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Abstract

The ocean contains many large-scale, long-lived vortices, called wedea=ddies, that are believed to have a role
in the transport and redistribution of salt, heat, and nutrients throughaeibttean. Determining this role, however,
has proven to be a challenge, since the mechanics of eddies are otily yadterstood; a standard de nition for
these ocean eddies does not exist and, therefore, scienti cally méahirmpust methods for eddy extraction,
characterization, tracking and visualization remain a challenge. To shéd d¢ig the nature and potential roles of
eddies, we extend our previous work on eddy identi cation and trackigiistruct a new metric to characterize
the transfer of water into and out of eddies across their boundary, anduge several visualizations of this new
metric to provide clues about the role eddies play in the global ocean.

Categories and Subject Descriptoggccording to ACM CCS) Computer Graphics [1.3.8]: Applications—
Oceanography Simulation and Modeling [I1.6.6]: Simulation Output Arnisdy$Dcean General Circulation Models

1. Introduction where? Are there places where eddies are more important?
This work provides a useful tool for analyzing these ques-
tions, and while this study does not provide complete an-
swers to these questions, we will show and discuss these
guestions in several extensively-studied regions of the global
ocean.

Mesoscale eddies are vortices with diameters on the order
of a hundred kilometers and typical lifetimes on the order
of months. They are most often associated with the west-
ern boundary currents, and with the Antarctic Circumpolar
Current, the unobstructed ow of fast-moving water in the
Southern Ocean around Antarctica. These eddies are of in- Our previous work WPB 11] was primarily concerned
terest to oceanographers because they can isolate heat, saltyith extracting and tracking eddies from data generated by
and biological material and are capable of transporting mate- a high-resolution global ocean simulation. For this work, we
rials in ways not accounted for by the large-scale circulation. put those abilities to use in order to Il in some of the gaps.
) ) ) To that end, we developed a metric to quantify leakage of a
However, this paragraph asks more questions than it an- 5 cer variable (we focus on heat) into and out of eddies. Us-
swers. What does it mean for eddies to isolate water? Is it ing this metric, we show the leakage pro les for some promi-

like lling a huge balloon and t0\‘/‘ving it by ship”to adesti-  hant individual eddies, and we aggregate this metric over
nation? In a study analyzing the “gold standard” of eddies— ime to show the patterns of heat transport in some eddy-

special eddies called the Agulhas Rings, that are long-lived, yjc, regions of the ocean. The corresponding visual analysis

isolated eddies generated by the Agulhas Current off the gnapjed by this method provides the rst step toward a more
southern coast of Africa that then travel across the South At- rigorous and comprehensive analysis of eddy behavior.

lantic, sometimes reaching the coast of South America—it
was found that the Agulhas Rings leak water at a rapid rate
relative to their lifetime fivD04]. This study raises this ques- 2. Related Work
tion of whether leakage rates are comparably high for other,

less spectacular eddies. Extracting and visualizing turbulence in vector elds has

long been of interest to the uid dynamics and ow visu-
Other issues have been left unaddressed as well. How alization communitiesHZP07. Methods generally focus
much heat and salt transport are eddies responsible for, andon either extracting speci c structures (e.g., vortices) and
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drawing a bounding volumeS\W91, or extracting the over- 3. Background
all topology and visualizing it through glyphs or other prox-
ies [TG0Y. For extracting vortex-like structures in particu-
lar, standard methods include nding regions of high vor-
ticity [VV92], streamline geometryAKPHOY, acceleration

magnitude KRHH11], or, when the data are available, by

There are two important piece of background that will be

needed for the development of our interface exchange met-

ric. On the oceanographic side, we will briey introduce

tracer transport in uid dynamics, so that it is clear what

. . we mean by transport and so that the mathematical founda-

searching for regions of low pressure at the center of a vor- . . )

tex [BS94. tlons.are in pl.ace for the deyelopment. of our new metric. On

the visualization side, we will summarize previous computa-

For vortices with core lines that are straight or nearly tional work, covering how we extract and track eddies, and

straight lines, as is the case in our application where vor- Some relevant details about the simulation from which our

tex core lines are straight in depth direction, one can also data originate.
look for circular behavior in the velocity eld directly. Jiang
et al. analyze the problem topologicalJMT0Z, by search-
ing for kernels in which each vector in the kernel points in a
unique direction range. Similarly, Sood et 8JBT0j iden- In order to develop an understanding of eddy transport, we
tify vortex centers in the ocean by passing a ve-by-ve ker- must rst cover some background material from uid dy-
nel of the angles between an east-pointing vector and the namics; see WF11] for more complete coverage of the
tangents of a circle centered in the kernel to nd circular topic. Tracer transport is de ned &, whereu is velocity
ows, then tting an ellipse over the entire vortex. andT is a scalar quantity such as temperature. Scalars that
can be advected by uid ow are called “tracers,” due to the
Several techniques have also been developed to fur- fact that they can be used to track uid ow by tracing it out.
ther rene analysis of the vorticity eld. We use (Thisis not entirely true for “active tracers,” that also in u-
the R’-criterion [WPB 11], a renement of the Q- ence ow by altering the dynamic characteristics of the uid,
criterion [HWMB88] (known as the Okubo-Weiss crite-  such as the ability of temperature to affect pressure, but the
rion [Oku7( in the oceanography community), which looks  name is a reasonable approximation.) In the ocean, the most
for vortices that resemble an idealized Gaussian vortex. Also common tracers are temperature and salinity; we will focus
of note is the -criterion [JH9Y, that uses the second eigen-  on temperature, but any discussions, equations, and results
value of the strain tensor times the sum of the squares of in this paper apply to any tracer.
strain and vorticity to determine whether vorticity or strain
is dominant in a region. We chose tRé-criterion overl ,
because our work oR? showed that the Gaussian vortex
model is a good t for mesoscale eddies, so Rfecriterion
obtains a more re ned selection of vortices.

3.1. Aggregate Transport

The most common decomposition of transport is to sepa-
rate it intomean transport-transport caused by time mean
circulation, such as the clockwise circulation of water over
the midlatitude North Atlantic Ocean—and what is com-
monly callededdy transportEddy transport, in this decom-

In oceanography, numerous studies of satellite data have position, is any transport not accounted for by time mean
quanti ed the size and distribution of oceanic eddies, mostly circulation, which includes eddies, but also includes all other
based on consideration of the Okubo-Weiss parameter. Pub-time-varying ow. To make a distinction between transport
lished works have considered regions including the Mediter- actually caused by eddies and that caused by all sources of
ranean SealfGLFGOO0§, the Tasman SeaNABO06], the variability in the ow, we will refer to the latter asariability
Gulf of Alaska HT08] and the nearly-global domain of all ~ transport

but the ice-covered sea8$SdS07CSS1] Mean velocity, de ned asl, is computed by taking the

An eddy census based on satellite data is limited to surface COMPONent-wise time mean over some temporal window of
features, while data from vertical ship-deployed pro les and  Velocity. (We use one-month averages, though itis also stan-
xed moorings are sparse and can only capture an incom- dard to consider yearly averages.) Variability velocity, de-

plete picture. Ocean models have been used as a means to"€d @S u’, can then be computed by subtracting the mean
study features that are not directly observable at this time, VEOCity from the instantaneous v_eIput;ﬁ: u u.Tostate
and therefore provide a means for lling in our understand- 't S @ decompgsnloon, velocity is its time mean plus vari-
ing of the oceans. Much of the knowledge of eddy transports aPility, or, u = u+ u”. Decomposing transport into mean
of heat, salt and nutrients has been derived from the analy- @nd variability components then requires multiplying this
sis of ocean modelM02 YNQ 10]. It is important to note decomposition of velocity with the same decomposition of
that the discussion of eddy transport in the literature gener- the tracer:

ally refers to what we call variability transport, which is to

say, all transport not accounted for in the mean ow, which _ _
will include any temporal variability in the mean ow, such uT = (a+ u)(T+T9 1)
as the slow meandering of large-scale currents. = T+ uoT+ aT%+ uor° (2)

Cc 2012 The Author(s)
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Oceanographers are often more interested in aggregate be-
havior, since the behavior at any particular moment in time
may not be indicative of the general functioning of the ocean.
Aggregate transport is computed by taking its time mean:

uT = uT+ u9T + uTO+ uoro (3)
= UT+ u0T + UTO+ ulTO 4

This_equation can be simplied via two observations.
First, u9T = uOT, becausd is constant over the averaging
window, since it has already been averaged, and constants
can be pulled out of averages. Als6l = uT for the same
reason. Second®= 0, because, when using the time aver-
age ofu = u+ u® we obtaini = U+ u® meaning thati®
must be zero. (The same logic appliesi®.) This simpli-
es the equation to the canonical expression of time-average
tracer transport:

uT = uT + uoro (5)

Here,UT is the mean transportwhile u%T? is the vari-
ability transport

There are two ways in which we intend to extend this
analysis. The rst is that, as noted above, this de nition of
variability transport includes all time-varying ow, while we
would like to study eddies in particular. Second, we would
like to know speci cally where eddies are important. To ex-
plain this point further, in Figurd, we show two images
of the Gulf Stream. The top image is from a &imula-
tion, while the bottom is from % simulation. The higher-
resolution data agree fairly well with satellite observation
of the North Atlantic: the Gulf Stream (a yellowish line in
these images) travels north from the Gulf of Mexico, then
heads offshore near the state of North Carolina. In the low-

Figure 1: Sea surface temperature in the vicinity of the Gulf
Stream, computed by two different models. The top plot is
from a simulation with a spatial resolution af , while the
bottom is made from POP, at a spatial resolutionfaf .
In both images, the Gulf Stream itself appears as a yellow- ; ; i -
ish line coming north from the Gulf of Mexico. In the high- resolution simulation, however, the Gulf'Stream continues
resolution simulation, the Gulf Stream departs the coast of 0 Nug the coast even after North Carolina. The relevance
the United States near the state of North Carolina, while Of this comparison is thaf is high enough resolution for
in the low-resolution simulation, the Gulf Stream continues Mesoscale eddies to appear, whilésinot. In other words, it
hugging the coast of the United States. This incorrect path of is possible that the heat transport caused by eddies is a factor
the Gulf Stream is a well-known problem with low-resolution N producing the correct Gulf Stream shape, hence we would
simulations. One important difference betweeh amodel ~like to know if eddy transport of heat is especially important
and a & model is that the former does not have suf cient i that region.
resolution for eddies to appear, hence, the emergence of ed-
dies is a possible cause for higher-resolution simulations ) .
producing the Gulf Stream with the correct shape. 3.2. Eddy Detection and Tracking
Studying eddies in particular requires a reasonable de ni-
tion of eddies. To this end, we employed a simpli ed ver-
sion of the R%-criterion [WPB 11]. One of the questions
that motivated théx? work was the arbitrariness of taking
thresholds of th&-criterion. When oceanographers use the
Q-criterion to identify eddies, a common standard is to nor-
malizeQ by its standard deviation, i.6Qnorm = %, and to

¢ 2012 The Author(s)
¢ 2012 The Eurographics Association and Blackwell Publishituy



S. Williams, M. Petersen, M. Hecht, et al. / Interface Exgjeas an Indicator for Eddy Heat Transport

use a threshold d®norm  0:2 to identify eddies. Presum- 4. Interface Exchange
ably, this threshold is chosen because it extracts features thatW
look like what an oceanographer expects eddies to look like.
In applying theR?-criterion to the global ocean and choos-
ing the maximunQ value that met a con dence level of®)

we found that, in generaQnorm  0:2 is very close to the
maximum possible threshold that meetsR&rcon dence of
0:9.

ith all this in place, we now move on to characterizing
eddy heat transport. There are essentially three hypotheses
to describe the general behavior of eddies: (i) eddies com-
pletely trap water within their boundary, which is only re-
leased when the eddy is destroyed; (ii) eddies are a tempo-
rary distortion of the column of water they occupy, but do not
trap water at all; and (iii) eddies do trap water, but they also

Keeping this in mind, the simpli cation we employed uses actively exchange it across their boundaries. We call these,
the sameQ threshold,Qnorm  0:2, but we only keep fea- respectively, the sealed container hypothesis, the wave phe-
tures when they satisﬂ,;t2 0:9. That is, for each feature,  nomenon hypothesis, and the leaky container hypothesis.
we compare the quality of a linear t for area versQ<or
several level sets @, and only call that feature an eddy if
the quality of the t (theR2 value) is at least:@.

We initially tried to evaluate these hypotheses through di-
rect study of temperature data from POP. Using our eddy
tracking system, we found several of the longest-lived ed-

In order to track eddies over time, we begin by attempting dies and extracted distributions of the temperature of water
to predict where each eddy will be in the next several time inside and directly outside the eddy over each eddy's entire
steps, and when an eddy appears where we predict a previ-lifetime, and at several depths. The boundary of the eddy is
ous one should be, we say they represent the same eddy atle ned by a contour of th&-criterion (with Qnorm= 0:2),
different points in time. The prediction is based on consid- hence the inside of the eddy is de ned as the inside of that
ering an eddy as a spinning hockey puck sliding across an contour, or, points witlQnorm  0:2 associated with that par-
ice rink. This puck has two major velocities superimposed ticular contour. To de ne the exterior of the eddy, we take a
on each other: an angular velocity representing the spinning, bounding box concentric with the eddy and with edge length
and a linear velocity representing the translation. If the puck twice the diameter of the eddy, and consider all points that
were merely spinning in place (or if we went to a frame of cannot be inside an eddy, i.e., we consider only points with
reference in which the puck is spinning in place), then its Qnorm< 0:2.
average linear velocity would be zero, because angular com-
ponents on opposite sides of the puck cancel each other out.
If we consider a reference frame where the puck is also slid-
ing, only the sliding velocity will contribute to the puck's
average velocity, since the contribution to average velocity

Among the eddies extracted by this method, we chose
three representative eddies, shown in g@eEddies are
known to be able to raise and lower a water column, and
since temperature is related to depth in the ocean, the offset
. L S . between inside and outside temperature (i.e., the eddies are
from its spinning will still be zero. Thus, we approximate mostly either colder or hotter than outside water, and that
an eddy's translational velocity as its average velocity. Each y . . . ! )

offset is consistent over time) is expected. This contrast in

eddy from an immediately previous time step is translated L )
ay ey p . Pt temperature between waters inside and outside of the eddy
to its expected new position, and if an eddy resides near the .

predicted position, the two eddies are connected in a track- is part of what es_tat_)lishes the pressure gradient that sup-
ing graph. Because eddies move relatively small distances ports the eddy (this is called geostrophic balanéaiqe)).

. Consequently, dynamical adjustment makes it problematic
between time steps—the center of an eddy generally only to determine whether the temperature contrast is maintained
moves one or two voxels per time step—the tracking is quite P

through minimal leakage, or whether more signi cant leak-

stable. _ !
age through the lateral boundary of the eddy is being bal-
anced by vertical motion suf cient to maintain the tempera-

3.3. Data Source ture contrast across the boundary.

Our simulation data come from global runs of the Parallel In order to introduce a better conceptual model to under-

Ocean Program (POP$PM9Z. The data have a spatial res-  stand the three eddy behavior hypotheses, consider a thought
olution of aboutl—l0 and a temporal resolution of one day. experiment in which a passive tracer (i.e., a scalar that is
A principal “input” to POP is surface heat ux; for fully- advected by water ow, but its concentration does not af-
coupled simulation runs, POP is run along with an atmo- fect the other properties of the water in any way) is inserted
spheric simulation, and the two trade information across the into an eddy with a concentration of one, while the exter-
sea surface via heat uxes. The run that generated the datanal waters have a concentration of zero. If the eddy is best
we employed was not fully-coupled, so POP was run in iso- approximated as a sealed container, the dye would simply
lation. These runs instead use estimated surface ux values move along with the eddy, and not contaminate the external
(meaning that the simulation lacks atmospheric feedback), waters; if eddies are only wave phenomena, the eddy would
including seasonal ux variation. In order to avoid averaging propagate away but the dye would remain behind, being ad-
across seasons, we use data from one spring season, whiclvected and sheared by the mean ow but with no strong re-
we take to be the months of March, April, and May. lationship to the eddy. In between is the leaky container hy-

C 2012 The Author(s)
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Figure 2: Inside and outside temperatures of eddies. Using both eddy identi catidrtracking, we computed the distribu-
tion of temperature both inside (red) and outside (blue) three eddies fifdeneht locations around the world. Also, quartile
distance is mapped to alpha, with the median at full opacity, the lower and upeetiles at50% opacity, and the minimum
and maximum values at no opacity. Thus, where the two distributions pyénky appear magenta. The temperature distribu-
tions for each eddy are shown at depths of 5m, 58m, 112m, and 58@mieinto make sure that the results are not skewed
by differences between surface behavior, mixed layer behavior, @dep ocean. The relationships that are seen between
temperatures inside and outside of the eddy must be maintained in ordezserye the dynamics that support the eddy (as
explained further in the text), but it is unclear whether this is primarily due maiament of waters inside the eddy, or whether
substantial leakage is compensated by vertical motion of the water colartire particular case of the Australian eddy at a
depth of 58m, these effects are confounded by uctuations in the mixedeyth (the upper layer of the ocean, characterized
by large amounts of turbulent mixing) that are known to occur in this regibms, we need a better metric to help to distinguish
between these scenarios.
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pothesis, where the dye is partially taken with the eddy, but

diffuses out of the eddy boundary along the way. @ @
Indeed, a passive tracer study to that effect has been car-

ried out [dvDO04. In this study, simulated eddies in the South

Atlantic, named Agulhas Rings after the current that spawns Figure 3: Decomposition of the velocity eld inside an eddy:
them, were seeded with a passive tracer. Over time, water the eddy is imposed on a background ow, the core of the
leaked out of the eddies, indicated by the tracer appearing eddy is translating, water inside the eddy is circulating, and
outside the eddy. However, water initially inside the eddy exchange is occurring along its boundary.

could remain in the eddy for several weeks, indicated by the
tracer remaining inside the eddy in nontrivial concentrations.
Thus, the rest of our efforts are devoted to the explicit diag-
nosis of the uxes in and out of eddies that would be ex-
pected by the leaky container hypothesis.

rQ rQ
kr Qk kr Qk

T TG @)

To determine how much water from eddies are leaking  Here, a bar with a superscriptédndicates a pointwise
and where, we must determine the velocity of water perpen- ayerage over time, while a bar with a superscriptéddi-
dicular to the interface between the eddy and the background cates a spatial average over the entire eddy within a single
water. This follows from the fact that, at the interface, water time step. The nal multiplication by Q indicates the di-

that is trapped by the eddy will be going along the interface;
the only direction by which water can leave the eddy is the
direction normal to the interface. To accomplish this, we de-
veloped a decomposition of velocity that allows us to remove

rection in which the transport is taking place, since the dot
product withr Q will produce a scalar. This allows us to ag-
gregate the interface transport over time, and have transports
in opposing directions cancel each other out.

every term except for that normal to the interface.

The rst step is to create a reference frame in which the 5§ Results
eddy is stationary. The simulation uses a reference frame in
which the Earth is stationary, so making the eddy stationary The instantaneous interface exchange is shown in Figure
requires subtracting any velocity that moves with respect to for three prominent eddies. From top to bottom, they are an
the Earth. There are two such sources of velocity: the large- Agulhas Ring, a Loop Current Ring, and a Gulf Stream Ring.
scale mean ow, and the translation of the eddy itself. The The Agulhas Ring and the Loop Current Ring both show
former can be computed by taking a time average of velocity, Prominent quadrants directed oppositely to each other: both
as in Section 3.1. The latter can be computed by taking the eddies take in heat from the northwest and southeast, and
average velocity of the eddy (averaged in space for a single expel heat to the southwest and northeast. The Gulf Stream
time step), as argued in Section 3.2, where the argument wasRing, on the other hand, appears to be undergoing deforma-
made for establishing the translational velocity of the eddy tion from the south (the camera in this image is facing west),

for the purpose of tracking.

With the eddy placed in a reference frame in which it is
stationary, the last component of velocity to remove is cir-
culation inside the eddy. Since we are concerned only with
the boundary of the eddy, what we really need to remove are
components of velocity pointing along the boundary, which
we de ne as a contour of th@-criterion. The direction per-
pendicular to the boundary, then, is de ned by the gradient
of Q. To obtain only the velocity pointing along the gradient
of Q, we simply take a dot product.

These four components are shown schematically in Fig-
ure 3. By removing all of them except the boundary normal
component, the interface exchange is de ned as:

—t

uT; (u T T

rQ rQ

— ¢
(W T T ok kr ok

(6)

and the eddy is moving a signi cant amount of heat across its
boundary at the deformation. This suggests that deformation
may be a powerful mechanism by which eddies exchange
heat with their surroundings.

In addition to the instantaneous behavior of the interface
exchange metric, we would like to know about the aggregate
effect of eddies. For this, we time-integrated the interface
transport eld over the three springtime months. In general,
this eld turned out to be quite chaotic, but there are some
locations calm enough to visualize with glyphs. In FigGre
we show the vicinity of the same Agulhas Ring and the Loop
Current Ring, aggregated over three months. These images
are also overlaid on a backdrop of the instantané@usd
from April 15 (of the second year of the simulation), to pro-
vide areference eld. (Since the overlay is an aggregate eld
on an instantaneous eld, there is little alignment between
the two.) We see that the behavior of the Agulhas Ring is ex-
tremely consistent: the Agulhas Rings, over fairly long time
scales, take in water from the southeast and northwest, and
expel water to the west and east. The Loop Current Ring, on
the other hand, moves somewhat chaotically, so even though
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