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Past Future

(2) Layers of active mixing diagnosed from high-resolution density profiles show that, frequently, only a 
small portion of the ”mixed layer” is directly in contact with the surface—a fraction which varies with wind 
forcing events which may be shorter than the air-sea equilibration time (Kilbourne and Girton 2015a).

Large-scale impacts of wind momentum input
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20 EM-APEX deployed in the DIMES Southern Ocean tracer release experiment (Feb 2009 – Jan 2015) 

Floats drifted at the tracer depth (~1500m) and profiled in bursts (round-trip pairs separated by 1/2 the local inertial period of ~14 hours) 
at least every 10 days 

Observed near-inertial internal waves, topographic lee waves, fine scale shear spectra, and low-frequency shear (including ACC, eddies and 
Ekman spiral).

Ledwell, St.Laurent, Girton, and Toole (JPO 2011), Kilbourne and Girton (JPO 2015), and more to come…

Typica&y used mixed-layer depth criteria give a wide range of 
answers in the Southern Ocean. Which is the correct one to use for 
phytoplankton growth, gas transfer, and wind momentum input?
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∆ ρ = 0.002 kg m−3

∆ ρ = 0.005 kg m−3

∆ ρ = 0.010 kg m−3

∆ ρ = 0.050 kg m−3

∆ ρ = 0.125 kg m−3

Ventilation (percentage of time in direct 
contact with the atmosphere) would be 

inferred quite differently from each MLD 
definition

Largest discrepancies occur in 
winter, but summer differences 

are also significant
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Levitus climatology 
criterion: Too deep 
by a factor of 2–4

Probably best: 
Supported by forcing 
dynamics and well 
above instrument 
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Toward a near-inertial energy budget: 
Example vertical profile of downward energy flux in a 

single wave packet in the Southeast Pacific

Kilbourne and Girton (J. Phys. Oceanogr. 2015)

Assumes constant group 
velocity, so apparent flux 

decrease may indicate either 
energy dissipation or a decrease 

in downward group velocity

After the Winter: Suggestion of 2 Flow 
Branches at 300 m (CDW temperature max)

Easternmost and Westernmost floats have the greatest Southward displacement 

Apparent influence of seamount chain  on flow pathways 

Net motion is the result of intermittent jumps, mainly due to eddies

Amundsen Ross Bellingshausen

Wintertime displacement

The ACC System

Quasi-2d view…

(1) The role of high-frequency wind 
components in forcing both surface-layer 
mixing and near-inertial internal waves 
emphasizes the continued need for in-situ 
surface measurement platforms 
(Kilbourne and Girton 2015). 

Near-inertial wind-energy input is enhanced by:
high-frequency wind products
accurate currents (i.e., not from slab model)
mixed-layer deepening (the acceleration of 
the initially shallow layer)

(3) Surface velocity estimates from altimetry are an extremely valuable resource but may 
deviate substantially from subsurface water pathways–particularly for critical diagnostics 
like eddy residence time and cross-frontal exchange.

Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author and 
do not necessarily reflect the views of the National Science Foundation.

Ocean Carbon Hotspots Workshop 
MBARI, Moss Landing, CA 

September 25–26, 2017

Wind Forcing and Near-Inertial Internal Wave Generation

Upper-Ocean Mixing

Cross-frontal shear and 
watermass ventilation—
requires eddy structure, 

statistics, seasonal cycle.
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Autonomous Surface 
Vehicle following center of 
float array (or surveying 

across array spread)

Autonomous Profiling Float Array 
(EM-APEX with velocity measurement shown)

An autonomous array for simultaneous spatial and temporal 
sampling of surface forcing and subsurface response. Tuned 

for a particular dynamical process (at a particular scale).

Abstract: Autonomous platform capabilities now allow a wide range of long-term oceanographic experiments to be conducted with little user interference. Gliding and 
drifting subsurface profilers can reach a substantial fraction of the ocean depth, and autonomous surface craft can provide sustained measurements of atmospheric forcing, 
with the result that ships need hardly be involved (or, at least, can be freed up for more specialized uses)! Results are described from recent projects using an autonomous 
Lagrangian approach (horizontally drifting but vertically profiling EM-APEX floats [Sanford et al 2005] carrying CTD and velocity sensors, in addition to other options, 
including chlorophyll, turbidity, oxygen, microstructure, and acoustic positioning) to study vertical mixing, wind generation of internal waves, and lateral property fluxes.
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4. Mixing-Layer Processes

In order to justify the use of a fine-density-threshold criterion (and to select the most appropriate value) it is
important to explore the physical processes driving mixing in the surface boundary layer. Weakly stratified sur-
face layers are often hundreds of meters deep. The time needed for momentum to stir to these depths through
average turbulent vertical motions (shown by D’Asaro et al. [2014] to scale with the friction velocity u!5
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Figure 4. (left) Observed in situ temperature, (middle) salinity, and (right) potential density anomaly during austral spring in the eastern
Pacific sector of the Southern Ocean. Horizontal lines show the mixed-layer thickness as identified by five increasing density-difference cri-
teria and by the mixed-layer algorithm developed by Holte and Talley [2009]. These data come from EM-APEX # 4815 on the 180th (ascend-
ing) profile.
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Figure 5. (left) The percent of mixed-layer thickness H observations which are inferred to be in contact with the atmosphere according to five density-difference criteria. The three finest
criteria, which have similar distributions, indicate that direct contact with the atmosphere is rare below 400 m. (right) Ratio of monthly average mixing-layer thickness to the absolute fin-
est (0.002 kg m23) criterion. The large ratios seen September–January are due to the two most-coarse criteria failing to capture stratification associated with the austral spring.
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Journal of Geophysical Research: Oceans 10.1002/2015JC011213

KILBOURNE AND GIRTON WIND POWER INPUT 7511

GPS and 
Iridium antenna

Autonomous Velocity and 
Microstructure Floats for 

mid-depth, upper-ocean, and 
under-ice measurements

shear and temperature 
microstructure probes 
(angled into the flow 

as float rotates)

ice guard (carbon fiber rod) for direct 
contact and ice draft measurement

SBE-41cp 
CTD

Antarctic 
Circumpolar 

Current
Atlantic 

Meridional 
Overturning

Some directions for new…
(A) vehicles and sensors
(B) autonomous sampling strategies
(C) long-duration overturning/

ventilation targets

Density-based “Mixed Layer” Implications for the seasonal cycle of mixed-layer depth …and fraction of time in contact 
with the atmosphere

A

B

C

2) PRICE–WELLER–PINKEL MODEL

The PWP model (Price et al. 1986) was originally
developed to model the influence of heat, salt, and
momentum fluxes on the diurnal cycle of upper-ocean

stratification at the ocean surface. PWP uses forward
time stepping to evolve upper-ocean temperature, sa-
linity, and velocity with depth.We used a 900-s time step
and 5-m depth levels to 300m. For better comparison
with the slab model, our implementation of the PWP

FIG. 5. Observed and modeled upper-ocean wind and current time series during the storm
period. (a) Wind stress determined from shipboard wind measurements is shown by the solid
black line. The gray line shows wind direction with 0 radians 5 east. Dashed line shows the
angular rate of change at the inertial frequency (588S). (b) Shipboard ADCP currents (east
component) shown in color. Background density field from ship CTD shown in gray contours
(0.01 kgm23 s0 isolines). Three time series of mixed layer depth diagnosed from EM-APEX,
ship CTD, and the PWP model are shown by black lines. (c) The bandpassed ADCP mea-
surements, slab model currents, and PWP model currents (black, blue, and red, respectively).
Thick lines indicate eastward currents (u) and thinner lines indicate northward currents (y).
(d) Energy flux into near-inertial motions (t ! U) between wind stress and surface currents.
(e)Wind work ð

Ð
t !UdtÞ from observations, slab model, and PWPmodel (black, blue, and red

lines, respectively).
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Downward energy flux in 
a single wave packet

Subsurface view of near-inertial wave propagationSurface mixed-layer 
deepening and 

inertial oscillations

EM-APEX in DIMES, the Diapycnal and Isopycnal Mixing 
Experiment in the Southern Ocean (colored by float).

Motivation: Antarctic 
ice sheets in jeopardy

Amount of warm Circumpolar Deep 
Water (CDW) on the continental shelf 
influences ice shelf melting rate 

Ocean–Shelf exchange has elements 
of the classical Eastern Boundary 
Upwelling problem

signals and separation of surface and basal processes, and show in
detail the relationship between thinning of ice shelves and grounded
tributary glaciers. These improvements allow us to identify the major
cause of grounded Antarctic ice-sheet mass loss.

The distribution of Antarctic ice-shelf thinning (DT/Dt) is strongly
regional (Fig. 2), being most rapid (up to 6.8 m yr21) along the
Amundsen and Bellingshausen Sea coasts. The relatively thick Land,
DeVicq, Getz, Dotson, Crosson, Thwaites, Pine Island, Cosgrove and
Venable ice shelves thinned during 2003–2008, in marked contrast to
the adjacent, thinner Abbott, Nickerson and Sulzberger ice shelves
where there was no significant thinning (Fig. 3) (Supplementary Fig. 1,
Supplementary Table 1). Firn modelling on the ice shelves (Sup-
plementary Fig. 2) indicates that the firn layer actually thickened
throughout this region, mostly through increased accumulation, con-
sistent with ICESat measurements on nearby slow-moving grounded ice
(Fig. 3). These neighbouring ice shelves with similar atmospheric forcing
but contrasting elevation change signals must therefore be subject to
some regional forcing other than local climate. Furthermore, all of the
thinning ice shelves maintained their frontal positions or advanced
(Supplementary Fig. 3) while simultaneously receiving increased influx
from their tributary glaciers2. Hence, this regional thinning is not
explained by negative surface mass balance, firn compaction, retreating
ice-shelf fronts or by reduced glacier influx. We deduce that it is caused
by increased basal melt driven by ocean interaction.

Our analysis reveals that there is also evidence of net thinning
through enhanced basal melt on the East Antarctic ice shelves
Vigridisen, 17E, West, Shackleton, Holmes Glacier, Dibble, Rennick
Glacier and the thicker part of Totten. The Nivlisen, Moscow
University and 152E ice-shelf surfaces appear to have lowered as a
result of firn processes (Fig. 2, Supplementary Figs 4–6, Supplemen-
tary Table 1). On the western Antarctic Peninsula, the Stange Ice Shelf
and the thicker sections of the George VI Ice Shelf also lowered at a rate
greater than the modelled firn-lowering signal in this region, indi-
cating ocean-driven basal melt (Fig. 4, Supplementary Fig. 7).
However, the thinning of the retreating Wilkins Ice Shelf during
2003–2008 may combine components of basal melt, surface processes
and dynamics (Supplementary Discussion).

An exception to this pattern is the Larsen C ice shelf, where firn
processes are an important part of the elevation change signal.
Measured Dh/Dt on the ice shelf increases northwards from 20.06 m
yr21 to 20.21 m yr21, with similar values on adjacent, slow-flowing
grounded ice (20.20 m yr21 in the south to 20.35 m yr21 in the north,
on grounded ice at an average 230 m above the ice-shelf altitude; Fig. 4
inset). Our firn modelling independently predicts lowering due to
surface processes of 20.10 m yr21 (south) to 20.16 m yr21 (north)
for the same period (Fig. 4, Supplementary Table 1). This south–north
gradient is echoed in the mapped firn-air content (lesser northwards)15

and melt days (greater northward), and a temporal trend of 10.5 melt
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Figure 2 | Antarctic ice-shelf ice-thickness change rate DT/Dt, 2003–2008.
Seaward of the ice shelves, estimated average sea-floor potential temperatures
(in uC) from the World Ocean Circulation Experiment Southern Ocean Atlas
(pink to blue) are overlaid on continental-shelf bathymetry (in metres)30

(greyscale, landward of the continental-shelf break, CSB). Grey labels indicate
Antarctic Peninsula (AP), West and East Antarctic Ice Sheets (WAIS and
EAIS), Bellingshausen Sea (BS), Amundsen Sea (AS) and the Ross and Ronne
ice shelves. White labels indicate the ice shelves (clockwise from top) Vigridisen
(V), Nivlisen (N), 17 East (17E), Borchgrevinkisen (B), 23 East (23E), 26 East

(26E), Unnamed (U), Amery (A), Publications (P), West (W), Shackleton (SH),
Conger (C), Totten (T), Moscow University (MU), Holmes (H), Dibble (DB),
Mertz (M), Ninnis (NI), 152 East (152E), Cook (CO), Rennick (RE),
Borchgrevink-Mariner (BM), Aviator (AV), Nansen (N), Drygalski (D),
Filchner (F), Brunt (BR), Stancombe-Wills (S), Riiser-Larsen (R), Quar (Q),
Ekstrom (E), Jelbart (J) and Fimble (FI). Grey circles show relative ice losses for
ice-sheet drainage basins (outlined in grey) that lost mass between 1992 and
2006 (after ref. 2) (Supplementary Table 1).
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The ACC System

Quasi-2d view…

Regional (West Antarctic) sea-
ice reduction contrasts with 
overall Antarctic sea-ice 
extent 

Bottom limb of the Meridional 
Overturning Circulation (MOC) 
depends on shelf circulation 
and mixing processes
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Amundsen Sea, West 
Antarctica, where 
Circumpolar Deep 

Water (CDW) is 
melting glacial ice.

stations where 60–80% (hollow
circles) or less than 60% (filled
circles) of variance is explained
by the barotropic and first four
baroclinic modes. The locations
cluster around the mean posi-
tions of the central and north-
ern branches of the SAF,
suggesting that close to the
jets, in particular, higher order
modes are more significant.

5. Vertical Velocity

5.1. Method of Estimation
Vertical velocity is rarely meas-
ured because it is so small com-
pared with the horizontal
velocity in the ocean, and is
usually smaller than the accu-
racy with which ocean veloc-
ities can be directly measured.

It can, however, be inferred from measurements of density and horizontal velocity, as demonstrated by Bryden
[1980]. The basis of this method lies in the equation for the conservation of mass, neglecting mixing terms,
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where D
Dt denotes the total derivative. Assuming that the ocean is incompressible, so thatr ! u!50, vertical

velocity w can be expressed as
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allowing it to be inferred from
observations of horizontal veloc-
ity components u, v, and hori-
zontal gradients of density q in
the geographic coordinate
frame where x is eastward, y is
northward and z is upward. The
geometric interpretation of
equation (4) is that w is the verti-
cal component of a flow that
lies on an inclined isopycnal sur-
face. Where salinity observations
are not available, an expression
for w can be derived from the
adiabatic heat equation [Hall,
1986; Lindstrom and Watts, 1994;
Phillips and Rintoul, 2000].

Typically, velocity data are a
sequence of measurements at
one location (e.g., a mooring
string) or along a line (e.g.,
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Figure 7. Distribution of depth-integrated rotation (200–1500 dbar) D/ for all EM-APEX pro-
files expressed as a percentage of the total number of profiles. Inset shows cumulative distri-
bution retaining sign (solid line), and cumulative distribution of magnitude of depth-
averaged rotation (dashed). Positive (negative) rotation indicates clockwise/cyclonic (anti-
clockwise/anticyclonic) rotation from 1500 to 200 dbar.
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Figure 8. Velocity vectors at 200 dbar (red) and 1500 dbar (blue) for every fourth EM-APEX
profile and every LADCP profile. Note change of vector scale for different depths. A and C
indicate the position of an anticyclone and cyclone, respectively, that are described in the
text. LADCP stations in water " 3500 dbar (black dots) are marked with a hollow (filled)
circle if 60–80% (less than 60%) of variance is explained by the combination of barotropic
and first four baroclinic modes.
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EM-APEX shallow (200 m) and deep (1500 m) velocities 
near the Kerguelen Plateau (Phillips and Bindoff 2014).

The eddy-rich Antarctic Circumpolar Current (ACC) is broken into 
multiple evolving fronts/jets following relatively steady average 

pathways. But how similar are the surface and subsurface structures?

Subsurface Pathways from Isopycnal Drifts and Velocity Profile Measurements

Amundsen Sea EM-APEX trajectories illustrate episodic eddy-
mediated southward transport of ~300 m CDW to the continental shelf.

Comparison of 3 EM-APEX drifts at ~1000 m CDW level (thick lines) 
with particles tracked in time-varying altimetry fields (scaled by 1/4).


