -60
longitude longitude

Figure 5. (a, b) Mapped cDrake time-mean barotropic geostrophic stream function (cool colors), (a) with baroclinic geostrophic stream
function at 200 dbar (warm colors), (b) total geostrophic stream function at 200 dbar (warm colors), and bathymetry (gray); (c) cDrake total
200-dbar geostrophic stream function (warm colors) and surface MADT (gray) with cDrake 4000-dbar current vectors at CPIES sites (vector

tails). Barotropic, baroclinic, and total cDrake geostrophic stream functions are contoured at intervals of 0.25 m? s~ 2 (each with arbitrary

mean). MADT contours are every 5 cm (0.5 m? s~ ). Bathymetric contour intervals are every 500 m from 4500 to 0 m. cDrake geostrophic
stream functions are only shown where the objective mapping percent error of 3-day low-pass filtered maps is less than 30%.

mapped uy 4 differ slightly from the measured uy, for the same topography, time-mean differences between
the bottom pressure torque (Figure 4c filled contours) and flow over topography computed using total
observed near-bottom currents (Figure 4c dots) are noticeable at a few points, in particular on the edges of
the LDA; however, these differences produce little net effect. Time variability and the higher variance (Fig-
ure 4d) of fw, compared to bottom pressure torque will be discussed in section 6.

The net bottom pressure torque integrated across the passage is approximately 4X 1073 to 6X1073 m?s 2

(for 25 or 50 km smoothed bathymetry gradients, respectively). This corresponds to an average value of 3
to 4X1072 m s~ 2, or 15-20 times the mean wind stress curl.

4, Vertical Structure of Currents and Mapped Geostrophic Stream Function From
cDrake

This section transitions from the near-bottom flow into the full water column, beginning in northern Drake
Passage where the cDrake LDA was situated. The LDA (Figure 1) is located in the region of enhanced vari-
ability between the mean Subantarctic Front (SAF) and Polar Front (PF) positions (based on either climato-
logical hydrography [Orsi et al, 1995], or satellite sea surface height contour gradients, Figure 5). The
barotropic (bottom reference) and baroclinic components of the depth-mean velocity have approximately
equal variance, consistent with findings on barotropic and baroclinic contributions to Drake Passage trans-
port variability by Cunningham et al. [2003] and Firing et al. [2011]. Typical median values for deep and
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Figure 6. (a, e) Four year mean relative vorticity ((), (b, f) mean relative vorticity advection (u) - V4({), (c, g) eddy relative vorticity advec-
tion (u’ - V'), and (d, h) ageostrophic stretching f(w;,) at (a-d) 400 dbar and (e-h) 3600 dbar in the LDA. Points with values smaller than
their uncertainties are covered by gray pluses (see text for discussion of possible overestimation of uncertainties on ageostrophic quanti-

ties, included in Figures 6d and 6h). The thin black line outlines the area from which the time series in Figure 8 are averaged.

shallow 7-day low-pass filtered, objectively mapped speed in the LDA are 10 and 30 cm s~ ', respectively
[Firing et al., 2014, Figure 7], while RMS errors over the LDA are 4-13 cm s~ '; errors decrease with depth
and increase with distance from the LDA [Firing et al., 2014, Figure 7]. The cDrake velocity fields in the LDA
are dominated by meander and eddy events like the one discussed in Chereskin et al. [2009, Figure 4], where
a southeastward meander of the SAF and a northward meander of the PF led to the development of an
anticyclonic and cyclonic eddy, respectively, in the LDA area. During these events, which occur about 5
times a year over the 4-year record, near-bottom daily-mean speeds can exceed 40 cm s for time intervals

of approximately a week.

Different events have different paths of development through the array, but averaged over 4 years, the net
result of the LDA meander/eddy events in the deep flow is an anticyclonic circulation (meander crest) in the
area just downstream of the SFZ, and a stronger cyclonic circulation (meander trough) in the Yaghan Basin
(Figures 5a and 5b). The mean deep flow appears to be deflected around some of the seamounts in the
northwestern part of the array, but the northeastward flow of the SAF is otherwise visible in the deep
streamlines at the northern end of the LDA. The mean 200-dbar baroclinic streamlines (Figure 5a) capture
parts of the SAF and PF jets at the northwestern-northern and southern edges, respectively, of the mapping
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Figure 7. (a, b) Four year mean relative vorticity advection (u) - V(() and (c, d) eddy relative vorticity advection (u’ - V(') at 380 m,
mapped from SOSE pressure anomaly fields from (a, ¢) extended and (b, d) limited input points (see text).

area. The baroclinic flow also features a northward meander trough centered at 57°S, 62.5°W (to the south-
west of the deep cyclonic eddy) and a southward meander crest with a small closed anticyclonic contour at
57°S, 64°W (slightly to the northwest of the deep anticyclonic eddy).

The mean baroclinic (relative to the bottom) and barotropic (deep reference) geostrophic stream functions
(Figure 5a) are rarely parallel. Recalling that, as illustrated in Figure 2, the extent of turning with depth
depends on both the relative angles and relative sizes of the barotropic and baroclinic components, we
look for net turning with depth of the total current of O(1) rad (corresponding to significant w [Hughes and
Killworth, 1995]) as an indicator of non-equivalent-barotropic flow. On the very eastern edge of the array,
for example, although the barotropic and baroclinic streamlines cross, the total 200-dbar streamlines (the
sum of the barotropic and baroclinic components) are nearly aligned with the deep streamlines (Figure 5b),
and turning with depth is small. The areas with the largest turning with depth tend to be those with a larger
baroclinic contribution. The angle change between the 200-dbar total current and the bottom (barotropic)
current is greater than 0.5 rad over about half the LDA area, including the relatively flat central and eastern
LDA. In the northwestern corner of the array the weak bottom currents may be steered around the Yaghan
seamounts; the western side as a whole may be influenced by the SFZ just upstream. Following the geostro-
phic streamlines across the array from west to east (Figure 5b), the sign of the rotation switches from
cyclonic with increasing depth (veering) heading into the meander crest (high/anticyclonic circulation) to
anticyclonic with increasing depth (backing) between the crest and trough, and back to cyclonic at the
downstream side of the trough, as described in the Gulf Stream by Lindstrom et al. [1997] and elsewhere in
the time-varying ACC by Tracey et al. [2006], Phillips and Rintoul [2000], and Phillips and Bindoff [2014]. The
associated vertical velocities—downwelling between the eastern side of the meander crest and the middle
of the trough, and upwelling on the western side of the meander crest and eastern side of the trough—are
also consistent with those predicted from the direction of the observed near-bottom flow relative to topog-
raphy (Figure 4c).

Outside the two-dimensional LDA, the baroclinic current direction cannot be determined from the cDrake
data, so we use satellite-derived mapped absolute dynamic topography (MADT), averaged over the cDrake
time period, to compute the surface current direction. The MADT geostrophic stream function (Figure 5c)
parallels the cDrake total geostrophic stream function at 200 dbar in the orientation and curvature of the
SAF, on the western and northern sides of the LDA, as well as the part of the mean PF captured by the LDA.
The large cyclonic circulation visible in the eastern LDA is also present in the MADT, although with smaller
amplitude. The MADT does not show the anticyclonic recirculation visible in the southwestern LDA in both
the barotropic reference and total near-surface cDrake geostrophic stream functions (Figure 5b); this feature
may be below the effective resolution of the satellite maps, which use length scales around 100 km [Ducet
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et al.,, 2000]. MADT surface streamlines (representing the total geostrophic surface current) and cDrake bot-
tom current vectors (Figure 5¢) are aligned in the northern part of the SAF, but by its southern edge they
are rotated by about 0.5 rad. Similarly, in the PF surface and deep current angles differ by 0.5-0.6 rad, while
south of the PF some near-bottom currents oppose the surface current. In the SAF and PF south of the LDA,
where the one-dimensional part of the array does not allow for geostrophic mapping as accurately as in the
LDA, the near-bottom current directions are nevertheless consistent between current meters, implying that
they are likely to represent the mesoscale deep flow direction and its rotation from the surface flow.

5. Relative Vorticity and Its Advection in the LDA

The two-dimensional horizontal coverage in the LDA allows us to compute higher derivatives of geostro-
phic stream function, the relative vorticity and relative vorticity gradient fields (Figure 6). Mapped relative
vorticity, which has typical 7-day low-pass filtered amplitudes of 4X107° s~ at 400 dbar and 1.5X107° s~
at 3600 dbar [see Firing et al., 2014, Figure 7], has errors about 20% of its amplitude. Relative vorticity gradi-
ent errors are 2X107'% to 4X107 ' m~" s~ within the LDA, about half the typical gradient amplitude.
Uncertainties on 4-year time mean fields are approximately 10 times smaller (based on the 11-day esti-
mated decorrelation time scale for the LDA observations) [Firing et al., 2014]. The ageostrophic mean and
eddy relative vorticity advections (not shown) mirror the spatial patterns of the geostrophic terms, and are
10-20% the size; overall they tend to reduce the total vorticity advection, in particular at depth.

Chereskin et al. [2009] described two eddy events in the LDA where the Rossby number Ro={/f from daily-
mean near-bottom current measurements was at least +0.15. In 4 years of 7-day low-pass filtered mapped
vorticity we find several such events each year. At 200 dbar |Ro| > 0.2 occurs 12% of the time and |Ro|
> 0.1 occurs 40% of the time (with a maximum magnitude of 0.75), while at the bottom |Ro| > 0.1 occurs
6% of the time (with a maximum of 0.35). Both relative vorticity and relative vorticity advection are highly
variable in time, with standard deviations of 107> s~' and 107" 52, respectively. There is a slight (55%-
65%) preference for negative (cyclonic) {, more pronounced in the deep than in the shallow currents. Rela-
tive vorticity and relative vorticity advection decrease by on average a factor of two to three between 400
and 3600 dbar over most of the LDA, although in the persistent Yaghan Basin deep cyclone (in the north-
eastern corner of the array), velocity and vorticity both increase with depth [see also Firing et al., 2014].
Although relative vorticity advection changes sign between the near-surface and near-bottom approxi-
mately 36% of the time, the decrease in magnitude with depth limits cancellation in the depth integral.
Thus, the upper flow in general gives a qualitatively correct picture of full-column vorticity advection.

The mean relative vorticity in the LDA (Figure 6) is approximately 107> s~ (giving Ro=0(0.1)) and reflects
the standing eddies visible in the mean streamlines (Figure 5) and the dipole pattern found in satellite sea
level anomaly by Ferrari et al. [2012]. The mean vorticity field decreases only slightly with depth, and shal-
low and deep fields are correlated (r = 0.76 between 400 and 3600 dbar, significant at the 99% level). The
cDrake time series also allows us to separate out the mean relative vorticity advection, (u) - V((), from the
eddy relative vorticity advection, (u’ - V'), where the angle brackets represent the mean over 4 years.
Mean and eddy relative vorticity advection are O(107"") s~ 2, with the mean contribution about twice as
big as the eddy contribution. Each component (u{, and v({,) of eddy relative vorticity advection is larger
than the corresponding mean component, but the eddy components are also more negatively correlated
with each other. Both relative vorticity advection constituents (Figure 6) show some correlation with depth
(r=0.55,0.44 between 400 and 3600 dbar for mean and eddy, respectively, both significant at the 99% level
based on a 50-km decorrelation length scale), with mean advection magnitude decreasing by a factor of
two from 400 to 3600 dbar, and eddy advection magnitude by a factor of three. Planetary vorticity advec-
tion (not shown) has a slightly more barotropic depth profile.

5.1. Relative Vorticity and Vorticity Advection From SADCP Velocity

The long-term SADCP dataset provides an independent check on the size of the mean and eddy relative
vorticity advection terms in Drake Passage. We compare RMS values of cDrake mapped fields with RMS val-
ues of the same fields estimated from the SADCP velocity measurements in the LDA area (Table 1). The
cDrake and SADCP RMS ({) are consistent (to within a factor of 2) and both decrease near-linearly with
depth over the top 1000 m. The mean relative vorticity advection, (u) - V4({), also decreases near-linearly
with depth. The RMS values of the SADCP and cDrake track-resolvable mean relative vorticity advection
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Table 1. Relative Vorticity and Relative Vorticity Advection Components From cDrake and SADCP in the LDA?

—-11 _—2

(&) (107857 (u) - Vu(0) 107" 57 (V)(uy) (1077572 _Wu) (0" s

100 m 1000 m 100 m 1000 m 100 m 1000 m 100 m 1000 m
cDrake 56 44 25 1.5 1.8 1.0 2.1 0.8
SADCP 4.2 2.7 2.8 16 15 0.8 19 04

#RMS values at 100 and 1000 m depth.

component ((v)(uy,)) in the overlap area of the LDA and the most common LMG track (Figure 1) are
approximately the same size, with the SADCP values decreasing slightly faster with depth. The RMS cDrake
track-resolvable eddy component ({v’u;,y>) decreases faster with depth than the same quantity from SADCP,
but is still within a factor of two. Both SADCP and cDrake have mean and eddy components of similar size,
and a faster decrease with depth in the eddy components than in the mean.

Given the differences between cDrake and SADCP sampling (daily, 7-day low-pass filtered time series from
2007 to 2011, versus approximately twice-monthly synoptic data from 2004 to 2013) and spatial smoothing
(center differencing the 25-km SADCP grid produces an effective length of 75 km, compared to the cDrake
50-km high-pass mapping scale), the agreement between cDrake and SADCP vorticity and vorticity advec-
tion components is remarkably good; the RMS values of the SADCP estimates are within a factor of two of
the cDrake RMS values, and the depth structures and relative sizes of mean relative vorticity advection and
the resolvable component of eddy relative vorticity advection are reproduced. Thus, the SADCP data appear
to support the conclusion from the simulations described in Firing et al. [2014] that we can accurately map
both mean and time-varying vorticity and vorticity gradients (and therefore vorticity advection) in the LDA.

5.2. Mapped Relative Vorticity Advection From SOSE

To compare with the observed vorticity balance terms from cDrake, and to check the robustness of the
mapped derivatives, we objectively mapped SOSE 5-day-averaged pressure anomaly fields, using the same
methods and parameters as for the cDrake LDA. We mapped either from points in the LDA area alone or
from an extended area (100 km beyond the edges of the mapping area), and either from the full 10-20 km
SOSE resolution or from fields subsampled to ~40 km (approximately the cDrake LDA instrument spacing).
Differences between the resulting mapped relative vorticity advection fields are small except on the boun-
daries of the mapping area (Figure 7). The SOSE fields are lower in energy than the observations; SOSE rela-
tive vorticity advection is about half the size for the same mapping scales (compare to Figure 6). Mean and
eddy relative vorticity advection, which tend to oppose each other in SOSE, are also closer to the same size
in SOSE than in cDrake, and mean relative vorticity advection diminishes more quickly with depth in SOSE
than in the observations. Despite these differences, the maps from SOSE help confirm that relative vorticity
gradients and relative vorticity advection can be successfully estimated from a limited cDrake-like set of
input points sampling an eddying field.

6. Vorticity Balance in the LDA

Although nonlinear relative vorticity advection (Figures 6b, 6¢, 6f, and 6g) decreases more quickly with
depth than the linear planetary vorticity advection (not shown), fiv remains an order of magnitude smaller
at every depth. With f > { (Figures 6a and 6e), the time-mean stretching term is correspondingly domi-
nated by the contribution of the divergence of ageostrophic velocity to fw, (Figures 6d and 6h).

To examine the time-varying and depth-varying vorticity balance we focus on an approximately 130 km by
60 km area in the eastern LDA (see Figure 6), where 4-year records of sound travel time, bottom pressure,
and near-bottom currents are available on all sides and thus uncertainties are smallest. Averaging over the
whole LDA reduces the magnitude of all terms relative to averaging over this smaller area, but otherwise
produces the same qualitative results (not shown).

As planetary advection (Figure 8, magenta), wind stress curl (not shown), nonlinear divergence (not shown),
and tilting (not shown) are small, the first-order balance for relative vorticity advection (teal) is provided by
the ageostrophic divergence (fw,,, gray). These two terms are negatively correlated, with r=—0.60 near
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Figure 8. Time series from the central-eastern LDA of 30-day low-pass filtered cDrake planetary vorticity advection (magenta), vorticity
tendency (gold), relative vorticity advection (teal), negative stretching (gray), and the negative of their residual (black) at (a) 200 dbar and
(b) 2600 dbar. (c) The depth integrals of these quantities. (d) The time series of the dominant terms, depth-integrated relative vorticity
advection (teal) and negative stretching (gray), are repeated along with that of negative bottom pressure torque (red), with uncertainties
indicated by dashed lines. (e) Time series of shallow and deep kinetic energy and (f) relative vorticity are also shown. All time series are
averaged over grid points in the central-eastern LDA area outlined on Figures 1, 6, and 9.

the surface, increasing to r=—0.85 at 4000 dbar. At time scales up to 60 days, the vorticity tendency (gold)
is also intermittently first order. A first-order residual at these time scales (e.g., the 30-day low-pass time
series in Figure 8) is produced in some cases by a mismatch in the sizes of advection and divergence peaks,
and in some cases by the vorticity tendency, which does not appear to be balanced by any of the other
terms. At longer time scales the tendency term, and the depth-varying residual, become second order or
smaller.

As in the model results of Thompson and Naveira Garabato [2014], the relative sizes of relative vorticity
advection and divergence change with depth, with time-varying divergence approximately 15% smaller
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Figure 9. Selected terms of the depth-integrated mean vorticity balance: (a) planetary vorticity advection, (b) mean relative vorticity
advection, (c) eddy relative vorticity advection, (d) the negative of bottom pressure torque, (e) the negative vortex stretching term includ-
ing both geostrophic (Figure 9d) and ageostrophic contributions, and (f) the residual of Figures 9a-9c and 9e, and wind stress curl (not
shown). Points smaller than the standard error of the mean are covered by gray pluses (see text for discussion of possible overestimation
of uncertainties on ageostrophic quantities, affecting Figures 9e and 9f).

near the surface (Figure 8a), of the same size in midcolumn (Figure 8b), and approximately 10% larger at
depth. In contrast, the spatial variance of the 4-year-mean relative vorticity advection (the sum of the mean
and eddy components, Figures 6b, 6¢, 6f, and 6g) is slightly larger than that of the divergence of gradient
flow term (dominated by the ageostrophic contribution, Figures 6d and 6h) throughout the water column.

Depth-integrated divergence and relative vorticity advection (Figures 8c and 8d) are also well correlated
(r=-—0.8), with advection being larger in most events. Although bottom pressure torque is weakly nega-
tively correlated with relative vorticity advection (Figure 8d) and tends to be positive while relative vorticity
advection tends to be negative, the time variability in bottom pressure torque is only about one-quarter the
size of that in total depth-integrated divergence (or relative vorticity advection) at weekly to multimonth
time scales. Both kinetic energy peaks (Figure 8e) and peaks in relative vorticity advection amplitude (Figure
8d) lasting between 60 and 100 days stand out in the time series; however, the magnitude of the depth-
integrated nonlinear vorticity advection shows only weak relationships to shallow or deep kinetic energy
(Figure 8e, r = 0.3), or shallow or deep vorticity (Figure 8f, |r| < 0.2), over time.

Selected terms from the depth-integrated time-mean quasi-geostrophic vorticity balance in the LDA are
shown in Figure 9. The dominant terms are the mean relative vorticity advection (Figure 9b) and the depth-
integrated ageostrophic horizontal divergence; bottom pressure torque (Figure 9d) is only about one-third
the size of the total depth-integrated divergence (Figure 9e) in the time mean, while eddy advection (Figure
9¢) over 4 years is, as noted above, about half the size of mean advection. Planetary vorticity advection (Fig-
ure 9a) is a tenth the size of the nonlinear term, and local wind stress curl (not shown) is even smaller. The
time-mean bottom frictional torque based on near-bottom mapped currents and either linear or quadratic
flat-bottom drag parameterizations (not shown) is 4 orders of magnitude smaller than mean bottom pres-
sure torque. The nonlinear contribution to the divergence term ({w,, not shown) and the tilting term
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(u;XVyw, not shown) are both confirmed to be second order, comparable to fiv. A harmonic parameteriza-
tion for vorticity diffusion due to sub-mapping-scale eddies (not shown), using a large diffusivity of
k=200 m s, is the same size as the eddy relative vorticity advection, but its spatial pattern is uncorrelated
with any of the other terms in the balance, or their residual. Total (mean and eddy) relative vorticity advec-
tion and total horizontal velocity divergence are well correlated (r = 0.9), leaving a residual (Figure 9f) of
comparable size to the eddy advection or bottom pressure torque terms. We note that the uncertainties
used for the residual in Figure 9f include the likely-overestimated finite-differencing uncertainty on the
ageostrophic gradients (section 2). The discrepancy between the depth-integrated divergence and bottom
pressure torque (given the negligible bottom frictional torque or bottom Ekman velocity), meanwhile,
reflects both uncertainties in the velocity and velocity divergence fields and uncertainties in the scales of
topography relevant for producing bottom pressure torque.

7. Discussion

7.1. Local Vorticity Balance in the PFZ in Drake Passage

The time-varying and time-mean local vorticity balances in the PFZ are dominated by mean relative vorticity
advection and horizontal velocity divergence, including significant ageostrophic contributions. The magni-
tude of nonlinear vorticity advection has only a weak correlation with local eddy kinetic energy over time,
in contrast to the association between elevated nonlinear vorticity advection and high eddy kinetic energy
or meander strength in the model results of Thompson and Naveira Garabato [2014]. The residual of the
terms in the quasi-geostrophic vorticity budget is first order, as none of the other terms (geostrophic plane-
tary vorticity advection, bottom pressure torque, and wind stress curl) is large enough to balance the mean
relative vorticity advection. Considering cyclostrophic dynamics by estimating gradient flow from the geo-
strophic maps and including its contribution to vorticity advection and particularly to ageostrophic diver-
gence decreases the residual to one-third to one-half the size of the dominant terms. The cDrake
observations confirm the first-order balance between nonlinear relative vorticity advection and predomi-
nantly ageostrophic stretching that Thompson and Naveira Garabato [2014] found in both the time-varying
and time-mean balances at scales of tens of kilometers in an eddy-resolving model.

The vorticity balance terms and uncertainties computed by the objective mapping procedure used here
have been validated by Firing et al. [2014] as well as by comparison with SADCP-derived vorticity advection
and SOSE modeled vorticity balance terms (sections 5.1 and 5.2). Objective mapping of SOSE pressure
anomaly fields in the same manner as the cDrake pressure or geopotential anomaly fields, from input points
over a larger area to decrease uncertainties on higher derivatives, produces fields that agree qualitatively
with the cDrake fields in the LDA.

The 4-year-mean cDrake vorticity balance residual has a small negative correlation (r=—0.3) with both bot-
tom relative vorticity {, and with |u,|(,, consistent with a contribution from the curl of bottom (frictional)
drag parameterized as the quadratic |u,|up. While standard flat-bottom drag parameterizations are orders
of magnitude smaller than necessary to explain the residual (section 6), the seafloor in the LDA features
rough topography at a range of scales, raising the possibility of enhanced drag on the deep geostrophic
currents (and corresponding dissipation of vorticity) through internal wave generation by the geostrophic
flow over topography [Nikurashin and Ferrari, 2010a, 2010b], as suggested by Thompson and Naveira
Garabato [2014].

In the central-eastern LDA, where we have examined the time-varying local vorticity balance (Figure 8), var-
iations in vorticity over time are relatively small (standard deviation of 2X107¢ 5™, about half the size of
the spatial standard deviation of the time-mean relative vorticity). The dominant terms of the balance, rela-
tive vorticity advection and ageostrophic divergence, as well as the residual of computed terms, are not
strongly correlated with deep eddy kinetic energy or vorticity. Although the mean bottom pressure torque
in this area is larger than the mean depth-integrated ageostrophic divergence (—2x1078 s~ for bottom
pressure torque and —1Xx 108 s~ ! for ageostrophic divergence), the ageostrophic contribution to the time-
varying balance is several times larger than the bottom pressure torque contribution (standard deviations
of 4x1078 and 1X1078 s~ ', respectively). The time-varying residual in this region is most strongly corre-
lated (r = 0.5) with near-bottom cross-slope current speed (not shown; the cross-slope direction is defined
at the 25- to 50-km scale). In addition to being associated with increased wave-mediated bottom drag,
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strong bottom currents might also be expected to be associated with increased contributions to advective,
divergent, and/or diffusive terms by other smaller scale, ageostrophic motions not resolved by either the
GEM and geostrophic mapping method or by including cyclostrophic dynamics, such as bottom-trapped
topographic Rossby waves generated by strong cross-isobath flow. However, the low correlations with the
residual make it difficult to identify which if any of these neglected terms might be important in the local
vorticity balance.

7.2. Vertical Structure and the Vorticity Balance

The cDrake time-mean velocity fields deviate substantially from an equivalent-barotropic vertical structure
over at least half of the LDA (section 4, Figure 5b), with rotations consistent with the meander dynamics
described by Lindstrom et al. [1997], Phillips and Rintoul [2000], Tracey et al. [2006], and Phillips and Bindoff
[2014]. While the mean currents in SOSE tend to exhibit less rotation in the jet centers and in regions of low
topographic relief [Pena-Molino et al., 2014], cDrake bottom currents are significantly rotated from surface
currents throughout the nonmeandering segment of the PF [Foppert et al., 2016], as well as flat parts of the
array. Mean near-bottom currents over much of the rest of Drake Passage are also rotated 0.5 rad or more
from the MADT-derived surface current direction (Figure 5c¢), and this rotation is not limited to the near-
bottom fields, but is present in the profiles of combined baroclinic plus bottom reference objectively
mapped geostrophic current (not shown). The extent of turning in the current profiles, even on the eastern
side of the LDA (200 km downstream of the SFZ and 160 km downstream of the small-lateral-scale sea-
mounts in the northwestern LDA) and in southern Drake Passage (200 km downstream of the Phoenix
Ridge), implies that the departure from equivalent-barotropic vertical structure in the time mean persists at
least that far downstream of topography. The cDrake data indicate that the full-depth ACC in Drake Passage
is equivalent-barotropic only in the northern part of the SAF, where flow is strongly directed along the steep
topographic slope.

The mean currents 50 m above the bottom are steered by local (scales up to 10 km) topography, even in
areas of relatively low topographic relief such as the central and eastern LDA and the sites between the SFZ
and the Antarctic continental slope, where the bottom depths range from 3500 to 4300 m. Bottom pressure
torque, meanwhile, is produced by the interaction between the mesoscale geostrophic flow and topogra-
phy. The size discrepancy between depth-integrated divergence and bottom pressure torque in the LDA
point to the difficulty of determining the relevant topographic scales (for instance, Bishop et al. [2012] show
how smaller-scale topography may influence the mesoscale flow) and estimating bottom pressure torque
at a local level, even with near-bottom current measurements. The total Drake Passage bottom pressure tor-
que is less sensitive to the scale of topography, as it is dominated by flow over the northern continental
slope.

In the cDrake PFZ, both linear and nonlinear vorticity advection magnitudes decrease enough with depth
that, despite the widespread turning with depth and offsets between surface and deep circulation patterns
(section 4), the cDrake depth-integrated vorticity advection terms resemble the surface vorticity advection
terms (not shown). Correlations between surface and depth-integrated advection terms in the PFZ are
r > 0.8, and surface mean relative vorticity advection is approximately twice as large as surface eddy vortic-
ity advection, and an order of magnitude larger than surface planetary vorticity advection. Thus, both the
relative sizes and spatial patterns of the three vorticity advection terms (Figures 9a-9c) are represented in
the surface fields (Figures 6b and 6c¢, v not shown). However, we note that the sizes of the mean and eddy
advection terms vary at different rates with depth, so that at longer scales (at least until the eddy advection
term becomes unimportant, see section 7.3), the surface fields may not give an accurate picture of the
depth-integrated totals.

The sensitivity of bottom pressure torque to the bottom current angle implies that its spatial and temporal
patterns are likely to be misrepresented by extrapolation from surface velocity, even in regions of
equivalent-barotropic flow where the current turns only slightly with depth. This sensitivity, along with the
sensitivity to topography and the greater tendency for currents to turn with depth in observations (cDrake
and those discussed by Ferrari et al. [2012] and Phillips and Bindoff [2014]) than in models [e.g., Hughes and
Killworth, 1995; Killworth and Hughes, 2002; Pena-Molino et al., 2014], suggest care in interpreting bottom
pressure torques from numerical models and state estimates with inadequate resolution [Hughes, 1995].
Bottom pressure torque in the LDA resembles surface or near-surface relative vorticity advection, both in
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the time series (compare bottom pressure torque in Figure 8d with shallow advection in Figure 8a) and in
the time mean (compare bottom pressure torque in Figure 9d with shallow advection terms in Figures 6b
and 6¢). Therefore, as suggested by Hughes [2005], in the absence of near-bottom data, bottom pressure
torque may be better predicted as the residual of the surface relative and planetary vorticity advection
terms.

7.3. Relevance to Longer Time Periods and Larger Areas

In contrast to the results of Hughes and de Cuevas [2001] and Hughes [2005], in which bottom pressure tor-
que in Drake Passage is balanced principally by planetary vorticity advection, the cDrake bottom pressure
torque is much larger than planetary vorticity advection, and instead is balanced by nonlinear relative vor-
ticity advection. However, the cDrake array covers only a limited area; the portion of the LDA where we can
calculate the higher-derivative terms of the vorticity balance is even smaller. The results described in sec-
tions 6 and 7.1 apply as well to the LDA as a whole as to the lowest-uncertainty region in the interior of the
LDA, but even so are limited to approximately one meander wavelength (~250 km) in the PFZ. In addition,
although the circulation patterns observed over 4 years in cDrake were remarkably stable, if they were not
persistent over longer time periods, the 4-year balance might not represent the spatial scales and relative
sizes of mean and eddy terms of the long-term balance.

Based on the results described above (section 7.2) confirming that vorticity advection terms derived from
surface fields are representative of the patterns and relative sizes of the depth-integrated advection terms,
we use the 21-year satellite MADT to address the applicability of the cDrake results to greater temporal and
spatial scales. The dominant feature of the cDrake mean circulation in the LDA, a southward meander of the
SAF and northward meander of the PF, varies in strength over the MADT time series; Ferrari et al. [2012]
found a similar pattern as the first EOF of the 18-year satellite sea level anomaly record in this area. The 21-
year mean surface geostrophic stream function, however, although smoother than the 4-year average
shown in Figure 5¢, still exhibits the mean circulation patterns observed during the cDrake time period, in
particular the distinct SAF and PF jets and the meanders in the LDA. Like the SOSE and cDrake geostrophic
stream functions, it contains complex structure at a range of scales throughout Drake Passage and the Sco-
tia Sea.

Surface vorticity gradient and vorticity advection terms (not shown) estimated by objective mapping or
finite differencing of 1/4° MADT fields imply that mean and eddy relative vorticity advection dominate over
planetary vorticity advection at a range of scales. When vorticity balance terms are computed from the 1/4°
field before any additional smoothing (recalling that the 1/4° product incorporates mapping length scales
of ~100 km) [Ducet et al., 2000], mean relative vorticity advection dominates over planetary vorticity advec-
tion even when the terms are subsequently smoothed by Gaussian weighted averaging with length scales
up to 300 km. Eddy relative vorticity advection is also first order at scales up to 150 km.

The first-order contribution of eddy relative vorticity advection to the cDrake balance (Figure 9), and its size
in the MADT surface advection terms at longer scales, are consistent with the results of Williams et al. [2007]
on the importance of eddy vorticity forcing in this region. The dominance of nonlinear relative vorticity
advection over planetary vorticity advection to scales of a few hundred kilometers is also broadly consistent
with the vorticity balance in an eddy-resolving model described by Thompson and Naveira Garabato [2014].
The MADT-derived mean relative vorticity advection, however, appears to contain more energy at larger
spatial scales, and the clear scale separation between balances dominated by nonlinear versus linear vortic-
ity advection terms reported by Thompson and Naveira Garabato [2014] is not evident.

7.4. Implications for the Overall ACC Vorticity Balance

The cDrake observations show a dominance of nonlinear over linear relative vorticity advection both in the
time mean balance at scales of ~50 km (Figure 9), and in the time-varying balance averaged over ~250 km
across the LDA, while the MADT-derived surface fields imply that this dominance persists both in the long-
term time mean and to scales of ~300 km. The discrepancy between these results and studies finding larger
linear than nonlinear vorticity advection in Drake Passage [e.g., Hughes and de Cuevas, 2001; Hughes, 2005]
is likely due to the effect of smaller-scale flows on the larger-scale balance by way of spatial correlations in
the nonlinear terms [Thompson and Naveira Garabato, 2014]. While it is possible that this effect is more pro-
nounced in Drake Passage and similar regions and less significant in the more open, meandering regions of
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the ACC (for instance, Grezio et al. [2005] found nonlinear terms to be enhanced near topography), the
results nevertheless emphasize the importance of nonlinear terms in the ACC vorticity balance.

The cDrake bottom pressure torque averages 3 to 4X107° m s~ 2, more than an order of magnitude larger
than the wind stress curl, providing observational confirmation for hypotheses and model results [e.g., Wells
and de Cuevas, 1995; Hughes and de Cuevas, 2001; Grezio et al. 2005] suggesting that the whole ACC-
integrated wind stress curl is balanced by bottom pressure torque from just two or three regions, including
Drake Passage and the Scotia Sea. Interestingly, the cDrake observations imply that on average this bottom
pressure torque is not generated over the Shackleton Fracture Zone, the large topographic ridge running
across the passage, but almost entirely over the northern slope. Masich et al. [2015] reported that only 60%
of the mean topographic form stress in SOSE is associated with submarine ridges, while 40% occurs across
South America; the cDrake bottom pressure torque distribution implies that the continental slope is even
more important as a vorticity sink than as a momentum sink in the ACC.

8. Summary and Conclusions

The cDrake CPIES dataset enables us to make maps of depth-varying and time-varying geostrophic stream
function, velocity, relative vorticity, and relative vorticity gradients in Drake Passage, at horizontal scales
down to 50 km. Fields in the PFZ just downstream of the SFZ are dominated by meander and eddy events,
producing a 4-year mean circulation pattern of a cyclonic northward meander trough and anticyclonic
southward meander crest, consistent with the first EOF of sea level anomaly as described by Ferrari et al.
[2012] and exhibiting meander-related rotation of the currents with depth [as in Lindstrom et al., 1997; Phil-
lips and Rintoul, 2000; Tracey et al., 2006; Phillips and Bindoff, 2014]. This mean circulation pattern is consist-
ent enough that the time variability in vorticity is small relative to its spatial variability. The Rossby number
of the time-varying geostrophic flow is large, up to 0.75 near the surface and 0.35 at the bottom. Although
the Rossby number of the 4-year mean flow is ©(0.1), the current departs significantly from equivalent-
barotropic vertical structure over most of Drake Passage, even 200 km downstream of significant topogra-
phy. Equivalent-barotropic mean flow is found mainly in the northern SAF, where both surface and near-
bottom flow is nearly along-isobath along the steep continental slope.

The 4-year time series of near-bottom current measurements across Drake Passage, along with high-
resolution multibeam bathymetry collected on the cDrake cruises, allowed us to estimate bottom pressure
torque. Bottom pressure torque is strongly sensitive to the scale of topography used in the calculation; how-
ever, a range of estimates produce a time-mean, cross-passage-mean along the cDrake transect of 3 to 4X
107° m s~ 2, or 15-20 times the approximately 2X107'® m s~ 2 mean wind stress curl forcing over the ACC.
By far the largest contribution to bottom pressure torque over the cDrake array comes from strong near-
bottom flow up the northern continental slope onto the South American shelf (Figure 4); the net contribu-
tion from the Shackleton Fracture Zone is small.

The vorticity balance in the high-Ro PFZ is dominated by relative vorticity advection and divergence at time
scales of weeks to years. Depth integrals of both mean and eddy relative vorticity advection are O(1077) m
s~ 2, while planetary vorticity advection is a tenth of that size. Bottom pressure torque in the PFZ is also O(
1077) m s~ 2 and is negatively correlated with nonlinear relative vorticity advection; however, it is only
about one third of the total depth-integrated divergence, which arises mainly from the divergence of the
ageostrophic component of gradient flow, contributed by the flow curvature. The cyclostrophic contribu-
tion to relative vorticity advection (the difference between geostrophic relative vorticity advection and rela-
tive vorticity advection based on the gradient wind velocity and vorticity fields) reduces the total relative
vorticity advection by about 10%; the inclusion of curvature effects also produces qualitatively different hor-
izontal divergence (otherwise absent for geostrophic flow) that is sufficiently large as to become the main
balancing term for vorticity advection.

The transient eddy contribution to relative vorticity advection is significant at 50-km scale in the LDA; satel-
lite altimeter data show it becomes second order at scales over about 200 km (section 7.3). In addition to
the mesoscale geostrophic eddy contribution, even smaller-scale processes may need to be considered or
at least parameterized in a full accounting of the ACC vorticity budget. The cyclostrophic contribution to
gradient flow dynamics adds a second-order contribution to cDrake vorticity advection in the PFZ and a
first-order contribution to the depth-integrated divergence; the observed bottom pressure torque is too
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small to fully balance vorticity advection at 50-km scales in the PFZ. Bottom pressure torque is strongly sen-
sitive to the scale of smoothing used for the topography as well as for the velocity field, but where it is
strongest, on the northern slope, it is robust for a range of scales from 10 to 50 km. Principally due to flow
on the northern slope, Drake Passage average bottom pressure torque exceeds wind stress curl by a factor
of 15-20. The cDrake results provide observational confirmation of the importance of nonlinear terms and
regions where the ACC interacts with major topographic features for the ACC vorticity balance.
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