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	 Sustained Measurements of 

Southern Ocean Air-Sea Coupling 
	 from a Wave Glider Autonomous Surface Vehicle 

INTRODUCTION
The Southern Ocean is a dynamic envi-
ronment, constantly forced by winds 
and waves at the surface. The Antarctic 
Circumpolar Current (ACC) is a cen-
tral feature of this region, transporting 
climate-​relevant quantities such as ocean 
heat and carbon through the Antarctic 
system. The global connections are 
strong; the ACC provides a source for the 
overturning circulation of all three ocean 
basins, with important implications for 
future modifications of the climate sys-
tem with changing surface temperatures 
and wind speeds (Marshall and Speer, 
2012). Already, recent observations and 
model predictions suggest that increas-
ing winds may be modifying the ACC 
and the Southern Ocean’s carbon uptake 
(Le Quéré et al., 2007; Boning et al., 2008; 
Swart and Fyfe, 2012; Weller, 2015). 

In Drake Passage, the ACC is squeezed 
laterally by Cape Horn and the Antarctic 
Peninsula and vertically by seafloor 
topography. Here, the ACC fractures into 

a mess of swirling eddies and meanders 
in the mean path. The region is character-
ized by strong fronts and sharp gradients, 
where air-ocean coupling can change sig-
nificantly over a few kilometers. 

Historically, the Southern Ocean 
is dramatically undersampled. This 
is changing, with long-term moor-
ing deployments and the US National 
Science Foundation’s Ocean Observing 
Initiative. However, these moorings are 
far from Drake Passage and its strong 
eddies. The only sustained measurements 
in Drake Passage have been regular sur-
veys of opportunity by ARSV Laurence 
M. Gould as it crosses the passage to sup-
ply and support Palmer Station (Rintoul 
et al, 2010; National Research Council, 
2011; Bourassa et al., 2013) and Argo pro-
filing floats drifting through the region. 
The Gould surveys occur approximately 
two days out of every three weeks, so the 
temporal coverage is less than 10%. 

A successful mission with a Wave 
Glider autonomous surface vehicle (ASV) 

was completed in Drake Passage during 
austral summer of 2017, expanding our 
ability to observe and understand this 
gateway of the Antarctic Circumpolar 
Current and the Southern Ocean. The 
ASV was operated both in a survey mode 
and in a station-keeping mode, mimick-
ing the more traditional shipboard- and 
mooring-based approaches, respectively. 
The collected data are unique in their 
combination of temporal persistence and 
spatial coverage. Data analysis is under-
way and will focus on the sharp spatial 
gradients and strong fronts common to 
the region. We seek to understand air-sea 
coupling processes and to quantify the 
skill of numerical models in representing 
these processes. 

MISSION OBJECTIVES
The goals of the Wave Glider mission were 
to demonstrate effective autonomous sur-
face operations in the Southern Ocean, to 
study air processes in Drake Passage, and 
to evaluate the fidelity of model products 
in the region. Quantifying and working 
across spatial gradients was a particular 
focus, as these are often undersampled by 
traditional methods and under-resolved 
by numerical models. 

THE AUTONOMOUS APPROACH
We instrumented a Wave Glider SV3 ASV 
for sustained meteorological and oceano-
graphic measurements in Drake Passage. 
The Wave Glider harnesses wave motion 

ABSTRACT. The four-month mission of a Wave Glider in the Southern Ocean has 
demonstrated the capability for an autonomous surface vehicle to make sustained 
measurements of air-sea interactions in remote regions. Several new sensor payloads 
were integrated for this mission, including a three-axis sonic anemometer for turbulent 
wind stress estimation and a high-resolution atmospheric pressure gage. The mission 
focused on Drake Passage, where strong gradients are common along the Antarctic 
Circumpolar Current (ACC) fronts. Using satellite data products, pilots ashore were 
able to remotely navigate the Wave Glider across the ACC Polar Front and measure 
changes in air-sea coupling. The resulting data set combines the persistence of a 
mooring with the adaptability of a ship-based survey.
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for propulsion using a subsurface body 
with passively pitching wings. The wings 
cause the sub to move forward with 
the passage of each wave, but not back-
ward. The sub tows a surface float that 
contains computers for navigation and 
management of scientific sensors. A 
battery bank on the surface float pow-
ers the computers and instrumentation, 
and this bank is charged daily via solar 
panels. Autonomous navigation uses 
waypoints and routes established (or 
changed) via Iridium satellite messages. 
Autonomous navigation includes ves-
sel avoidance, wherein the Wave Glider 
moves away from the track line of any 
vessels broadcasting on the Automated 
Information System. 

The recent successes of Lenain and 
Melville (2014), Farrar et  al. (2015), 
Fitzpatrick et al. (2015), and Mitarai and 
McWilliams (2016) demonstrate that the 
Wave Glider can operate and collect data 
continuously under full ocean condi-
tions, even in tropical cyclones. Our Wave 
Glider, SV3-153, included the standard 
met-ocean (METOC) package offered by 
Liquid Robotics Inc., as used in these pre-
vious studies. The METOC package has:
•	 A weather station (Airmar WX200) 

on the float 
•	 A Sea-Bird CTD on the sub 
•	 An acoustic Doppler current profiler 

(ADCP, RDI 300 kHz) on the float 
•	 A wave sensor (Datawell) on the float 
•	 A GPS-based wave senor 

(Microstrain) on the float

In addition, we integrated several new 
sensors, with the goal of improving mea-
surements of air-ocean coupling. The 
newly integrated sensors are:
•	 A three-axis ultrasonic anemometer 

(Gill Windmaster) on the float
•	 A conductivity-temperature (CT, 

Aanderaa) probe on the float
•	 A temperature-pressure-humidity 

probe (Paroscientific MET4) on 
the float

These sensors are fully integrated, with 
onboard data processing and telemetry 
as part of the existing Wave Glider pay-
load packets and delivery/display in the 
web-based Wave Glider Management 
System (WGMS). 

Figure  1 shows the Wave Glider 
and sensors. These sensors were eval-
uated during a one-week test mission 
on the Washington coast in July 2016, 
prior to the Southern Ocean deploy-
ment in December 2016. Significant con-
cerns with each sensor are the poten-
tial for wave-motion contamination and 
biases associated with mounting so close 
to the water surface. These contamina-
tions are removed, to first order, in post-​
processing. In some cases, only a sub-
set of the data is usable. For example, the 
three-axis ultrasonic anemometer can 
only be used to estimate turbulent wind 
stress when the vehicle is headed into the 
wind (and thus the Gill Windmaster is 
not measuring in the wake of the other 
masts or antennae). 

The Wave Glider was deployed on 

December 12, 2016, from ARSV Laurence 
M. Gould on the continental shelf of the 
Antarctic Peninsula, near Palmer Station. 
The vehicle spent a few weeks survey-
ing across the shelf, then headed out into 
Drake Passage. The full track is shown in 
Figure 2, overlaid on the sea surface tem-
perature field given by the MUR (Multi-
scale Ultra-high Resolution; https://mur.
jpl.nasa.gov) product. The zig-zag pat-
tern in the middle of Drake Passage was 
designed to survey the strong fronts and 
meanders of the ACC common to that 
region. Much of this survey was done 
adaptively and in near-real time. Pilots 
ashore used AVISO (https://www.aviso.
altimetry.fr) multi-satellite sea surface 
height maps to locate features of interest 
and then sent the Wave Glider a series of 
waypoints to sample the features. These 
waypoints were updated several times as 
AVISO maps changed.

Toward the end of the mission, solar 
charging was insufficient to maintain the 
batteries, and thus scientific payloads 
were disabled. No data were collected 

Gill Windmaster Microstrain GPS + IMU Airmar Weather Station Datawell MOSE-G

RDI ADCP

Sea-Bird CTD

Paroscienti�c
MET4

Aanderra CT

FIGURE 1. Wave Glider SV3 and instrumentation. Red labels are standard on the met-ocean version 
of the SV3. Blue labels are additional instrumentation integrated for this mission. 

https://mur.jpl.nasa.gov
https://mur.jpl.nasa.gov
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
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from late February until March 26, 2017, 
when the Wave Glider was recovered by 
Gould. This shortage of power is a severe 
limitation for working at high latitudes 
in late summer. SV3-153 was equipped 
with two additional auxiliary power units 
in anticipation of this challenge, and yet 
data collection still ended prematurely. 
Future missions will need to be more 
conservative in mission planning and 
power management. 

DATA QUALITY AND NCEP 
MODEL COMPARISON
Figure  3 shows a full time series of the 
observed bulk air-sea observations, along 
with time series from National Centers 
for Environmental Prediction (NCEP) 
reanalysis products (Saha, 2010) and 
gridded data sets that have been matched 
to Wave Glider locations. The values are 
30-minute averages or statistical estimates 
(e.g.,  significant wave height). There is 
generally good agreement between the 
bulk observations and the NCEP prod-
ucts, with some notable differences. 
Atmospheric pressure (top panel) agrees 
well compared to the newly integrated 
Paroscientific MET4 sensor, but not the 
standard Airmar sensor (not shown). The 
Airmar atmospheric pressure record is 
degraded onboard the instrument by ref-
erencing to instantaneous GPS elevation, 
which renders the signal quite noisy. 

Wind speeds from both the newly 
integrated Gill Windmaster and the stan-
dard Airmar agree well, albeit with sys-
tematic biases (as expected from low 
mounting heights); observed winds are 
at 0.6 m and 0.9 m heights, respectively. 
For subsequent analyses, these wind 
measurements are adjusted to a standard 
10 m reference height.
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FIGURE 2. Wave Glider track while surveying Drake Passage drawn on a sea surface tempera-
ture (°C) image from the MUR (Multi-scale Ultra-high Resolution) product from January 21, 2017. The 
magenta portion at the end of the track, which shows five days of glider operation prior to the image 
date, is the focus region in an example front crossing. Solid contours indicate AVISO sea surface 
height (10 cm contour interval), also from January 21, 2017. 

FIGURE 3. Full time series of major parameters 
collected onboard the Wave Glider. For each 
panel, a black line shows the gridded product 
(MUR, AVISO, or NCEP reanalysis) as a refer-
ence. As in Figure 1 (except in the fourth panel), 
red or magenta colors are Liquid Robotics Inc. 
standard instruments, and blue or green col-
ors are newly integrated sensors specific 
to this mission.
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Wave heights agree well between the 
two sensors, with bias high in the cus-
tom GPS sensor relative to the Datawell 
reference. During the 2017 Drake 
Passage work, we found the relative bias 
to be approximately 5% and appears to 
be most prominent at low frequencies 
(e.g., low-amplitude swells). 

Ocean currents agree well on long 
time scales. On shorter time scales, the 
observed currents include both real 
high-frequency signals (inertial, tidal) 
and spurious heading-dependent errors. 
Quality control of these high-frequency 
data will be intensive, as the signals are 
not entirely independent; in some cases, 
vehicle navigation (and thus heading) 
was constrained by the strong near-​
inertial currents. 

Future work using these observa-
tions will focus on estimating fluxes of 
momentum and heat by post-processing 
the raw data for direct covariance fluxes. 
These will be compared with bulk formu-
lae and reanalysis products. 

EXAMPLE OF AIR-OCEAN 
COUPLING ACROSS A FRONT
One process we will investigate in upcom-
ing data analysis is the air-ocean cou-
pling occurring across the gradients of the 
ACC front. The second half of the mission 
included several crossings of the Polar 
Front, one of the two strongest ACC fronts 
in Drake Passage (Figure  2). Figure  4 
shows these crossings in detail, includ-
ing the ocean currents and the water tem-
peratures. There are strong changes in the 
water temperature crossing these fronts, 
and these are mirrored in the air tempera-
ture patterns. At large scales, the products 
capture these gradients. At small scales, 
the fidelity is much lower. 

Figure 5 shows the overall correlation 
of air and water temperatures, which is 
significant at the 95% level. Absent other 
forcing, the air and the ocean exchange 
heat based on the difference in their tem-
peratures, working toward equilibrium. 
This is complicated by differential trans-
port of the air and the water, as often 
occurs with the strong winds common 

to the Southern Ocean. Sustained sam-
pling with the Wave Glider enables mul-
tiple crossings of the front so that we can 
observe this spatial signal as it evolves in 
time (with changing forcing). With higher 
winds, more variability in air-ocean tem-
perature coupling is expected, and the 
air-ocean temperature fronts may in turn 
affect the local wind forcing (Small et al., 
2008; O’Neill et al., 2012). 

WIND AND WAVE COUPLING
Another example of the air-ocean cou-
pling we will investigate in upcoming 
data analysis is the time-space evolution 
of surface waves, which are forced by the 
almost continual winds over the Southern 
Ocean. By making sustained measure-
ments, we sampled a large range of wind 
speeds and wave heights (see histo-
grams in Figure 6a). The wave conditions 
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can be sorted into swell, composed of 
mature waves no longer forced directly 
by the local wind, and sea, waves forced 
directly by the local winds. The sepa-
ration of these conditions uses the con-
cept of wave field that is fully developed 
at a given local wind speed (Pierson and 
Moskowitz, 1964); if the waves exceed 
the fully developed limit, they must have 

a strong nonlocal source, and are there-
fore termed swell. Our sustained mea-
surements cover the continuum between 
these distinctions. 

Although the swell waves are no longer 
directly forced by the winds, the shorter 
waves in any conditions are still cou-
pled to the winds. This is evident in the 
correlation of wave steepness and wind 

speed across all conditions, as shown in 
Figure  6b. This analysis uses the wave 
steepness from the integrated fourth 
moment of the wave energy spectrum 
(e.g., Schwendeman and Thomson, 2015). 
Although the high-frequency portion of 
the spectrum dominates this steepness 
metric, it does describe all the wave scales. 

Thus, a mixed condition of swell and 
sea is a more accurate description of the 
Southern Ocean. Our upcoming data 
analysis will explore wind-wave evo-
lution and the subsequent wave influ-
ences on the air-ocean exchange of 
heat and momentum. Inclusion of wave 
effects in air-ocean exchange is an active 
area of research; there are several recent 
parameterizations that can be tested 
(e.g.,  Oost et  al., 2002; Foreman and 
Emeis, 2012; Garcia-Nava et  al., 2012; 
Takagaki et al., 2012).

These wave analyses will tie back to 
questions of ocean transport and mixing. 
For example, it has been suggested that the 
wave-driven Stokes drift carries a signifi-
cant fraction of the upper ocean momen-
tum in the Southern Ocean (McWilliams 
and Restrepo, 1999) and is an integral part 
of the wind-driven Ekman spiral. 
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