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Abstract.4

The structure of the Antarctic Circumpolar Current (ACC) in Drake Pas-5

sage is examined using four and a half years of shipboard Acoustic Doppler6

Current Profiler (ADCP) velocity data. The extended 1000-m depth range7

available from the 38kHz ADCP allows us to investigate the vertical struc-8

ture of the current. The mean observed current varies slowly with depth, while9

eddy kinetic energy and shear variance exhibit strong depth dependence. Ob-10

jectively mapped streamlines are self-similar with depth, consistent with an11

equivalent-barotropic structure. Vertical-wavenumber spectra of observed cur-12

rents and current shear reveal intermediate-wavenumber anisotropy and ro-13

tation indicative of downward energy propagation above 500 m and upward14

propagation below 500 m. The mean observed transport of the ACC in the15

upper 1000 m is estimated at 95±2 Sv or 71% of the canonical total trans-16

port of 134 Sv [Whitworth and Peterson, 1985]. Mean current speeds in the17

ACC jets remain quite strong at 1000 m, 10 to 20 cm s−1. Vertical structure18

functions to describe the current and extrapolate below 1000 m are explored19

with the aid of full-depth profiles from lowered ADCP and a three-year mean20

from the Southern Ocean State Estimate (SOSE). A number of functions,21

including an exponential, are nearly equally good fits to the observations,22

explaining >75% of the variance. Fits to an exponentially decaying function23

can be extrapolated to give an estimate of 154±38 Sv for the full-depth trans-24

port.25
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1. Introduction

The Antarctic Circumpolar Current (ACC) is unique among major ocean currents in26

its lack of complete meridional boundaries as well as its low stratification and large depth27

extent. Its role in connecting the Pacific, Atlantic and Indian Oceans and in the meridional28

overturning circulation means that it is a crucial feature for models of global circulation29

and climate to reproduce accurately. Model predictions of the degree and distribution30

of eddy stirring depend on the current’s structure and large-scale dynamical balances,31

but observations that can be used to quantify its transport and structure are sparse. In32

particular, there are few datasets with the depth range and resolution necessary to define33

the vertical structure. Satellite measurements provide valuable coverage of the surface34

ACC, and a better understanding of its vertical structure could allow mapping from these35

surface observations to metrics such as transport.36

Drake Passage, bounded by South America and the Antarctic Peninsula, has been37

the site of a number of attempts to quantify and describe ACC transport. Whitworth38

[1983] and Whitworth and Peterson [1985] estimated transport from International South-39

ern Ocean Studies (ISOS) mooring and cruise data to give the canonical ACC transport40

of 133.8 Sv with a standard deviation of 11.2 Sv. They calculated relative transport us-41

ing temperature and salinity moorings on either side of the passage between 500 m and42

2500 m depth and historical hydrography between 500 m and the surface. Pressure sensors43

at 500 m on either side of the passage were leveled using direct current measurements from44

three hydrographic cruises, and after adjustments to remove contributions from the slope45

regions above 2500 m, they provided a reference velocity at 500 m. The year-long average46
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total transport above 2500 m was found to be 124.7±9.9 Sv [Whitworth and Peterson,47

1985], of which 87 Sv was due to shear above 2500 m and 37.7 Sv to the velocity at 2500 m48

[Whitworth, 1983]. An estimated 9.1±4 Sv of transport below 2500 m [Whitworth, 1983]49

brought the total to 133.8±11.2 Sv. Cunningham et al. [2003] revisited the ISOS dataset50

and the sources of uncertainty to arrive at an upper bound of 27 Sv for the measurement51

uncertainty on the mean total transport.52

Whitworth and Peterson [1985] used the correlation between transport and current53

derived from the cross-passage pressure difference at 500 m to extend the ISOS transport54

time series to five years, and found a range of 95 to 158 Sv. Cunningham et al. [2003],55

however, calculated that only 65% of the total variability in the ISOS transport was56

barotropic, leaving a significant remaining fraction in the baroclinic component. This is57

consistent with the results of Sprintall [2003] and Olbers and Lettmann [2007], who found58

large baroclinic transport variability from upper ocean XBT measurements and numerical59

model results, respectively.60

Other velocity observations point to significant deep structure in both time-varying and61

mean velocities. Instantaneous measurements have shown large near-bottom currents:62

from a shipboard Acoustic Doppler Current Profiler (SADCP) and hydrography, Donohue63

et al. [2001] inferred speeds of 4 to 10 cm s−1 in the Subantarctic Front (SAF) in the Pacific,64

while Cunningham et al. [2003] reported lowered ADCP-measured velocities of as much65

as 10 to 20 cm s−1 in Drake Passage. Mean speeds are also substantial; one-year mean66

near-bottom velocities from an array of current meters in Drake Passage were in excess67

of 10 cm s−1 in the northern part of the passage [Chereskin et al., 2009]. Using moored68
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current meter records from the SAF south of Australia, Tracey et al. [2006] found mean69

speeds of 4 to 6 cm s−1 at 3500 db and deep-reaching baroclinic shear (to at least 2000 m).70

Observational constraints on the vertical structure of the ACC are essential. The71

strength of deep currents has implications for the dominant dynamical balance: the inter-72

action of near-bottom currents with topography leads to vortex stretching, momentum,73

energy, and vorticity dissipation through bottom friction and torque, and ultimately to74

turbulence production resulting in mixing. Meanwhile, validation of the vertical shear75

structure is important for models which use shear to parameterize mixing. Definition of76

the vertical structure of the ACC could also allow single-level observations, such as mid-77

depth float data or satellite observations of the surface, to be mapped to the full ACC.78

Many observations and models of the ACC are consistent with an equivalent-barotropic79

(EB) vertical structure; that is, that streamlines are parallel at all depths, unless velocity80

goes to zero. Hughes and Killworth [1995] and Killworth and Hughes [2002] showed how81

EB structure results from geostrophic flow with a relatively weak planetary vorticity gra-82

dient. Sun and Watts [2001] found that first empirical modes calculated by the Gravest83

Empirical Mode (GEM) method, in which an EB structure for the baroclinic current is84

inherent, explain 97% of the density variance in the ACC at all longitudes. In both the85

Fine Resolution Antarctic Model [Killworth, 1992] and the global OCCAM [Killworth86

and Hughes , 2002], velocity in the ACC has a separable EB structure, such that it is87

a function of the horizontal coordinates alone multiplied by a function of the vertical88

coordinate alone. Exponential decay with depth is one explored EB form: Gille [2003]89

calculated an average vertical e-folding scale of 700 m from float velocity and atlas hy-90

drography, and Karsten and Marshall [2002] found that climatological buoyancy data are91
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well-described by exponential decay with depth, but that length scales vary from under92

500 m to over 1000 m from south to north, which implies a non-separable EB structure93

for velocity. Observations of quasi-stationary short barotropic Rossby wave-like meanders94

by Hughes [2005], Tracey et al. [2006], and Chereskin et al. [2010] also support an EB95

vertical structure.96

Understanding the structure of the ACC depends upon understanding the eddy dynam-97

ics which both forces and is forced by the mean current [e.g. Bryden and Cunningham,98

2003; Karsten et al., 2002]. The horizontal and vertical distributions of eddy momentum99

fluxes set the locations and structures of the mean jets [Lenn et al., 2011], which are100

highly time-variable [Sokolov and Rintoul , 2007, 2009b]. The interaction between eddies101

and jets also influences the rate and distribution of heat and salinity transport across102

the current. Intensification of eddy kinetic energy (EKE) around complex topographic103

features is evident in both altimeter data and numerical models [Gille, 1997; Williams104

et al., 2007]. Lenn et al. [2007], from measured currents down to 250 m, found high EKE105

in the Polar Frontal Zone (PFZ) in Drake Passage. Multiple studies have found evidence106

that the observed eddies, which have horizontal scales of up to 100 km, are generated by107

baroclinic instability [Phillips and Rintoul , 2000; Smith, 2007; Smith and Marshall , 2009],108

although barotropic instability and eddies also have been seen [Nowlin and Klinck , 1986;109

Tracey et al., 2006]. The locations of instability growth and eddy stirring depend on the110

mean current structure; strong potential vorticity (PV) gradients associated with strong111

fronts can act to inhibit eddy stirring and therefore mixing. Smith [2007] computed PV112

gradients from a hydrographic atlas and inferred multiple locations of baroclinic insta-113

bility growth down to 1500 m, while Smith and Marshall [2009] and Abernathey et al.114
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[2010] found a deep (≥1000 m) maximum in eddy stirring below the core of the ACC,115

with stirring inhibited in the surface layer within the current. The analysis of Thompson116

et al. [2010], however, suggests that this effect is not uniform throughout the ACC.117

The studies described above, which suggest important roles for both barotropic and118

baroclinic components of transport, as well as mesoscale variability and deep eddy stirring,119

point to the need for direct current measurements with high spatial resolution to confirm120

inferences drawn from climatology and models. In this paper we use a new dataset of121

direct velocity observations collected by a deep-profiling sonar over a 4.5 year period to122

examine the vertical structure of the ACC in Drake Passage. In Section 3 we describe the123

mean current and find that the direct current observations are generally consistent with124

an equivalent-barotropic vertical structure. In Section 4 we examine the vertical structure125

of velocity, EKE, and Reynolds stresses with an eye to illuminating the distributions of126

energy and eddy stirring, and we search for vertical structure functions to describe the127

mean and time-varying currents. We calculate top 1000-m transport in Section 5, and128

use the vertical structure from the previous section to extrapolate in depth. In Section 6129

we summarize our findings and discuss the implications for ACC dynamics and transport.130

We describe the SADCP dataset and other datasets in the following section.131

2. Data

The ARSV Laurence M. Gould (LMG) crosses Drake Passage repeatedly in all seasons132

in the course of supplying Palmer Station on the Antarctic Peninsula and conducting133

research in the area. Lenn et al. [2007] described processing and analysis of data from a134

153.6 kHz SADCP on the LMG. Since late 2004, the LMG has also been outfitted with135

a 38 kHz RD Instruments ADCP. The 38 kHz ADCP has a transducer depth of 6 m, a136
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blanking distance of 16 m, and samples in narrowband mode with a 24 m bin and pulse, so137

that the first depth bin is centered at 46 m and every other bin is independent. Returned138

ping data are averaged over 5-minute ensembles, which are screened using amplitude,139

error, and percent good criteria. An Ashtech GPS is used to correct heading from the140

ship’s gyrocompass, with the difference between instrument and ship coordinates corrected141

for by bottom tracking (see Appendix). Data are converted to earth coordinates using142

the corrected heading and the ship’s GPS.143

Data from 105 crossings (tracks shown in Figure 1) from November 2004 through144

June 2009 have been processed and edited using the CODAS3 software package145

(http://currents.soest.hawaii.edu/software/codas3). The 38 kHz instrument records data146

from as deep as 1222 m; in this dataset just over 50% of ensembles at 1030 m contain147

good data. Velocities are further averaged to 15-minute bins (covering approximately148

5 km along-track) and the barotropic tide from the TPXO6.2 tidal model [Egbert et al.,149

1994] is removed. Baroclinic tidal predictions vary substantially; however, Lenn et al.150

[2007] analyzed ISOS mooring records from mid-passage and found a maximum baro-151

clinic semidiurnal and first harmonic peak in kinetic energy of no more than 15 cm2 s−2,152

so we expected the baroclinic tidal currents to be negligible in most of the passage and153

did not attempt to remove them from our data. A correction for heading-error-induced154

velocity bias is described in the Appendix.155

Calculation of geostrophic current shear using density profiles and the thermal wind156

balance sheds light on the geostrophic vs. ageostrophic and baroclinic vs. barotropic157

components of the SADCP-measured total velocity. The LMG also hosts the high reso-158

lution expendable bathythermograph (XBT)/expendable conductivity-temperature-depth159
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(XCTD) sampling program [Sprintall , 2003]. These data are made available by the Scripps160

High Resolution XBT program (http://www-hrx.ucsd.edu). XBTs are dropped on six161

crossings each year at intervals of 6 to 15 km, and generally obtain temperature mea-162

surements to about 850 m depth. On the same crossings, twelve XCTDs deployed at a163

spacing of 25 to 50 km measure temperature and salinity to around 1000 m. A position-164

dependent T-S-z relation constructed from historical hydrography gives a salinity profile165

for each XBT temperature profile; where XCTD temperature-salinity data are available,166

they are used to correct the derived salinities (J. Sprintall, pers. comm.).167

To give spatial and temporal context to the irregularly sampled LMG datasets, opti-168

mally interpolated satellite altimeter sea level anomalies (SLA) were obtained from the169

Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) project170

[Ducet et al., 2000]. The AVISO mapped SLA product is derived from multiple satellite171

altimeters. We recalculated anomalies with respect to the November 2004 to June 2009172

mean.173

To extend the top 1000-m SADCP observations in depth, we examined full-depth cur-174

rent profiles from a lowered ADCP (LADCP) from four Drake Passage cruises (cDrake)175

in November-December of four consecutive years, with 56 casts in 2007, 47 in 2008, 67 in176

2009, and 62 in 2010. The LADCP is a 153.6 kHz broadband RD Instruments ADCP,177

with a 30◦ beam angle and a 16-m vertical bin, pulse, and blank before transmit. Data178

were processed following Fischer and Visbeck [1993] using the UH CODAS LADCP soft-179

ware developed by Eric Firing. LADCP measurements of water velocity relative to the180

instrument are differenced to obtain vertical shear, which is gridded into 20-m depth bins181

and integrated to obtain the baroclinic velocity profile. Measured velocity is also inte-182
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grated over the cast and added to the ship drift to get the depth-averaged, or barotropic,183

velocity. Errors in the baroclinic (barotropic) component of velocity with this instrument,184

sampling scheme, and processing method are 4 cm s−1 (1 cm s−1) [Chereskin et al., 2010].185

For this study, we averaged up- and down-cast velocity profiles.186

We also considered the Southern Ocean State Estimate [SOSE, Mazloff et al., 2010], an187

eddy-permitting state estimate which iterates via the adjoint method to minimize misfit188

between the estimate and observations, subject to uncertainties in the inputs. Pressure,189

temperature, salinity, velocity, and other variables are calculated on a 1/6◦ grid with 42190

depth levels. Here we used daily mean velocity output from a run over 2005 through 2007.191

Neither the LMG SADCP nor the cDrake LADCP data are included in the constraints192

on SOSE, although the LMG XBT/XCTD dataset is.193

Multibeam bathymetry data collected on the RVIB N.B. Palmer were combined with194

the dataset of Smith and Sandwell [1997] to give high-resolution bathymetry in the Drake195

Passage area.196

In addition to geographic coordinates, we use a coordinate system (xp, yp) rotated 23.7◦197

counter-clockwise from zonal and meridional directions, so that xp runs through-passage198

towards the Atlantic and yp across-passage towards Tierra del Fuego. For some analyses,199

velocities from each crossing were vector-averaged to a horizontal grid with a grid spacing200

of either 5 or 25 km; the results are referred to as “gridded velocities”. Once gridded,201

velocity measurements may be averaged over all cruises. Following Lenn et al. [2008],202

we subtracted geostrophic surface current anomalies calculated from AVISO SLA from203

gridded SADCP currents at each depth before averaging to produce “improved mean”204

currents with reduced aliasing. We note that while the altimeter-derived surface current205
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anomalies are an overestimate at depth, they are an underestimate at the surface [see206

Lenn et al., 2007, Figure 9]. Depth sections come from the most commonly visited line207

(54 to 97 crossings through each 25 km by 25 km grid box), marked by the 25 km-wide208

gray box in Figure 1. For calculation of transport we assumed slab motion in the top209

46 m.210

3. Mean Structure and Streamfunction

The 46-1030 m depth-mean ACC (Figure 2a) has a strong resemblance to the 26-250 m211

depth-mean calculated by Lenn et al. [2007] (see their Figure 5), with slightly lower212

speeds and energies. Although the instantaneous current field is a complex mixture of213

eddies and jets with an often-multivalued transport streamfunction, the SAF, PF, and214

Southern ACC Front (SACCF) jets are clearly visible in the Eulerian mean (Figure 3a).215

Mean speeds over the top 1000 m are 30 cm s−1 in the SAF and PF, and 15 cm s−1 in216

the SACCF. Standard deviations are 10 to 30 cm s−1 and variance ellipses are oriented217

along or slightly to the right of the mean current direction in the SAF; in the SACCF218

and PF they are oriented across the mean current direction. Eddy kinetic energy (EKE219

= 1
2
< u′2 + v′2 >, ~u′ = ~u− < ~u >) is highest in the PFZ (between the SAF and220

PF), consistent with the surface-layer analysis of Lenn et al. [2007] and with EKE from221

altimetric SLA. The “improved mean” (see Section 2, above) has similar speeds but lower222

standard deviations (8 to 20 cm s−1) and less directional variation in the jets. Variance223

ellipses relative to the “improved mean” are generally anisotropic and oriented across224

the mean flow over most of the area. We consider the “improved mean” to be a better225

representation of the long-term mean than can be attained from only 4.5 years of SADCP226

data, and therefore use it as the mean field in the rest of this paper.227
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We objectively mapped improved mean current vectors to streamlines. The mapping al-228

gorithm uses Gaussian covariance functions that satisfy geostrophic continuity as derived229

in Gille [2003] and incorporates error estimates on the data to produce a mapping error230

[Bretherton et al., 1976]. We used an isotropic decorrelation scale of 50 km determined231

from track data and a data fractional error of 0.2. We found the results to be insensitive232

to changes of ±10 km in the decorrelation length scale as well as to the size and structure233

of the data error within a reasonable range. We tested several options for the background234

mean streamfunction, and found that the mapped streamfunctions and currents are not235

sensitive to the background mean as long as it is geostrophic, has some gradient across236

the passage, and is defined beyond the data points. For the results presented here we237

used the surface dynamic topography of Maximenko and Niiler [2005]. We show and con-238

sider only results with a mapping error of ≤0.3, as determined by the objective mapping239

procedure based on data locations and the decorrelation function. Residual velocities240

are relatively small (rms 4.5 cm s−1 over all depths) and apparently randomly oriented,241

lending confidence in the assumption of geostrophy.242

Maps at selected depth levels are shown in Figure 2. The objectively mapped depth-243

mean field (Figure 2a) has large meanders both in the PFZ and in the SACCF area.244

The SAF is aligned to the north-northeast; the PF turns from northeast entering the245

passage to nearly due east exiting the passage, while the SACCF has a large northward246

meander. While the SAF deviates north following the bathymetry, the other meanders do247

not appear to be related to local bathymetry. The PF strengthens slightly (streamlines248

converge) going alongstream through our sampling area. The widths of the Eulerian-249

mean SAF, PF, and SACCF are approximately 100, 200, and 75 km, respectively, while250
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the SAF and PF are separated by about 200 km and the PF and SACCF by over 200 km;251

we note that the instantaneous jets are narrower. The objective maps are consistent with252

EB structure in most locations: mapped streamlines are strongly self-similar with depth253

(Figure 2), with gradients decreasing only gradually and features including the three254

major fronts and the meander in the PFZ visible at all depths. The streamline shapes255

in the area of the SACCF are the most variable with depth. The position of the PF jet,256

as represented by the intersection of the highest-gradient streamline in the PF area and257

xp = 0, has a tilt of 81 km towards South America over 1000 m of depth. The SAF and258

SACCF positions do not have significant tilts over this depth range.259

From the objectively mapped streamfunctions at each depth we constructed a set of260

local mean stream coordinates, with xψ, uψ along the local mean streamline and yψ, vψ261

across it. These coordinates are used in the following sections.262

4. Vertical Structure

In this section we examine the vertical structure of the top ∼1000 m of the ACC in263

Drake Passage. We look for a simple function or set of functions to describe the low-mode264

vertical structure of the current and use spectra to explore higher-wavenumber processes.265

We also investigate the distribution of eddy fluxes and eddy kinetic energy and their266

implications for instability and eddy stirring.267

All three Eulerian-mean jets (Figure 3a) extend to the limits of our depth range below268

1000 m, and the current speed in the center of each jet at 1000 m is approximately half269

its maximum at 46 m. The mean jets are all somewhat skewed, having higher horizontal270

shear on their northern sides and higher vertical shear on their southern sides, although271

the latter gradient is more pronounced for the PF and SACCF. With the exception of272
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the surface-intensified coastal current observed at the northernmost point, current speed273

decreases slowly as a function of depth (Figures 4 and 5a) and orientation varies little274

(Figure 5b), especially within the mean jets. Mean-current vertical shear, which is of275

order 1× 10−4 s−1 except at the northernmost point, is generally positive in the SAF and276

PF, and weakly positive to moderately negative outside the jets. Shear in the gridded277

currents, even when smoothed, can be a factor of two or more stronger than that in the278

mean currents. Shear variance below the surface layer is around (2− 4)× 10−6 s−2, which279

implies a 95% confidence interval on mean shear estimates of ±(3 − 4) × 10−3 s−1, larger280

than any individual shear value. As suggested by the success of the geostrophic objective281

mapping procedure (see Section 3), mean geostrophic shear (not shown) from XBT/XCTD282

data and derived salinities (see Section 2) is in general agreement with directly-measured283

mean vertical shear in across-track currents, especially in the northern part of the passage.284

The mean SAF and PF jets are clearly identifiable in geostrophic shear, with the same285

depth-average values as directly measured shear in these jets, and coincident with their286

directly measured locations. The SACCF is less well defined in geostrophic shear and in287

velocity from the XBT-assimilating SOSE (Figure 3b) than in the SADCP observations288

(Figure 3a).289

Given the strength and proximity of the PF and SAF, it is not surprising that EKE290

(Figures 5c and 6b) is by far strongest in the PFZ at all depths. The maximum EKE is291

significantly larger than the maximum kinetic energy of the mean flow (Figure 6a), and292

EKE in the PFZ drops off faster with depth than does KE in the jets. It is also unevenly293

distributed between along- and across-stream contributions (Figure 6c, d). The ratio of294

KE to EKE in the jets is large enough that by the criterion of Ferrari and Nikurashin [2010]295
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they would act as mixing barriers all the way down to 1000 m; however, the derivation296

of Ferrari and Nikurashin [2010] is not expected to apply to the constrained and highly297

nonzonal fronts of Drake Passage, so it remains uncertain to what extent the jets in this298

area impede mixing.299

The across-stream eddy flux of along-stream momentum, < u′ψv
′

ψ >, is relatively depth-300

independent in sign and even in amplitude (Figure 6e). From this dataset we could only301

calculate statistically significant divergences on a rather large scale; we found divergence302

of < u′ψv
′

ψ >, corresponding to deceleration, on the northern side of the PF jet, and con-303

vergence, corresponding to acceleration, on the southern edge of the SAF jet. This pattern304

is similar to the divergences calculated by Lenn et al. [2011] with a 7-year timeseries in305

the upper 250 m, suggesting that their results for the pattern of acceleration by eddies306

may be extendable to a greater depth range.307

4.1. Spectra

The energy-containing vertical and horizontal length scales of the ACC are of basic308

interest and are essential to theoretical models of the current system. Spectra can also re-309

veal information about rotation at internal wave scales and, therefore, about the dominant310

direction of energy propagation in different regions [Leaman and Sanford , 1975].311

We computed vertical wavenumber spectra over several depth ranges using the 15-312

minute averaged profiles (see Section 2). We averaged spectra over cruises and over313

location points within five regions (from south to north: SACCF, Antarctic Zone (AZ),314

PF, PFZ, and SAF) defined by the positions of the main fronts, and calculated confi-315

dence intervals from the resulting degrees of freedom assuming a 50 km decorrelation316

scale (see Section 3). Spectra of up, vp and uψ, vψ are red in all regions (Figure 7) and317
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depth ranges (not shown). Low-wavenumber (1000-m wavelength) energy is greater in the318

northern passage than in the SACCF, but the difference is not significant. Intermediate-319

wavenumber anisotropy in mean stream coordinates, with cross-stream energy greater320

than along-stream, is significant at the 95% confidence level in the PF below about 400 m321

at wavelengths of 150 to 350 m; this anisotropy is also significant in shear spectra (not322

shown) in this wavelength range. In the PF cross-stream energy at these wavelengths is323

∼50-100% greater than along-stream. Shear spectra in the AZ, PF, and PFZ have signif-324

icant peaks at about 350 m for ∂uψ/∂z and about 250 m for ∂vψ/∂z; in the SAF there325

is no significant peak, but energy decreases at wavelengths shorter than these, while in326

the SACCF the shear spectra are nearly white. Energy in spectra computed from profiles327

gridded to the estimated decorrelation scale of 50 km is significantly lower at all wavenum-328

bers, implying that motions with vertical scales of up to ∼1000 m have horizontal and/or329

time scales shorter than 50 km and/or 2.5 hr.330

Rotary spectra (not shown) reveal a small but significant preference for counterclockwise331

(CCW) rotation with increasing depth above 500 m and clockwise (CW) rotation with332

increasing depth below 500 m, at wavelengths of ∼200-450 m. The shallow signal is333

more consistent and is found in the three fronts and the PFZ, while the deeper signal is334

significant only in the PF and PFZ. The predominance of CCW rotation above 500 m is as335

expected; in the Southern Hemisphere CCW rotation with increasing depth is associated336

with internal waves with downward group velocity. The only significant rotary anisotropies337

that extend over the entire SADCP depth range are found at the longest wavelengths (400-338

500 m): CW in the PFZ and CCW in the AZ and SACCF regions. In the SACCF region339

the anisotropy derives from just south of the mean SACCF jet.340
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We calculated horizontal wavenumber spectra (not shown) from the set of individual341

transects as in Lenn et al. [2007], extending their calculation to greater depth. Data gaps342

of up to 50 km were filled by linear interpolation. Energy peaks at 350 km for both velocity343

components. Lenn et al. [2007] found energy in the across-passage velocity vp peaking at344

a lower wavenumber than that in the along-passage velocity up, but the difference was not345

significant. The spectral energy level decreases with depth, but neither the location of the346

peak nor the spectral slopes change significantly with depth. As in Lenn et al. [2007], the347

spectra are anisotropic, with up having significantly more energy at all but the lowest and348

highest wavenumbers. Very similar results exist for spectra of velocity anomalies relative349

to the gridded (improved) depth mean, with the exception that the peak energies for both350

up and vp decrease, and the peak wavelength for up is lower, around 230 km; in Lenn et al.351

[2007] the energy of vp stayed the same in the surface layer.352

4.2. Vertical Structure Functions

Visual inspection of the mean SADCP currents (e.g. Figures 3a, 4, and 8) reveals fairly353

smooth, gently-sloping profiles; non-time-averaged currents (gridded SADCP or LADCP)354

are less smooth but still show significant low-wavenumber structure, suggesting large355

depth-attenuation length scales. Empirical orthogonal function (EOF) analysis of gridded356

currents supports this impression. We divided gridded currents on the most commonly357

sampled line into five regions defined by the positions of the mean fronts as in Section 4.1,358

removed the depth mean from each profile, and calculated the EOFs over all the profiles359

in each region. The first empirical mode explains 47% of the variance in gridded currents360

in regions south of the PF; in the PF and SAF 62% and 65%, respectively; and in the361

PFZ 70%. Each region’s first mode is a good approximation of a straight line, with a362
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slight decrease in shear around 150 m in all regions, and again below 600 m in and south363

of the PF and below 900 m in the PFZ and SAF (Figure 8). The second modes, which364

have two zero-crossings, explain only 9 to 16% of the variance. These results echo those365

of Inoue [1985], who found that at most of the ISOS moorings the first EOF captures366

> 92% of the total energy in the year-long current profile timeseries.367

The EOFs show that certain characteristics of the mean jets also apply to the time-368

varying current. The dominance of the first modes, particularly in the jet regions, confirms369

the result of Section 3 that the current in the SADCP depth range is generally equivalent-370

barotropic. Differences in the shapes of the mean jets visible in Figure 3a also appear in371

the EOFs. The SAF is deeper than the PF, while the PF has stronger vertical shear in the372

upper part of the SADCP range (Figure 8). The SACCF has higher near-surface vertical373

shear relative to the size of the current. The EOF results also illuminate the sources of374

EKE in the PFZ: around 40% of individual profiles reconstructed from the first mode plus375

the depth-mean components are westward in this region, as compared to ≤15% in the PF376

and SAF; westward flow likely indicates mesoscale eddies as opposed to a meandering jet.377

Encouraged by the high proportion of variance explained by the first modes, we sought378

simple functions to describe the vertical structure of the velocity data. We investigated379

a number of smoothly-varying functions that might match well with the EOF results,380

including linear, exponential, or hyperbolic tangent (as in Killworth and Hughes [2002]),381

and the first few flat-bottom dynamical modes from different parts of Drake Passage. We382

also tested the thermal wind profile resulting from exponential buoyancy profiles with383

length scale a function of the across-stream coordinate [Karsten and Marshall , 2002].384

Vertical profiles of complex velocity up(z) + ivp(z) at each grid point (or cast location)385
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were least-squares fit to a function of z with parameters allowed to vary from grid point386

to grid point. Constraints on the fit parameters were included in order to limit our search387

to “appropriate” fits. We used two criteria for “appropriateness”: 1) the observed profile388

should not be a residual of much larger terms; and 2) any nonlinear term should be389

distinguishable from a straight line over the depth range of the fit. We applied the first390

criterion by limiting the depth-maximum value of each component of the fit to 1 m s−1.391

To apply the second criterion, for instance, we limited the length scale of an exponential392

term to twice the depth range. For linear fits, confidence intervals were derived from393

estimates of the data covariance matrices; for nonlinear fits parameter covariances were394

estimated by bootstrapping [Efron and Gong , 1983]. All of the fits had both a mean395

and a depth-varying component. Most tested shapes were able to explain over 60% of396

the gridded or mean SADCP variance on average, with rms residuals of the order of or397

less than the data standard deviations. No one shape stood out as significantly better398

than the others for describing the vertical structure of the SADCP velocity over the whole399

sampling area; however, two of the shapes, summarized in Table 1, found some support in400

the LADCP and SOSE datasets as descriptors of the full-depth structure, and we explored401

these further.402

4.2.1. Linear velocity403

We first investigated the simplest possible description for the velocity profiles, the line.404

Ferrari and Nikurashin [2010] explored the ACC as a surface quasigeostrophic (SQG)405

system and showed how a linear mean velocity profile and exponential EKE profile result406

from a constant surface buoyancy gradient. Although the SQG model should only be a407

good description above about 500 m [Lapeyre and Klein, 2006], the SADCP EKE (Fig-408
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ure 6b) is well described by an exponential shape with length scales of 300 to 900 m: the409

best fit profiles explain 97% of the variance and have rms differences of 16 cm2 s−2 (com-410

pare to rms profile standard deviations of around 100 cm2 s−2). Linear fits (~u = ~u0 +~az)411

to SADCP velocity explain 65% of the variance and have rms differences of 1.9 cm s−1
412

on average. Simple linear fits to SOSE or LADCP velocity profiles leave quite a bit of413

the full-depth structure unexplained; however, piecewise linear fits with slope allowed to414

change at 1030 m approach the performance of the more complex shapes discussed below.415

In the LADCP dataset the mean shear above 1030 m is on average about twice as large416

as that below 1030 m, while in SOSE it is three times as big.417

4.2.2. Exponential velocity418

We fitted velocity profiles to the function

~u = ~u0 + ~aez/L, (1)

where ~u0,~a, and L are the fit parameters and z increases upwards from z = 0 at the419

free surface. SOSE mean velocity profiles are very well-described by (1), with 98% of the420

variance explained and rms errors of 10% the size of data standard deviations. Length421

scales L are mostly between 1100 and 1700 m (± standard deviations of 10 to 30 m), and422

increase slightly from south to north (Figure 9b). Fitting of (1) to SADCP mean velocity423

produces “appropriate” fits at 79% of SADCP grid points, and at these points the fits424

explain 76% of the variance with a rms error of 2.0 cm s−1–about half of the rms of the425

original profile standard deviations. However, half of the “appropriate” fits have length426

scales (Figure 9a) at the upper limit (twice the depth range) imposed by the fit constraints,427

indicating that the best exponential fit is no better than a straight line fit; another 10%428

have indeterminate length scales (standard deviation of L ≥ L). Fits to gridded SADCP429
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velocity give similar results: at the 84% of points where an “appropriate” fit could be430

made, the rms error is 4.9 cm s−1 (as compared to rms profile standard deviations of431

9 cm s−1), while about half the length scales are at the upper limit. Exponential decay432

with depth tends to be a better fit to SADCP velocities in the southern part of the433

passage. Both SADCP and SOSE L are noisy in the alongstream as well as across-stream434

direction.435

The SADCP depth range appears generally insufficient to determine the length scales436

of best-fit exponential decay in the full-depth ACC, particularly if our goal is not only to437

describe the upper 1000 m but also to extrapolate below them. We therefore turned to438

the full-depth SOSE and incorporated the length scales LSOSE(xp, yp) (Figure 9b) from439

nonlinear fits to SOSE mean profiles (gridded in the same way as the SADCP data)440

into fits to mean SADCP profiles, with ~u0 and ~a determined by the linear least-squares441

fit. The results (e.g. Figure 8) explain 65% of the SADCP variance on average and442

have similar rms error, 1.9 cm s−1. Fits to (1) using LSOSE thus seem promising for443

extrapolating observed currents in the upper 1000 m to deeper levels. However, as can444

be seen in Figures 3 and 4, there are some significant differences between SADCP and445

SOSE, especially in the jets (Figure 3c, d). SOSE underestimates the strength of the PF446

and SACCF and overestimates the strength of the SAF (Figure 3b). Most relevantly for447

the problem of determining the vertical structure, SOSE appears to overestimate shear in448

both the SAF and PF and underestimate the length scale in and just south of the PF.449

4.2.3. Thermal wind from exponential buoyancy450

Karsten and Marshall [2002] described climatological buoyancy profiles in the ACC451

decaying exponentially with depth below the mixed layer, with length scales that in-452
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crease equatorward. We found that buoyancy profiles from the XBT/XCTD dataset are453

well-described by a decaying exponential b1e
z/L, where z = 0 at the base of the mixed454

layer, plus a constant offset term b0; both terms and all three parameters (b0, b1, and L)455

vary across the current. Along the most commonly sampled line (see Figures 1 and 2a),456

mean buoyancy length scales increase from just over 100 m in the south of the passage457

to 600-1000 m in the PF and 500 m in the PFZ (depth coverage in the SAF was in-458

sufficient to determine a length scale). Given that a large portion of the mean velocity,459

at least, is geostrophic, we might expect that velocity observations would be describable460

by the corresponding geostrophic velocity profile. The functional form resulting from461

exponential buoyancy does describe both LADCP and SADCP currents quite well in a462

least-squares sense–unsurprisingly enough, given the additional degrees of freedom relative463

to (1). However, the best-fit velocity coefficients do not show the expected relationships464

to the buoyancy fit coefficients from which they should derive, so we cannot justify using465

this more complex form.466

4.2.4. Combination of functional forms467

No single functional form appears satisfactory for describing the SADCP data at all468

locations (or even all locations within a particular region). For mean SADCP velocity,469

(1) is best at 30% of points and a linear fit at 70%; for gridded SADCP the proportions470

are 55% and 45%. There is no clear spatial pattern to which fit works best, and the rms471

error is not improved by combining the two forms. Given this, in Section 5.1 we use (1)472

to extrapolate below the SADCP depth range, while keeping in mind its shortcomings.473

5. Transport

D R A F T April 20, 2011, 5:29pm D R A F T



FIRING ET AL.: VERTICAL STRUCTURE OF THE ACC X - 23

We estimated mean transport in the top 1042 m from the most commonly sampled474

section (see Figure 1). The result, 95.1 Sv, is a sizeable fraction of the canonical value475

for time-mean full-depth total transport [134 Sv, Whitworth and Peterson, 1985]. Mean476

transport from this dataset increases nearly linearly with depth and is consistent with the477

27.8±1 Sv in the top 250 m calculated by Lenn et al. [2007] over a longer time period. Of478

the mean 0-1042 m transport, the SAF carries 35.6 Sv, the PF 48.4 Sv, and the SACCF479

11.1 Sv (Figure 4b). The proportions of transport carried by each front in the top 1000 m480

are within error bars of the proportions calculated by Cunningham et al. [2003] from481

baroclinic transport relative to the deepest common level at WOCE SR1b.482

We also calculated time-varying transport by year and from individual transects (see483

Appendix A1 for description of gap-filling). Yearly-mean transport in the top 1042 m484

ranges from 77.6 Sv (2008) to 104.5 Sv (2006). The standard deviation of transport from485

53 crossings is 15.5 Sv (Figure 10b), giving a standard error of the mean of 2.1 Sv. As a486

fraction of the mean value, this standard deviation is twice as large as that of the five-year487

net transport record constructed by Whitworth and Peterson [1985] using the correlation488

between transport and cross-passage pressure difference at 500 m. The calculation of489

Whitworth and Peterson [1985] requires the assumption that baroclinic variability below490

500 m is negligible, an assumption supported by the finding of Sokolov and Rintoul [2009b]491

that variability in total baroclinic transport is small. In the SADCP timeseries, however,492

the variability in transport due to the depth-mean component over the top 1000 m is493

comparable to the variability due to shear, both above and below 500 m (Figures 10c494

and 11).495
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The cross-passage distribution of transport (Figure 10a) changes from crossing to cross-496

ing. Transport in the northern part of the passage is more variable than in the southern,497

and variability is maximum in the mean PFZ. This pattern likely reflects the distribution498

of eddies–the northern jets provide more energy to generate eddies–as well as variability499

in the PF and SAF positions (meandering or filamenting). While the Rossby radius is500

smaller in the southern part of the passage, the smaller envelope of transport in this area501

suggests that unresolved variation is also likely to be small. Mean transport is insensitive502

to subsampling transects to as much as 100 km resolution, and variability is insensitive503

to subsampling to >50 km.504

5.1. Extrapolation to Full-Depth Transport

We used the vertical structure functions discussed in Section 4.2 to extrapolate from the505

observations in the top 1030 m to a value for full-depth transport by integrating the fitted506

functions. Our estimate of the error on mean transport from a fitted function has two507

components: that associated with our estimate of the mean, and that associated with the508

misfit between the fit and the actual current. For the first we used the standard deviation509

of transport from the fit, obtained by propagating the parameter standard deviations. For510

the second, in order to account for the misfit over the whole depth range of integration,511

we used the minimum data standard deviation as an estimate of misfit at all depths below512

our data range.513

As might be expected from the change in shear in the LADCP data above and below514

1000 m, fits involving linear trend terms result in unrealistically large or unrealistically515

small full-depth transport estimates (although similarly large error bars put them within516

error of the canonical value). Meanwhile, (1) using length scales from SADCP gives517
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98±10 Sv in the top 1042 m and 154±38 Sv over the full depth. With length scales from518

SOSE, the full-depth extrapolated transport is larger, at 164±23 Sv, but not significantly519

so (and note that the error bar on this latter estimate does not take into account the520

failure of SOSE to accurately reproduce the vertical length scales of the real current). Of521

the 154 Sv of full-depth extrapolated transport, 64 Sv, 63 Sv, and 26 Sv are carried in the522

SAF, PF, and SACCF, respectively. These proportions are within 10% of the observed523

partitioning in the top 1042 m, and are thus also similar to those observed by Cunningham524

et al. [2003].525

Both extrapolations from (1) are consistent with the canonical 134±11 Sv of Whitworth526

and Peterson [1985]. We also used the observed upper-ocean transport to put bounds527

on the full-depth transport in a simpler manner. Figure 12 shows the area-weighted528

observed mean velocity profile in the top 1000 m, and the transport resulting from a529

linear fit to this profile; then it shows two possible methods of linearly extrapolating. The530

first, extrapolating with the same slope as in the top 1000 m until the current goes to531

zero, at around 1800 m, and then letting the current be zero below that, gives a value532

of 117 Sv. We consider this a lower bound, based on numerous observations of eastward533

flow at depth. For the second estimate we extrapolate linearly at each location from the534

current at 1000 m to zero at the bottom, giving 220 Sv, which we consider an upper535

bound.536

6. Discussion and Summary

The LMG SADCP observations confirm that the mean ACC in Drake Passage is537

equivalent-barotropic (streamlines are self-similar with depth), at least over the sampled538

1000-m depth range; the same is true of the low-wavenumber part of the time-varying539
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current. The vertical structure does not appear, however, to be separable equivalent-540

barotropic: vertical length scales vary across the passage. Shear is on average lower in541

the region of the SAF than in the PF region, but there is significant time variability in542

vertical scale as well.543

Both mean and time-varying vertical shear are observed to be small all the way down544

to 1000 m; this extends the observations of Lenn and Chereskin [2009] in the surface545

layer. The direct current measurements reveal that mean currents at 1000 m are quite546

strong (20 cm s−1 in northern Drake Passage). The mean 0-1042 m transport of 95±2 Sv547

(standard error) is 71% of the canonical total transport of 134±11 Sv [Whitworth and548

Peterson, 1985] in ∼30% of the depth range. Given the observations of eastward mean549

bottom currents discussed in the introduction, we expect transport to be positive at all550

depths. If we are to reach a total transport of 134 Sv under this condition, the mean551

shear below 1000 m must be only slightly smaller than that above (see Figure 12). The552

LADCP data, however, indicate a more pronounced decrease in shear (a factor of two on553

average), as do the results of Inoue [1985] on the vertical structure of currents measured554

by the ISOS moorings and the exponential or exponential-like vertical structure found by555

Karsten and Marshall [2002] and other studies of measured or modeled density profiles.556

Alternatively, the 71% ratio might reflect the large time variability observed in this dataset557

as well as in studies by Cunningham et al. [2003] and others. We note, however, that the558

4.5-year 38 kHz SADCP timeseries is a relatively long one in this region, and that the559

longer dataset available for the upper ocean [Lenn et al., 2007, 2008] shows no significant560

difference between upper ocean transport over this time period and over the full decade561

of that record. It is also possible that the barotropic component of the current is larger562
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than previously thought and that the total transport of the ACC through Drake Passage563

is greater than the canonical value. Both the ISOS estimates of Whitworth [1983] and564

Whitworth and Peterson [1985] and additional estimates of Cunningham et al. [2003]565

relied on just a few synoptic sections to infer the barotropic component of the transport.566

From the present analysis we produce several different estimates of total transport, and567

conclude that 154±38 Sv is a reasonable estimate of the mean, with 117 and 220 Sv568

representing lower and upper bounds.569

The results of our calculation of transport from direct velocity measurements reinforce570

the conclusion of Cunningham et al. [2003] that the baroclinic component of transport571

variability is significant. The depth-mean and shear components of transport variability572

in the top 1000 m are of similar size; since variability in the depth-mean over the top573

1000 m can result from barotropic variability or from variability in sub-1000 m shear, the574

baroclinic component likely makes an even larger contribution to the full-depth transport575

variability.576

An equivalent-barotropic structure permits the ACC to act as a waveguide for Rossby577

waves and could allow the eddies observed in satellite altimetry to be interpreted as578

Rossby waves advected downstream by the mean current [e.g. Hughes , 1996]. Such an579

interpretation is necessary for the critical layer theory elaborated by Smith and Marshall580

[2009] as an explanation of a deep maximum in eddy stirring–although Abernathey et al.581

[2010] showed that linear critical layer theory is not necessary to explain a subsurface582

mixing maximum. The conclusions of Hughes [2005] about the ACC vorticity balance583

also rely on an equivalent-barotropic vertical structure to extrapolate surface dynamic584

topography to the current as a whole. In general, the confirmation of equivalent-barotropic585

D R A F T April 20, 2011, 5:29pm D R A F T



X - 28 FIRING ET AL.: VERTICAL STRUCTURE OF THE ACC

structure, at least in Drake Passage, is promising for extrapolation of the better-observed586

surface to properties and dynamics of the full water column. However, we were not587

able to find a simple functional form to reliably describe the vertical structure; other588

observations and analysis are still needed to better determine length scales and structure589

in Drake Passage and elsewhere.590

The resolution of the LMG SADCP dataset allows us to observe three distinct jets591

in the mean, while the multiple filaments observed by Sokolov and Rintoul [2007] and592

Sokolov and Rintoul [2009a] are observable in individual transects. The consistency of593

the large-scale vertical structure in each frontal region, despite variability in jet position594

and number, matches the finding of Sokolov and Rintoul [2009a] that given fronts are595

consistently associated with certain SSH contours. Meanwhile, the SADCP observations596

are compatible with the role of the ACC as a partial mixing barrier [Marshall et al.,597

2006]. One indication that mixing across the current may be restricted is that EKE598

in Drake Passage is concentrated between the mean PF and SAF regions and is much599

smaller than mean KE in the jets themselves, possibly indicating that the PF and SAF600

are barriers to mixing [Ferrari and Nikurashin, 2010]. While the Reynolds stress < u′ψv
′

ψ >601

is nearly depth-independent over the 1000-m range of the SADCP, the ratio of mean KE to602

EKE increases over this depth range, suggesting that the maximum in effective diffusivity603

described by Smith and Marshall [2009] and Abernathey et al. [2010] at 1000 to 1500 m604

below the core of the stream-averaged ACC would, in Drake Passage, have to occur at605

the deeper end of this range. However, the KE:EKE criterion of Ferrari and Nikurashin606

[2010] may not apply to Drake Passage, where scale separation between jets and eddies607

is doubtful and the shifting and meandering of the jets may reduce their effect as mixing608
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barriers [Thompson, 2010; Thompson et al., 2010]. In addition, the high EKE in the PFZ609

does indicate significant eddy stirring above 1000 m in the center of the ACC in Drake610

Passage.611

The observed current structure also has implications for numerical modeling. There are612

clear differences in the details of the vertical structure between the SADCP and LADCP613

observations and the model output of SOSE, and between observations and other climate614

models, but accurate representation of the mean current structure is a precondition for615

accurate parameterizations of mixing. Comparison with observations is important for616

testing numerical models used in climate studies. Further measurements over a more617

extensive depth range would enable us to refine the vertical structure and length scales of618

the current, and provide a better estimate of the full-depth transport and eddy activity of619

the ACC, while the extension of the LMG SADCP timeseries will provide insight into their620

time variability. In addition, future runs of SOSE will archive profile data with sampling621

matching that of the LMG SADCP dataset, allowing both a more accurate comparison622

and an evaluation of the possibility of assimilation of the SADCP dataset into SOSE or623

another assimilating model.624

Appendix A: Velocity Bias Correction

When we initially examined transport from the 38 kHz ADCP (os38) on individual625

crossings, a systematic offset between transport from southbound legs and that from626

northbound legs was revealed: the mean transport over 27 southbound cruises was 24 Sv627

less than the mean over 26 northbound cruises. Upon investigation, this large transport628

offset appears to be due to a very small velocity bias (see Donohue et al. [2001]). The629

source of this bias and our attempt to correct for it are described here.630
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A1. Transport Calculation

Most LMG Drake Passage crossings are accomplished in around 2 days and are thus631

suitable for calculation of transport. We calculated transport between the surface and632

970 m for crossings that met the following critera: 1) crossing covers less than 4 days; 2)633

data extend to at least the 300 m depth contour in the north and the 700 m contour in the634

south; and 3) after filling as described next, data coverage is at least 90%. The 15-minute635

data were vector-averaged to a 25-km along-track grid. Profile (partial-depth) gaps up636

to 50 km (150 km) were filled using an objective interpolation procedure with Gaussian637

covariance with horizontal and vertical scales of 50 km and 480 m, respectively. The638

horizontal decorrelation scale was determined from lagged autocorrelations of 15-minute639

data, and the vertical scale reflects the low shear of the mean profiles. We assumed slab640

motion above 46 m (the first depth bin). Velocities were transformed into along- and641

across-track components (where track orientation varies by grid point) to calculate the642

flux of water across the sampling line and give transport as a function of along-track643

distance and time.644

The resulting transport time series has a bimodal distribution; ignoring two outliers,645

values from the 26 southbound cruise legs are 24.3 Sv less on average than those from the 25646

northbound legs (Figure A1). The southbound series has a standard deviation of 12.3 Sv647

and the northbound series of 8.0 Sv (outliers again excluded). The disparity in transport648

appears at all depths and all locations across the passage (Figure A1), and differences in649

transport do not correspond to differences in track longitude, season, coverage, range, or650

depth extent. Thus we turned to the velocity.651
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A2. Velocity Distributions

Probability density functions (PDFs) constructed from the 15-minute velocities show652

the same bias as transport: the distribution of across-track velocity from northbound legs653

is shifted higher than that from southbound legs. The two distributions are significantly654

different at the 99% confidence level by the Kolmogorov Smirnov test (Pks < 10−3), with655

means that differ by 3 cm s−1. No bias is evident in along-track velocity; its distribu-656

tions are not significantly different (Pks > 0.3). The across-track bias has the same sign657

independent of location. A constant bias in across-track but not along-track velocity is658

consistent with a misalignment angle error, as described below.659

To help rule out the possibility of ship navigation errors or of high-frequency motion660

correlations that affect the average water motion relative to the ship, we also examined661

velocities from the other ADCP on the LMG, a 150 kHz RDI. Its distributions of across-662

and along-track velocity both have means that differ by less than 0.5 cm s−1. (The along-663

track velocity distributions are different at the 98% confidence level; a small difference664

in the along-track component is expected because this instrument requires an amplitude665

correction). We infer that neither navigation errors nor high-frequency motion correlations666

are an issue because the misalignment angle of the 150 kHz ADCP has been fully accounted667

for by the normal processing with bottom-tracking; the 38 kHz velocity bias seems to be668

peculiar to that instrument.669

A3. Angle Correction

The standard SADCP data processing procedure includes a correction for misalignment670

angle, the angle between the ADCP beam 3 and fore. This angle can be determined by671

either water-track or bottom-track, as described in Joyce [1989]; bottom track values are672
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generally more stable and have been used for the LMG data. Where Ashtech GPS or673

bottom track data are not available the appropriate correction for a given cruise leg is674

estimated using corrections to adjacent legs. The 7 of 54 os38 legs on which this estimation675

was required are not associated with anomalous transport values.676

The size of the misalignment angle correction to the across-track component of velocity

is approximately

∆u ≃ |uship| sin θmis, (A1)

where uship is the ship velocity and θmis the misalignment angle. Assuming an average677

ship speed of 5.5 m s−1, and keeping in mind that the mean velocity difference of 3 cm s−1
678

corresponds to a bias of 1.5 cm s−1 (up for northbound, down for southbound), we have679

an unaccounted-for misalignment angle of about 0.16◦. The bottom-track misalignment680

angle corrections used for the os38 have a mean of 0.416◦, a standard deviation of 0.046◦,681

and a range of 0.200◦. Given this, it is puzzling that a bias of as much as 0.16◦ should682

remain, and we are not able to explain why it is not accounted for by the normal bottom-683

track processing. Nevertheless, we can still correct for it; first we calculated the remaining684

misalignment angle more carefully.685

We used the assumption that the time-mean transports from northbound and south-686

bound legs should be the same. Using the 5-minute velocities, we calculated transport687

U on each suitable leg (see Section A1), and then calculated the constant velocity offset688

necessary to change U to Umean = 90 Sv, the mean of all the transport estimates. From689

(A1) and the leg-mean ship speed, we then obtain the corresponding sin θmis. Excluding690

the two outliers, the mean of this series corresponds to an angle of θmis = 0.16◦, and the691

standard deviation to 0.15◦ (standard error of 0.02◦).692
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We applied the additional angle correction to the 5-minute data by

~u(t) = ~umeas(t)e
−iθmis + ~uship(t), (A2)

where the measured velocity ~umeas has already been corrected by the bottom-track-derived693

misalignment angle. As expected, on average the resulting change in cross-track velocity694

is approximately +1.5 cm s−1 for southbound and −1.5 cm s−1 for northbound data.695

By propagating the standard error of the additional misalignment angle through the696

calculation, we obtained an error bar on the velocity correction of less than 2 mm s−1,697

well within the expected noise.698

Southbound and northbound distributions of corrected velocity are not significantly699

different (Pks >0.3) in either component. Due to the small velocity correction and the700

fact that approximately equal numbers of southbound and northbound legs pass through701

a given grid box, the mean velocities are barely affected. EKE is reduced by a small702

amount in most locations; large-scale patterns remain the same. Transport between 0703

and 970 m from the corrected velocity has a mean of 90.5 Sv as opposed to 90.2 Sv from704

the uncorrected records. The standard deviation for the corrected transport time series705

is 15.5 Sv (standard error 2.1 Sv). The misalignment angle correction rectifies not only706

total transport (by definition) but U(y, z) as well (compare Figure 10 to Figure A1).707

Appendix B: Shear

In the examination of velocity distributions and transport as a function of time, an708

apparent northbound-southbound difference in os38 velocity shear near the surface also709

came to our attention (Figures 10 and A1). PDFs reveal that the bias is even larger in710

the along-track component of velocity shear, dua/dz. This component differs significantly711
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at all depths and in all water depths, while the across-track component duc/dz is different712

only between 46 and 118 m. Above 118 m, the difference between the northbound and713

southbound mean shears is 3×10−4 s−1 in the across-track direction and 1 × 10−3 s−1
714

in the along-track direction. The standard error of the mean is only about 8×10−5 s−1.715

The 150 kHz instrument also gives northbound and southbound dua/dz distributions that716

are significantly different at all depths, but the differences between the means are much717

smaller.718

The disparity in shear distributions leads to reduced confidence in the near-surface data719

from the os38 in particular. Recalculation of the mean transport using a slab assumption720

from 118 m to the surface gives a value 0.55 Sv (from individual crossings) to 0.88 Sv721

(from the average velocity on the most common track) less than that with a slab starting722

at 46 m. As the difference in transport is well within our error bars we have continued to723

use near-surface data for this calculation.724
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Figure 1. Left: LMG tracks with 38 kHz data (black lines) over Orsi et al. [1995] fronts (gray

lines) and bathymetry (described in text). Top right: most commonly sampled line (gray box)

and cDrake LADCP profile locations (black dots), with Orsi et al. [1995] fronts in gray. Bottom

right: larger view; the box outlines the study area shown at left.

Figure 2. Objectively mapped streamfunction ψ contoured at 5 cm intervals: (a) depth-mean

streamfunction overlaid on bathymetry H , with the most commonly sampled line in white; (b)-

(d) streamfunction and current vectors at several depths, with only currents larger than 15 cm s−1

plotted.

Figure 3. Time-mean speed from SADCP (a) and SOSE (b) on the most commonly-repeated

section (see Figures 1 and 2a). Difference SADCP speed - SOSE speed, scaled by the SADCP

standard deviation, for means from all available data (c) and from SOSE data coincident with

SADCP data during 2005-2007 (d). The black lines on each plot are the 20 cm s−1 contour of

SADCP speed and indicate the locations of the mean observed fronts, from south to north, the

SACCF, PF, and SAF.

Figure 4. Time-mean across-track velocity u⊥ on the most commonly sampled line. SADCP

(solid) and SOSE (dashed) profiles relative to the depth mean ū⊥ are shown in the top panel. The

bottom panel shows the SADCP depth mean-velocity in cm s−1 (colored line; line color connects

profiles and across-passage locations) and depth integrated 0-1042 m transport in Sv km−1 (black

line), as a function of distance along the line.
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Figure 5. At 118 m (black lines) and 886 m (gray lines): (a) current speed < uψ >, (b) current

angle < θψ >, and (c) EKE = 1
2
< u′2 + v′2 > on the most commonly-sampled line (Figures 1

and 2a). Filled areas indicate standard error about the mean at 118 m (dark gray) and 886 m

(light gray).

Figure 6. Average section along the most commonly-repeated transect (see Figures 1 and 2a):

(a) mean KE, (b) EKE, (c) < u′ψu
′

ψ >, (d) < v′ψv
′

ψ >, (e) < u′ψv
′

ψ >. In (c), (d), and (e),

only values significantly different from zero are colored. Note the nonlinear colorbar in (a)-(d),

selected to show more detail at low values and specific values at color transitions.

Figure 7. Vertical wavenumber spectra of uψ (solid) and vψ (dashed) from 46 to 1030 m,

averaged over regions defined relative to the mean fronts, as indicated. 95% confidence intervals

for each region are indicated by thin vertical lines.

Figure 8. Mean SADCP speed profile in each frontal region (symbols) with the first EOF in

each region (black lines) and fits to (1) using mean length scales LSOSE determined from fits to

SOSE profiles (gray lines). The EOF first modes were scaled to match the mean speed profiles.

From north to south LSOSE = 1635, 2126, 1355, 1289, and 1355 m.

Figure 9. Length scales of best-fit exponentials determined by fitting (1) to (a) SADCP mean

velocity profiles and (b) SOSE mean velocity profiles.

Figure 10. Transport: (a) cumulative from 0-970 m (southbound gray solid line, northbound

black dashed line); (b) total from 0-970 m (southbound circles, northbound squares); (c) per unit

depth (southbound gray solid line, northbound black dashed line). The black bars in (a) indicate

the frontal zones, delimited by the points where mean transport per unit distance falls to e−1 of

its maximum value in each front.
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Figure 11. Transport per unit depth relative to 502 m (southbound gray solid line, northbound

black dashed line).

Figure 12. Schematic showing mean SADCP transport in the top 1000 m (black line, dark

gray shaded area) and two possible linear extrapolations for full-depth transport: extrapolating

the transport profile with the same shear until it reaches zero (light gray line); or extrapolating

each velocity profile linearly from its value at 1000 m to zero at the bottom at each location

(gray shaded area). The full-depth transports corresponding to these two extremes are 117 and

220 Sv, respectively.

Figure A1. Uncorrected transport: (a) cumulative from 0-970 m (southbound gray solid line,

northbound black dashed line); (b) total from 0-970 m (southbound circles, northbound squares);

(c) per unit depth (southbound gray solid line, northbound black dashed line).
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Table 1. Performance of two types of fits to vertical profiles of time-mean velocity1

fit equation % grid points with rms difference % var. explained

“appropriate” fit (cm s−1)

linear vel. ~u = ~u0 + ~cz 100 1.9 65
exp. vel. ~u = ~u0 + ~aez/L 79 2.0 76
exp. vel. SOSE L ~u = ~u0 + ~aez/LSOSE 100 1.9 65
combined best 100 2.0 67

1Fit parameters are ~u0, ~c,~a, L, and LSOSE; fits are explained in more detail in Section 4.2. For comparison, standard deviations of

observed ~u(z) are about 4.3 cm s−1.
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Figure 1. Left: LMG tracks with 38 kHz data (black lines) over Orsi et al. [1995] fronts (gray

lines) and bathymetry (described in text). Top right: most commonly sampled line (gray box)

and cDrake LADCP profile locations (black dots), with Orsi et al. [1995] fronts in gray. Bottom

right: larger view; the box outlines the study area shown at left.
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Figure 2. Objectively mapped streamfunction ψ contoured at 5 cm intervals: (a) depth-mean

streamfunction overlaid on bathymetry H , with the most commonly sampled line in white; (b)-

(d) streamfunction and current vectors at several depths, with only currents larger than 15 cm s−1

plotted.
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Figure 3. Time-mean speed from SADCP (a) and SOSE (b) on the most commonly-repeated

section (see Figures 1 and 2a). Difference SADCP speed - SOSE speed, scaled by the SADCP

standard deviation, for means from all available data (c) and from SOSE data coincident in time

with SADCP data during 2005-2007 (d). The black lines on each plot are the 20 cm s−1 contour

of SADCP speed and indicate the locations of the mean observed fronts, from south to north,

the SACCF, PF, and SAF.

D R A F T April 20, 2011, 5:29pm D R A F T



FIRING ET AL.: VERTICAL STRUCTURE OF THE ACC X - 49

−0.1
0
0.1
0.2
0.3
0.4

U
(
S
v

k
m

−
1
)

−1000

−900

−800

−700

−600

−500

−400

−300

−200

−100

+10 cm/s

(a)

u⊥ − ū⊥
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Figure 4. Time-mean across-track velocity u⊥ on the most commonly sampled line. SADCP

(solid) and SOSE (dashed) profiles relative to the depth mean ū⊥ are shown in the top panel. The

bottom panel shows the SADCP depth mean-velocity in cm s−1 (colored line; line color connects

profiles and across-passage locations) and depth integrated 0-1042 m transport in Sv km−1 (black

line), as a function of distance along the line.
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angle < θψ >, and (c) EKE = 1
2
< u′2 + v′2 > on the most commonly-sampled line (Figures 1

and 2a). Filled areas indicate standard error about the mean at 118 m (dark gray) and 886 m

(light gray).
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Figure 6. Average section along the most commonly-repeated transect (see Figures 1 and 2a):

(a) mean KE, (b) EKE, (c) < u′ψu
′

ψ >, (d) < v′ψv
′

ψ >, (e) < u′ψv
′

ψ >. In (c), (d), and (e),

only values significantly different from zero are colored. Note the nonlinear colorbar in (a)-(d),

selected to show more detail at low values and specific values at color transitions.
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Figure 7. Vertical wavenumber spectra of uψ (solid) and vψ (dashed) from 46 to 1030 m,

averaged over regions defined relative to the mean fronts, as indicated. 95% confidence intervals

for each region are indicated by thin vertical lines.
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Figure 8. Mean SADCP speed profile in each frontal region (symbols) with the first EOF in

each region (black lines) and fits to (1) using mean length scales LSOSE determined from fits to

SOSE profiles (gray lines). The EOF first modes were scaled to match the mean speed profiles.

From north to south LSOSE = 1635, 2126, 1355, 1289, and 1355 m.
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Figure 9. Length scales of best-fit exponentials determined by fitting (1) to (a) SADCP mean

velocity profiles and (b) SOSE mean velocity profiles.
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Figure 10. Transport: (a) cumulative from 0-970 m (southbound gray solid line, northbound

black dashed line); (b) total from 0-970 m (southbound circles, northbound squares); (c) per unit

depth (southbound gray solid line, northbound black dashed line). The black bars in (a) indicate

the frontal zones, delimited by the points where mean transport per unit distance falls to e−1 of

its maximum value in each front.

D R A F T April 20, 2011, 5:29pm D R A F T



X - 56 FIRING ET AL.: VERTICAL STRUCTURE OF THE ACC

−0.05 0 0.05

−1000

−800

−600

−400

−200

0

transport (Sv m−1) rel. 502 m

z 
(m

)

Figure 11. Transport per unit depth relative to 502 m (southbound gray solid line, northbound

black dashed line).

D R A F T April 20, 2011, 5:29pm D R A F T



FIRING ET AL.: VERTICAL STRUCTURE OF THE ACC X - 57

0 0.02 0.04 0.06 0.08 0.1
−4000

−3500

−3000

−2500

−2000

−1500

−1000

−500

0

z 
(m

)

transport (Sv m−1)

 

 

SADCP

Figure 12. Schematic showing mean SADCP transport in the top 1000 m (black line, dark

gray shaded area) and two possible linear extrapolations for full-depth transport: extrapolating

the transport profile with the same shear until it reaches zero (light gray line); or extrapolating

each velocity profile linearly from its value at 1000 m to zero at the bottom at each location

(gray shaded area). The full-depth transports corresponding to these two extremes are 117 and

220 Sv, respectively.
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Figure A1. Uncorrected transport: (a) cumulative from 0-970 m (southbound gray solid line,

northbound black dashed line); (b) total from 0-970 m (southbound circles, northbound squares);

(c) per unit depth (southbound gray solid line, northbound black dashed line).
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