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EM-APEX Velocity and CTD profiler

•          à                                      

Webb APEX EM-APEX

Now there is a profiling float 
with Iridium and GPS plus:

•  Electrodes for sensing 
horizontal electric currents—
proportional to horizontal water 
velocity via motional induction

•  Low-noise, low-power pre-
amplifiers and microprocessor

•  Vanes for rotation (to remove 
electrode drift)

•  3-axis magnetometer and 
accelerometer

(thanks to Tom Sanford, Doug Webb, 
John Dunlap, and Jim Carlson)



Hurricane Frances Measurements
(comparison with Price model)

And Surface 
Waves!

T

V

U

S



Half Inertial Period Profiling
(Southern Ocean)

•  Average gives estimate of sub-inertial
   (geostrophic) current
•  Difference gives inertial current

Caveat: Valid only if inertial and mean are 
the dominant velocity components.

Near-inertial Amplitude

Float 
Profiling

Half-inertial 
Pair (U,V)



EM-APEX in EDDIES: Summary

6 week deployment in an anticyclonic 
mode-water eddy southwest of 
Bermuda.

Primary mission: to characterize the 
internal wave shear and strain climate 
for comparison with tracer spreading

Profiling strategy: 3-hour intervals for a 
two day period, followed by 2 days 
�parked� at the depth of the tracer 
isopycnal (generally 80-100m)

Reasoning: (a) resolve semidiurnal tides, 
(b) save battery life and (c) minimize 
drift away from the tracer patch. Also 
used a �yoyo� mode near the end of 
the deployment for rapid sampling.

3 out of 4 EM-APEX recovered.

Black line: cruise tracks of all 4 Oceanus legs
Colored dots: EM-APEX profiles



Mapping the eddy



EF velocity has unique sampling capabilities
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Near-inertial velocity variability 
from all EM-APEX profile pairs in DIMES 

(upper1500 m average)

Dot size indicates high equency energy level
Color indicates goodness of near inertial fit

SE Pacific: weaker, 
mostly wind-driven, 

intermittent

Drake Passage and Scotia Sea: 
stronger, both wind and 

topographic wave generation

Fast deployments/surveys, harsh conditions, sustained measurements
Inertial waves from hurricanes

(Sanford et al., 2007)

Mixing timeseries in Southern Ocean

(Kilbourne and Girton, ???)

(Meyer et al., 2013/15?)

(Guthrie et al., 2013)

Under ice sampling

Generation of internal tides

(Rudnick et al., 2003)

30+ years of
Florida Current,
AMOC studies

(McCarthy et al., 2015)
Synchronous array, 
submesoscale dynamics

(Sanford and Lien)

Vorticity equation
ζ/f

∫   h•v dt∆

1

LatMix: Sampling of submesoscale dynamics 
with a synchronous profiling array

5km



AirSWOT (April 2015) 
field experiment off 

Monterey
Under-way CTD transect (Farrar)
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EM-APEX 
Dynamic Height 
Amplitude vs. 

Integration Depth 

(550m is max for 
resolving 

semidiurnal 
internal tides with 
3-hour sampling)

6667

100m

500m

200m
300m
400m

Temperature colors, density contours in black
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EM-APEX Dynamic Height Timeseries
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6667

Spatial transects plus EM-APEX timeseries range
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Surface Drift (GPS only)
Shallowest Measured Velocity
Upper 50m Avg
Profiling Depth (~500m) Avg
Total Water Column (EF V−bar−star)

EM-APEX meridional velocity: 
Tidal and mean
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EM-APEX surface slope from 2-day averaged perpendicular velocity component 
(range from surface drift, 5m, 50m average)



March 2017: Submesoscale MIxed-Layer 
Eddies experiment (SMILE)

Girton, Kunze, Farrar, Mickett

     PROJECT DESCRIPTION – Submesoscale Mixed-Layer Dynamics  
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Figure 2: Sample meridional 
section of salinity (upper panel) 
and density (lower panel) across 
the North Pacific Subtropical Front 
(STF), along 150°W and centered 
on 30°N, from the SWIMS survey in 
winter 2004 reported in Hosegood 
et al. (2006, 2008, 2013). The 
sharp, complex salinity front is 
mostly compensated by temperature 
(not shown), leaving a broader, 
dynamically-active density front. 
The STF, then, includes a valuable 
tracer of lateral motion in the form 
of compensated T-S structures 
(spice) in addition to density 
structure. Note that the horizontal 
scale of features is comparable to 
the 1-3 km mixed-layer Rossby 
radius. 
 
This work has been based on 
plausible scenarios for physical 
processes that may be occurring 
in and immediately below the 
mixed layer, but the extent to 
which theory and modelling 
capture the essential parameter 
space present in the ocean with 
its additional presence of diel 
forcing cycles and internal 
waves is still unclear.  Although 
identifying that 1-D models are 
incomplete (Brainerd and Gregg 
1997), observational efforts have 

significantly lagged theoretical developments in the struggle to advance our conceptual picture of 
the surface mixed layer—primarily due to limitations on space-time sampling.  Several field 
programs, while solving many of the measurement challenges, have not been of sufficiently long 
duration to separate inertial from lower-frequency straining.  For example, while Hosegood et al. 
(2008) concluded that air-sea fluxes and near-inertial shear dominated the restratification, with 
no evidence of gravitationally-fed slumping, their surveys lasted only 33 h which may not have 
been long enough to allow weaker but more persistent shears associated with frontal instability 
and mixed-layer eddies to win out.  Observational validation of the model assumptions, and 
verification of the impact of mixed-layer restratification processes in the real ocean, is still 
sorely lacking. 

This proposal seeks to remedy this situation using a new combination of measurement 
techniques and platforms to more completely resolve the time response of the 3-D mixed layer to 
strong atmospheric forcing in a relatively eddy-quiet but strong submesoscale region of the 

2 SWIMS Group 14 - 3 Mar 0139 to

Sub 1 was west-to-east along 30◦N through 150◦W. Sub 2 was north-to-south along 150◦W.
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Figure 4: T, S, and σθ , through 30◦N, 150◦W, sub 1 on the left and 2 on the right.
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motions, leading to a new estimate of drag coefficient vs. wind speed (Sanford et al. 2011) and 
re-enforcing the findings of a reduced drag at high wind speeds reported by Powell et al. (2003). 

A synchronized EM-APEX array similar to the one proposed here was recently deployed in 
the summer 2011 ONR Lateral Mixing Experiment in the Sargasso Sea, demonstrating the ability 
to deploy and recover arrays of this scale to follow the evolution of 3-D upper-ocean structure on 
timescales of hours to days, as well as the efficacy of the microscale χ sensors.  In contrast to this 
proposal, LatMix focused on pycnocline processes to isolate contributions associated with 
internal waves and potential-vorticity-carrying finestructure (vortical mode) (Lien and Sanford 
p.c. 2015).  Mixed-layer processes were explicitly avoided, and atmospheric forcing was 
minimal.  The proposed research will be the first time such an extensive array has been deployed 
to measure lateral processes in the mixed layer.   

 
Figure 5: SWIMS II on deck of the R/V Knorr.  SWIMS I, 
which will be used for this experiment, is a nearly identical 
towyo platform. 
 
3.2 SWIMS towyo body 
The Shallow-Water Instrumented Mapping System 
(SWIMS) is a proven profiling CTD (e.g., Hosegood 
et al. 2006, 2008, 2013; Shcherbina et al. 2009, 2010) 
towed body developed by Mike Gregg at APL to map 
shallow variability in coastal and open-ocean 
environments (Fig. 5).  It is equipped with a SeaBird 
9plus CTD with dual T, S and dissolved oxygen 
sensors.  It cycles vertically using a custom Dynacon 

deck winch equipped with a standard hydrowire, and has a real-time shipboard data display and 
logging system.  SWIMS can be towed horizontally at up to 5–6 knots and cycled vertically at 
100 m/min on downcasts and 60 m/min on upcasts.  At a tow speed of 5 knots and profiling to 
100 m, SWIMS provides mid-depth horizontal resolution of ~0.5 km, which can be improved 
with slower towing speeds. CTD measurements from SWIMS will be merged with shipboard 
ADCP profiles to create a comprehensive picture of the evolution of the 3-D scalar and velocity 
structure.  Survey lines during the array drift will be used to fill in horizontal structure 
unresolved by the float measurements as well as provide a larger-scale context. SWIMS sensors 
sample at 25 Hz, allowing a vertical resolution after averaging of 1 m and estimates of the 
dissipation rate of TKE in stratified regions via the density overturn method (Dillon 1982) that 
will complement the EM-APEX float χ measurements.    
Although SWIMS was used as recently as September 2014 during the ONR-sponsored 
Washington Waves Experiment (PIs M. Alford, J. Mickett), one of the two towed bodies 
(SWIMS III) was transferred to Scripps with Alford in October 2014 along with all primary and 
spare sensors, requiring the purchase of a new set of sensors and spares to bring SWIMS I back 
to operational readiness.  The primary winch and acquisition system remain at APL, so there is a 
relatively minor start-up cost compared to the overall >$250k value of the system. 
 
3.3 Multi-depth R/V Thompson underway T–S system 
The EM-APEX arrays will provide lateral structure at a set of discrete points spanning  
O(1-10 km), while SWIMS will profile every 0.5 km, comparable to stable ADCP time averages.  
In order to better quantify the sharpness, location, and slope of surface fronts, as well as higher-

Tools: SWIMS towed profiler

EM-APEX

Surface buoy



SMILE Location: North Pacific Subtropical Front
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A D D I T I O N A L  S L I D E S …
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Measuring Ocean Currents through Motional Electromagnetic Induction (thanks to Tom Sanford!)



EF velocity has unique sampling capabilities
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Near-inertial velocity variability 
from all EM-APEX profile pairs in DIMES 

(upper1500 m average)
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SE Pacific: weaker, 
mostly wind-driven, 

intermittent

Drake Passage and Scotia Sea: 
stronger, both wind and 

topographic wave generation

Fast deployments/surveys, harsh conditions, sustained measurements
Inertial waves from hurricanes

(Sanford et al., 2007)

Mixing timeseries in Southern Ocean

(Kilbourne and Girton, ???)

(Meyer et al., 2013/15?)

(Guthrie et al., 2013)

Under ice sampling

Generation of internal tides

(Rudnick et al., 2003)

30+ years of
Florida Current,
AMOC studies

(McCarthy et al., 2015)
Synchronous array, 
submesoscale dynamics

(Sanford and Lien)

Vorticity equation
ζ/f

∫   h•v dt∆

1



Finestructure 
Diffusivity 
Sensitivity

• Often substantial 
shear comes from near-

inertial waves (low 
frequency) 

• Shear-to-strain ratio 
(Rω) likely varies on 

multiple time and space 
scales (e.g., seasonally 

or pulses linked to 
individual storms) 

• Finestructure 
diffusivity depends on 
the frequency content 

of the wavefield through 
the function h1 (plotted 

at right)

Relationship 
between Rω  

and frequency 
content

Diffusivity dependence on Rω

Whalen et al (GRL 2012)



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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Autonomous Measurements in the Seasonal Ice Zone
Need for an economical approach to sustained timeseries and trajectory measurements 

Profiling floats are easily added to other work (station turnovers, surveys) and are robust enough for ice. 

EM-APEX adds velocity measurement (and now Temperature Microstructure) and magnetometer.

Ice guard (carbon fiber rod) 
20 cm above CTD/antenna



Sea-ice Results 
(wintertime, aggregate of 4 
floats north of Antarctic slope)

Ice thickness 
distribution 
contains a mode 
around 10-30cm 
(local growth) and 
a long tail out to 
8m (rafts and 
pressure ridges) 

Seasonal 
growth is 
apparent in the 
modal peak

center of 
modal peak

2xstd.err. 
shading

zo
om

Ice Draft Histogram (all 4 
floats combined)

modal peak 
(local growth)

tail (rafts and ridges)

meters
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profiling floats in the Southern Ocean
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