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Ocean eddies generated through instability of the mean flow are a vital compo-
nent of the energy budget of the global ocean?3. In equilibrium, the sources
and sinks of eddy energy have to be balanced. However, where and how eddy
energy is removed remains uncertain®*. Ocean eddies are observed to propa-
gate westward at speeds similar to the phase speeds of classical Rossby waves®,
but what happens to the eddies when they encounter the western boundary
is unclear. Here we use a simple reduced-gravity model along with satellite
altimetry data to show that the western boundary acts as a “graveyard” for
the westward-propagating ocean eddies. We estimate a convergence of eddy
energy near the western boundary of approximately 0.1~0.3 TW, poleward
of 10° in latitude. This energy is most likely scattered into high-wavenumber
vertical modes, resulting in energy dissipation and diapycnal mixing®. If con-

firmed, this eddy energy sink will have important implications for the ocean

circulation.
There is increasing evidence in support of the idea that the available potential energy
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built up by large-scale wind Ekman pumping of the main thermocline is released by the
generation of eddies through instabilities of the mean currents®?3. Our understanding of
the fate of these eddies is, however, rather speculative. There are a few candidate pro-
cesses that may dissipate eddies in the ocean®*. For example, drag at the ocean bottom?”3

8,9,10,11,12

and suppression by the surface wind stress provide direct mechanical damping

of the eddies. Interactions between geostrophic eddies and internal waves through loss of

balance!® and Rossby wave deformation!4

may provide another route of energy leakage
out of the eddy field. Eddies are also known to drive mean currents along sloping topog-
raphy through the “Neptune effect”!®1¢. A fraction of the eddy energy in the Southern
Ocean may be transferred to internal lee waves and oscillations over rough bottom topog-
raphy, leading to bottom-enhanced diapycnal mixing!”'®1?. However, none of the above
processes have been shown to provide the dominant eddy energy sink. Where and how

eddies are dissipated in the ocean is still an open and important question. If we know

where it happens, this may give us clues as to how it does so.

Apart from in the Antarctic Circumpolar Current and separated Western Boundary Cur-
rents, oceanic eddies propagate ubiquitously westward at speeds similar to the phase

speeds of classical Rossby waves®

. What, then, happens to the eddies when they en-
counter the western boundary, and could this provide us a significant eddy energy sink in
the ocean? We first answer these questions by examining the eddy energy budget near the
western boundary in a nonlinear reduced-gravity model (See Methods). The model?®2!

is solved on a (-plane, with a background layer thickness of 750 m, a reduced gravity of

0.015 m? s7! and a lateral resolution of 3.5 km (equivalent to 1/32° in latitude).

We first conduct a model integration initialised with a single, anticyclonic eddy, avoiding
the complication of eddy-eddy interactions. This eddy has a diameter of about 500 km,
and a layer thickness anomaly of 130 m (equivalent to a sea surface height anomaly of
20 cm; Figure 1a). The eddy propagates westward at a speed of about 5 cm s™1, and its
leading edge reaches the western boundary after 3 months (Figures la-d). The region near

the western boundary enclosed by the dashed-dotted line is where the eddy energy budget



analysis is conducted. Figure le shows the time series of the incoming eddy energy flux
from the east (blue), meridional energy flux through the southern open boundary of the
box (red), and eddy energy dissipation within the box (black). For this single eddy, only
about 7% of its initial energy escapes equatorward through the southern open boundary,
while the majority is dissipated near the incident latitude within the box (Figures le and

1£).

As a step toward a more realistic simulation, a second integration is conducted, initialized
with a random sea of eddies (Figure 2a). The eddies again propagate westward while
interacting with each other and cascading energy to larger scales through the merging of
eddies of the same parity (Figures 2a-d). Figure 2e shows that the incoming eddy energy
flux from the east, in the case of a sea of propagating eddies, is almost exactly balanced
by the viscous dissipation in the control volume near the western boundary, with less than
2% of the incident energy leaking out of the equatorward edge of the box. The picture that
emerges from our model study is as follows: the eddies propagate westward at the speed
of long Rossby waves; upon encountering the western boundary, the available potential
energy associated with the eddies is converted into kinetic energy of the reflected short
Rossby waves?? and smaller eddies, the majority of which is viscously dissipated near the
western boundary. In the ocean, it is likely that much of the eddy energy is scattered into

high-wavenumber vertical modes that rapidly dissipate®.

We now use satellite altimetry and climatological hydrographic data to map the diver-

2324 To compute the surface eddy

gence of eddy energy in the first baroclinic mode
energy fluxes, we use the surface geostrophic velocity anomaly, u’, for the period from
January 1995 to December 2008 that is computed from the global sea surface height
anomaly (') dataset compiled by the CLS Space Oceanographic Division of Toulouse,
France. The dataset merges the TOPEX/POSEIDON and ERS-1/2 along-track sea sur-
face height measurements to give temporal resolution of a week and spatial resolution of

1/3° in longitude®. The vertical structure of the eddy energy fluxes is determined from

climatological hydrographic data?® (see Methods).



The divergence of the depth-integrated linear eddy energy fluxes is

D=V, (] Wihiz) (1)

—-H

where u) and p| are the eddy geostrophic velocity and pressure anomalies associated
with the first baroclinic mode (see Methods). Vj, is the horizontal gradient operator and
z is the vertical coordinate. H is the water depth, which we assume varies slowly in
space relative to the eddy energy flux. Figure 3 shows the 14-year average of the global
divergence of eddy energy in the first baroclinic mode computed using the altimetry data
and binned in 2° x 2° boxes. The most striking features are the ubiquitous eddy energy
divergence (in red) in the interior, and the eddy energy convergence (in blue) near the
western boundary in each ocean basin, representing sources and sinks of the first baroclinic
mode eddy energy respectively. Some regional patterns of eddy energy sources and sinks
are also intriguing. For example, in the North Atlantic there is an eddy energy source
immediately to the east of the New England Sea Mount and an eddy energy sink in the
slope region to the west. This is presumably associated with eddies generated through the
Gulf Stream-New England Sea Mount interactions, their subsequent propagation to the

west and ultimate dissipation along the sloping topography near the western boundary.

An animation of sea surface height anomalies (see Supplementary Information) reveals
that, apart from in the Antarctic Circumpolar Current and separated Western Bound-
ary Currents, eddies propagate ubiquitously westward and impinge on the sloping west-
ern boundary where they disappear, as in the reduced-gravity model. In the reduced-
gravity model, there is only one baroclinic mode and the only energy sink for eddies

is lateral viscous dissipation. However, in the ocean, interaction with sloping bottom

6,15,16,19 13,14,17,18,19

topography , energy transfer from geostrophic eddies to internal waves
and conversion to higher modes are also important. Regardless of the detailed mecha-
nisms, both our model and the satellite altimetry data point to the western boundaries

as an important region of energy loss for ocean eddies.

Using the altimetry data, we estimate the total eddy energy convergence near the western

boundaries poleward of 10° of latitude to be approximately 0.14 terawatts (see Methods).
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This represents a significant fraction of the 0.8 terawatt wind work on the extra-equatorial
surface geostrophic motions®™!%112 The rate of eddy energy loss from the first baroclinic
mode near the western boundaries in each ocean basin is listed in Table 1. We find
each hemisphere removes more or less the same amount of eddy energy, even though the
majority of the wind energy input to the large scale ocean circulation is found in the

2110.1L12 - Ty test the sensitivity of our estimates, we now diagnose the

Southern Ocean
eddy energy sink under different assumptions. If we relax the assumption of linearity
in calculating the eddy energy flux and include the eddy kinetic energy, the energy sink
increases by about 50% (see Table 1). An alternative is to use a reduced-gravity model,
consistent with the numerical simulations, in which equation (1) becomes D = V,, -
(pgHW'n'), where p is density. Assuming the eddy energy is ultimately dissipated, the
total sink near the western boundaries is then about 0.2 terawatts if we choose H = 750
m, consistent with our numerical experiments (see Table 1). With a standard error of
the mean of order 10% (see Methods), Table 1 yields a range of values from 0.12 ~ 0.25
terawatts for the eddy energy sink. Given the uncertainties in the data we use, we estimate

that the total eddy energy sink near the western boundaries poleward of 10° of latitude

is approximately 0.1 ~ 0.3 terawatts.

Both theoretical arguments and numerical simulations show that, in the presence of ocean-
like stratification, the efficiency of energy transfer from the first baroclinic mode to the
barotropic mode is greatly reduced, leading to a concentration of eddy energy in the
first baroclinic mode?*. Dissipating eddies at the western boundary is consistent with
this picture and provides a potential shortcut for removing energy input to the ocean,
since the energy can be removed directly at the mesoscale through excitation of high-
wavenumber vertical modes. This breaks the inverse energy cascade to larger horizontal
and vertical scales in the ocean interior. Some of the dissipating processes may lead to
enhanced diapycnal mixing in the western boundary regions®. Numerical modelling stud-
ies suggest that the large-scale ocean circulation is sensitive to the spatial distribution of

28,29

diapycnal mixing®>*’, and that boundary mixing is more effective at driving a vigorous



meridional overturning circulation in the ocean®”. Our results call for future research into
the possibility, and the potential importance, of enhanced diapycnal mixing in the western

boundary regions.

Methods

The nonlinear reduced-gravity model. The governing equations for the nonlinear reduced-

gravity model are:

)

8—1:+(f+§)kxu—|—VB:KhV2u, (2)
oh
o V- (bt Hu=0, (3)

where ¢ = Jv/0x — Ou/dy is the relative vorticity, B = ¢’h + (u? + v?)/2 is the Bernouilli
potential, ¢’ is the reduced gravity, H is the mean layer thickness, h is the layer thickness
anomaly associated with the eddies, f is the Coriolis parameter, k is a unit vertical vector, Kj
is the lateral viscosity coefficient, and ¢ is time. The energy equation is derived by p(h + H)ux
(2) + pBx (3) such that

OF
— = — AV ((h+ H)uB)
— p(h+ H)EK,[|Vul* + |Vo]?]

1
+ 5olh+ KRV (u? +07), (4)

where E = %p(h + H)(u? +0?) + %pg/h2 is the total eddy energy and p is density. The terms on
the right-hand side of equation (4) are the zonal and meridional energy fluxes, viscous dissipation
of eddy kinetic energy, and horizontal diffusion of eddy kinetic energy. No eddy generation terms

are included in (4) since we are only concerned with the fate of pre-existing eddies.

Now consider a region of interest enclosed by the dashed-dotted line near the western boundary
in Figure la. Integrating (4) over this region and ignoring the diffusive transport of eddy kinetic

energy across the open boundaries (which is extremely small), we obtain

o [Bas~ — o [+ HyuB)iy

zonal energy flux
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+ o / ((h + H)oB)dx

meridional energy flux

- p/((h—i—H)Kh (19> + |70 )ds, (5)

viscous energy dissipation
where S is the surface area of the selected region. In physical terms, equation (5) states that the
change of eddy energy within the control volume is caused by eddy energy flux from the east,
energy flux through the southern open boundary, and viscous removal of eddy energy within the

volume.

Interpreting the eddy energy divergence using the reduced-gravity model. The eddy
energy flux from (5) is

p(h+ H)uB ~ pgHu'r) (6)

when linearized about a state of rest, where an overbar represents time-averaging and g is the
gravity acceleration. The sea surface height anomaly, 7', has been related to the layer thickness

anomaly through gn’ ~ ¢’h. Substituting u’ = (g/f)k x V' into D = V}, - (pgHU'7y'), we get

2 2
g“B 0 ! 0 /1 —

where cp = ¢’HB3/f? is the long Rossby wave speed®. Provided that W is small at the ocean

boundaries, as observed?!, it follows from (7) that D can be interpreted as the divergence of
eddy energy that propagates at long Rossby wave speeds. See Supplementary Information for

the surface height anomaly variance (W) in the global ocean.

Eddy energy divergence using altimetry and hydrographic data. Under the hydrostatic
and Boussinesq approximations and for an ocean of constant depth H, the pressure eigenmodes

Pn(2) are solutions to

d (1 d. 1.
7 (Fazin) + o =0 ¥
subject to the boundary conditions
di
%zO,atzz—H 9)
z
and
dp N2p
%:— pn, at z = 0. (10)
z



¢, are the eigenspeeds and N is the buoyancy frequency. Assuming that the altimetry data

23,24

reflects mostly the first baroclinic mode in the open ocean , e, pi(x,y,0,t) = pgn', we

obtain the pressure anomaly at depth associated with the first baroclinic mode

lzzl(x7y7z)’ (11)
pl(wa Y, 0)

Pi(@,y,2,t) = pgn
where py(z,vy, z) is the mode structure at each location. The baroclinic eddy energy flux diver-
gence is computed using the covariance of the mode 1 velocity and baroclinic pressure anomaly,
assuming H varies slowly in space relative to eddy energy flux,

0 —— ° B8 op)”
_ ) 77 — _ 1
D=V, (LHulpldz) LH 37T by (12)

Substituting (11) into (12), we get

_pg*B 0 (fOHﬁ%(:v,y,Z)dZF)

D= =
2% 0x \  pi(z,y,0)

(13)

We then sum up the eddy energy sink near the western boundary poleward of 10° of latitude in

each ocean basin.

Errors. There are limitations with our analysis of the eddy energy divergence using altimetry
data. The satellite tracks are widely spaced relative to mesoscales in the ocean, and the gridded
altimetry dataset is subject to spatial and temporal averaging. This will inevitably underesti-
mate mesoscale variabilities in the ocean. Measurements derived from altimetry near the coast
have to be viewed with caution, as standard tidal and atmospheric corrections may have larger
errors than offshore. However, a decrease of sea surface height variability close to the west-
ern boundary is a robust feature in both in situ measurements?' and eddy-resolving numerical
models®?. Furthermore, there is a sharper decrease of dynamic height variability towards the
western boundary in mooring measurements than the gridded altimetry dataset can resolve?!.

In addition, we exclude regions shallower than 300 m deep in our calculation.

The standard error of the mean is estimated using s/y/n, where s is the standard deviation,
and n is the number of independent observations. The standard error of the mean for the eddy
energy sink ranges from 5% to 18% for a reasonable range of decorrelation timescales between

1 week and 3 months.
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Table 1: Estimated sink (in terawatts) of eddy energy in the first baroclinic mode

near the western boundary. The values are calculated poleward of 10° of latitude

in each ocean basin from satellite altimetry and climatological data under different

assumptions. Regions shallower than 300 m deep are excluded in our estimation.

Ocean basin

Altimetry + WOCE climatology

Altimetry 4 reduced-gravity model

linearized energy flux | plus EKE H=750m

North Atlantic ~ 0.022 ~ 0.039 ~ 0.034
South Atlantic ~ 0.018 ~ 0.026 ~ 0.015
North Pacific ~ 0.027 ~ 0.041 ~ 0.038

South Pacific ~ 0.015 ~ 0.018 ~ 0.028

North Indian ~ 0.011 ~ 0.011 ~ 0.019

South Indian ~ 0.046 ~ 0.091 ~ 0.048

Total ~ (.14 ~ (.22 ~ 0.19
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Figure 1: Eddy energy budget for a single, anticyclonic eddy in the reduced-gravity
model. a) to d) show the evolution of the layer thickness anomaly (m) associated
with the initial anticyclonic eddy at t=0, 0.4, 1, and 2 years. The region near the
western boundary enclosed by the dashed-dotted line is where the eddy energy
budget analysis is conducted; e) time series of the zonal energy flux across the
eastern open boundary (blue), meridional energy flux through the southern open
boundary (red), and viscous dissipation within the selected region (black) (N m

s71); f) cumulative value of the curves in e) (N m).
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Figure 2: Eddy energy budget for a sea of eddies in the reduced-gravity model. Note

that a) to d) show the evolution of the layer thickness anomaly associated with the

eddy field at t=0, 0.8, 4, and 8 years. Panels e) and f) are as in Figure 1.
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Figure 3: Sources (red) and sinks (blue) of eddy energy in the first baroclinic mode.
These are estimated using satellite altimetry and WOCE climatological data based
on (1) and binned in 2° x 2° boxes (W m~?). Regions shallower than 300 m deep
are shaded in light grey. Note the ubiquitous eddy energy sinks (in blue) near the
western boundary in each ocean basin. The colour scale is saturated in order to

reveal regions of relatively moderate eddy energy sources and sinks.
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Supplementary Information: Significant sink of ocean
eddy energy near western boundaries

Xiaoming Zhai, Helen L. Johnson, and David P. Marshall

Supplementary Discussion

We have conducted model simulations with different horizonal resolutions and lateral
viscosities. Regardless of the model resolution and viscosity employed, virtually all the
eddy energy fluxes into the control box near the western boundary are dissipated within

the box in all the model simulations.

The dissipation of eddy energy at the western boundary is also consistent with the results
of linear wave theory?!. Here we sketch the key results. As shown in Supplementary
Figure 1, we consider a long Rossby wave incident on a western boundary, generating a
reflected short Rossby wave??. The amplitude of the two waves are related as described
by Kansow et al.?!, with significantly reduced amplitude on the western boundary relative

to the incident long wave. This result is insensitive to the introduction of friction.

The incident energy flux is proportional to the squared amplitude of the incident long
wave, and the energy that escapes equatorward is proportional to the square of the am-
plitude on the boundary. Since there is a substantial reduction in amplitude on the

boundary, we find that there is significant dissipation of eddy energy.

This result from linear wave theory is independent of the form (linear drag or lateral
viscosity) and magnitude of the dissipation. For example, with linear drag, if the drag
coefficient is reduced then short waves extend further from the western boundary. Hence,
the flow is dissipated less strongly, but over a larger area, with no net change in total

dissipation.

These theoretical results are consistent with the western boundary eddy energy sink in-

ferred from models and observations in this paper.
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Figure 4: A schematic illustrating the eddy energy sink at the western boundary
based on Rossby wave theory. A long Rossby wave incident on a western boundary
generates short Rossby waves. The available potential energy associated with the
long Rossby waves is converted into kinetic energy of the reflected short Rossby
waves, the majority of which is dissipated near the western boundary as predicted

by the theory?! and inferred from models and observations in this paper.
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Figure 5: Surface height anomaly variance (F) in the global ocean computed using
the altimetry data in m?. Note that the color scale is saturated. Summation over
each hemisphere reveals that the two hemispheres have similar amounts of eddy

energy poleward of 10° of latitude.
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