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Abstract

Assuming eddy kinetic energy is equally partitioned betweebdh&ropic mode

and the first baroclinic mode and using the weekly TOPEX/ER$@eadealata for

the period of 1993~2007, the mean eddy kinetic energy and eddy available
gravitational potential energy in the world oceans are estiratt®.157 EJ and
0.224 EJ; the annual mean generation/dissipation rate of eddy kinetiy ene
available gravitational potential energy in the world oceanstimated at 0.203

TW. Scaling and data analysis indicate that eddy availablgtaranal potential
energy and its generation/dissipation rate are larger t@se tof eddy kinetic
energy.

High rate of eddy energy generation/dissipation is primaghcentrated in eddy-

rich regions, such as the Antarctic Circumpolar Current and thiemdsoundary
current extensions. Outside of these regimes of intense currengntgrgy
generation/dissipation rate is 2 to 4 orders of magnitude lower theampeak
values; however, along the eastern boundaries and in the region where
complicated topography and current interact the eddy energy
generation/dissipation rate is several times larger than those in background.
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1 Introduction

Eddies are the most important component of the oceanic circulatate S
analysis indicates that eddy kinetic energy (EKE) is twaders of magnitude
larger than the mean flow kinetic energy, and eddy availabknpal energy is
one order of magnitude larger than eddy kinetic energy (Gdl.et974; Huang
2010). Satellite altimetry data analysis indicates thatest len the sea surface of
the subtropical gyres, EKE is indeed about 100 times larger thanghe flow
kinetic energy; however, this ratio is reduced to approximdi@ly most part of
the Antarctic Circumpolar Current (ACC) (Wunsch 2007 Plate 6). EKBBost

contained in the form of geostrophic (or mesoscale) eddies on st&eédo 100

km and time scale of 10~100 days; these eddies dominate the oceatic kine

energy at sub-inertial frequencies at mid- and high-latitudesafr@and Wunsch
2009).However, it is clear that at this time we have no reliiidory and data for
eddy energy generation/dissipation rate in the world oceans. 8igds a
critically important component of the global energy budget, ar dgaamical
picture and a detailed balance are most desirable. Hence, we tgoatiathod to
combine altimetry data with a hydrographic climatology; thethod can provide
useful information about the size of eddy-related energy resgniacluding
potential and kinetic energy, in the world ocean, and the associategrsion
rates.

It has been long recognized that mesoscale eddies play impaotenin the
energetics of the global oceans. In the 1970s, the first internatieltapfogram
POLYMODE aimed at observing mesoscale eddies in the oceanergaszed

(Gould et al. 1974). Despite grand technique challenges associated eithiradps
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eddies in the oceans, much progress was made. In particulanesegi high
values of EKE in the Gulf Stream Extension, the Kuroshio Exterenshthe
ACC were identified (Wyrtki et al. 1976; Richardson 1983). With the ok af
satellite altimetry in 1990s, nearly synoptical global pictucdsthe EKE
distribution (Cheney et al. 1983; Zlotnicki et al. 1989; Shum et al. 1986 5¢r
1997; Ducet et al. 2000) are provided. With the improvement in remotengensi
technigue and accumulation of data, more precise pictures of thd spatture
and temporal evolution of the eddy field are immerging.

Most previous studies have been primarily focused on EKE, often daltula
as half of the squared geostrophic velocity. In a stratified fluid, thehkinetic
energy and available gravitational potential energy (AGPE) gvertant. Scaling
indicates that most of the eddy energy may be stored in tmedioeddy available
gravitational potential energy (EAGPE), which is defined asdifference in
gravitational potential energy between a reference state hengbhysical state
associated with an eddy. However, this aspect of eddy energasic®t received
much due attention.

As discussed in Feng et al. (2006), the AGPE is very sensitive tchoice
of the reference state. For a person walking on a flat land,Gi*EAseems rather
small. However, when he sees a deep well by the road sidealwes that his
AGPE can be huge in comparing with the bottom of the well. Esdglies of
basin-scale AGPE by Oort et al. (1994) was based on a reference statedbyai
horizontally averaging the global stratification. Such a fornarats, however,
not suitable for the study of basin-scale circulation. A more saitdbfinition
derived from the original definition of available potential energy shbel used,

and a computational algorithm including the compressibility of aeawand

realistic topography was developed by Huang (2005, 2010). On the other hand,
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for the study of mesoscale eddies in the oceans, the locallggmeestratification
can be used as the reference state. Accordingly, the EAGPE imdrld oceans

was estimated & - 8)EJ (1 EJ=18 J, Feng et al. 2006). Furthermore, the global

distribution of EAGPE is closely linked to the strong density framd currents
in the oceans, implying that baroclinic instability could be theomaechanism
and energy source supporting these regimes of high EAGPE. In danpstudy,
we use a two-layer model to study the structure of an elldyeference state is
defined as the state with no free surface elevation caused ayTéddappropriate
EAGPE algorithm can be derived from such a simple layer model.

Mesoscale eddies in the ocean evolve with time through the faljpwi
processes: eddy generation through baroclinic/barotropic instabilitgirectly
forced by wind perturbations; energy transfer through eddy-eddwadatiien and
eddy-mean flow interaction; and finally through many dynamic @mses eddies

lose their energy and eventually die.

The generation of eddies in the oceans may be linked to both the atmospheri

forcing and the instability in the oceans. Frankignoul and MullE379)
postulated that mesoscale eddies were mainly forced by thedling winds;
they put the energy source due to atmospheric forcing at 0.05 dWMp&ing this
level of energy source with other sources, wind fluctuations do not teeplaly a
dominant role (Wyrtki et al. 1976; Stammer et al. 2001).

The other source of eddy has been identified as the instability indeans,

including both baroclinic and barotropic instability. These dynanpcatesses

have been studied extensively and summarized in textbooks, Pedlosky (1987).

Observations confirmed the claim of instability theory. For examtammer
(1997) found eddy variability was positively correlated with the miearizontal

density gradients; thus, the internal instability is a primatyee of eddy because

5
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large horizontal density gradient means strong baroclinic ingyabilydrographic
data analysis indicated that the ocean is baroclinically uestaielrywhere (Smith
2007; Killworth and Blundell 2007), suggesting the source of eddy energy is
available in the oceans. Hence, the release of potential eleoggh baroclinic
instability can be a major mechanism sustaining the generationesbscale
eddies.

How much eddy energy is actually generated through baroclinabihit?
Using the commonly accepted Gent-McWilliams scheme, Huani\amg (2003)
made an attempt of estimate the conversion rate from the steg@ngravitational
potential energy to eddy energy. Since eddy parameterizataing a crude
numerical technique, the conversion rate is rather sensitivletachioice of
parameter. A close examination was taken by Wunsch and Ferrari (2004), and they
put the estimate at 0.2~0.8 TW. In a more recent review, Feridrunsch
(2009) put this conservation rate at 0.3 TW.

Obviously, the conversion rate is limited by the rate of wind gnieqgut to

the surface current; the estimate of this rate is ©B5TW according to the

studies by Wunsch (1998), Huang et al. (2006) and the most recenbgtGdott
and Xu (2009). Thus, the eddy energy generation rate should be a fiacfion
TW. However, due to the limitation of in-situ observations and compaeer,
no reliable estimate of this rate has been published so far.

Another question is how eddies lose their energy. Due to the ionitat in-
situ observations and computer power, we have no clear dynamic partuings
critically important component of the world ocean energetics.

Eddies may lose their energy through the following processesnbalrag,
loss of balance (or called surface frontogenesis which resaits éddy stirring
and implies an energy cascade from the first baroclinic modeales smaller

6
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than the first deformation radius), interactions with the internavewfield,
continental margin scattering/absorption and suppression by wind worle &om
these processes were briefly discussed by Ferrari and Wi2809); however,
most of these items remain unexplored.

Some observation data suggested that eddy dissipation is closely lonke
rough topography, e.g., current meter record study by Fu et92), altimeter
data analysis by Gille at al. (2000) and model study by Anhet Fierl (2004).
Wunsch and Ferrari (2004) estimated this rate of energy lo8<t atW. Using
moored current meter records and altimetry data, Sen et al. (2@3&)mined the
bottom drag and suggested that the global dissipation rate of low-figgtiew
by quadratic bottom boundary layer drag falls within the range afo0028 TW.
Based on high-resolution global simulations, Arbic et al. (2009) puglibizal
dissipation rates by quadratic bottom boundary layer drag at 0.14 to 0.65 TW
Although these studies seem to give a rather high upper lintihéorate of eddy
energy dissipation through bottom friction, it is questionable whetheorbott
friction can take up such a large portion of the total eddy energy.

Although the eddy-related energy and conversion rates are lbyitica
important, progress in diagnosis based on observation data has beerslmath
Satellite altimetry data is the most powerful tool curreatrgilable in collecting
synoptic data of eddy-related sea surface height anomaly orl gatbe. In order
to incorporate the vertical structure of eddies, the simplesbagipris to use a
two-layer model to infer the baroclinic structure of eddies. Thus,study is
focused on the diagnosis of eddy energy generation/dissipation ratsb dras
reliable merged satellite altimetry data and an equivalent two-fagdel.

In Section 2, we discuss eddy energy in the form of EKE and EAGPE

common approach is using the main pycnocline (thermocline) as énfag# of a



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

two-layer model. Following the analysis by Flierl (1978), an egeitatiwo-layer
model (EQ-model) is defined, based on the optimal parameter otelmdated
from the first mode of the continuously stratified model. In thig,weddy energy
is linked to the free surface elevation anomaly observed froriiteatiata. In
Section 3, the data processing and calculation algorithms arenteesdhe
results of our analysis are presented in Section 4, and we conclulde last

Section 5.

2 Two-layer model and calculation algorithms
Mesoscale eddy energy consists of two parts: EKE and EAGPEesEdaln

be classified as barotropic eddy, baroclinic eddy of mode 1, @@ahel so on. In
theory, eddy energy calculation should include contribution from all lgessi
modes. However, such a calculation requires information about thealertic
structure of eddies, which is not available from satellite altimetry daya onl

Wunsch (1997) went through a detailed analysis for all current rdeter
available at that time, and his results indicated that mostgbagtidy kinetic
energy is contained in the first baroclinic mode. Forget and Wunsch (2007)
analyzed all hydrographic data in the global oceans and canae similar
conclusion: “Over the global ocean, the interpretation of the SSH varialsilihea
vertical displacement signature of the first baroclinic modea iseasonable
approximation.” Ferrari and Wunsch (2010) noted that at periods beyond one day,
kinetic energy of a water column is roughly equally partitiobetween the
barotropic mode and the first baroclinic mode. Thus, we will useahésworking

assumption.
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2.1. Model formulation

Before calculating eddy generation/dissipation rates, we pretent
formulations based on a two-layer model and an equivalent model infemed
continuously stratified model. The details of model formulationegsented as
follows: a two-layer model is presented in Appendix A. An equivaleattwo
layer model inferred from a continuously stratified model, followkfigrl (1978),
is presented in Appendix B, where the reason why this moduwdtier than the

traditional two-layer model is presented.

2.2. The calculation of the EKE and the EAGPE

Using the central difference scheme, the geostrophic velouitidtee upper
layer were computed from the SSHA as=-gn, / f andv, =gn, / f . Assume
there aren grid points within the closed sea surface height anomaly contour of a

eddy, the mean geostrophic veloci¢y1> in the upper layer of the eddy is

n

<V, >:Z( u,; +v1j2)/n. 1)

i=1

The total geostrophic kinetic energy of each eddy is

EKE => 0.5, /f YpAH, H, /H,;, (2)

i=1
where p=1030kg /m’is the reference density,;,H,, are the upper, lower
layer thickness andH, = H,; + H, is the total thickness at grid.

From Egs. (A4, A15), the corresponding formula for the EAGPE is
EAGPE = pan® (H, 1 H,,) Al 2¢ ©)
i=1 )

Our discussion above is focused on the first baroclinic mode nerge eddy

energy can exist in quite different forms. As discussed byafeand Wunsch

(2010), eddy motions in the ocean can be described in terms of the Quasi-
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Geostrophic modes in the oceanic interior, plus the so-called cBu@aasi-
Geostrophic solutions (Lapeyre 2009). Since the traditional QG modes are defined
for the ocean at rest, it is may not be the best way toseprenotions observed

in the ocean. On the other hand, the traditional QG modes are definedhie
unforced solutions of the homogeneous Sturm-Liouville system, and these modes
form an orthogonal and complete base; thus, any function has a unique (and
convergent) expression in this base. Hence, we can use these makdedase

and assume that the eddy energy is partitioned as follows

E=c¢E, +CE, ,*CE ,+.... 4)
In this study our focus is on the first two terms only; accotginhe SSHA
signals are separated into two parts

1=y ol =00 0o = (L Y 5)
where 77, and 73,. are the barotropic and baroclinic components, arid[0,1]

is the fraction. To choose this fraction we assume that the Kiotedic energy

partition can be written as

ke=ke, +ke, ke, =c &e ke, =(1-c)ke (6)
For each grid, the vertically integrated kinetic energy is
keoc:O-5/_7A(D’7bc /f)z HyH; 1H, ,, (7)

ke, =0.50A (0n, /)°H,. (8)

From Egs. (5, 6, 7, 8), we obtain

a:(l+ H,, 1‘7“] (9)

Li

1
n

EKE:;(l—a) PA(D T EYH H H,, 10)

10
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The available gravitational potential energy assted with the barotropic mode is
much smaller than the corresponding kinetic enetigys can be omitted; the

available gravitational potential energy for anedd
3 R 2
EaGPE = Y (1-a)’ pgr’(H, IH, ) Al 2,
=l : (11)
On the sea surface, the percentage of the kineggg associated with the

first baroclinic mode and the barotropic mode is

R. =(1-a)" /| a* +(1-a)’]. (12)

It is clear that ¢ may be a function of space ame;t however, as a first step in
reveal the eddy energetics, we will assutr®.5 is a global constant, i.e., the
water-column integrated kinetic energy is equalytiioned between the

barotropic mode and the first baroclinic mode; thws have

Re=H,/H (13)

Thus, the surface kinetic energy is mostly assediatith the first baroclinic
mode, as discussed by Wunsch (1997). In the fotigwdiscussion, we will

present results based on the case w5, unless stated otherwise.

3 Data analysis
3.1. The data

The weekly TOPEX/ERS merged data over period 199807 were used in
our analysis. We used the data covers the latibaehel from 60°S to 60°N with a
horizontal average resolution of 0.3330.265°. Since errors of altimeter data are
larger near the boundary, the sea surface heighinaly (SSHA) data over
regimes with depth shallower than 200 meters aaaddned. Many issues related

to the quality and utility of this data set haveebeliscussed in previous studies,

11
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e.g. Chelton et al. (2007).

The stratification data is obtained from the WOABhual mean climatology
of temperature and salinity. The vertical structofd and S profiles at each 1° x
1° grid point is linearly interpolated to verticaliniform grid of 50 meter interval.
The squared buoyancy frequerid§(z) at each grid is calculated by the standard
Matlab subroutine: Seawater (provided by CSIRO M#&LSeawater Library,

Phil Morgan, CMR).

3.2. ldentifying and tracking mesoscale eddies

Eddy-like character of variability (time scalesldi0 day and space scales of
100 km) can be identified from SSHA as follows.sEirthe SSHA fields were
zonally high-pass filtered to remove large-scalating and cooling effects
(Chelton and Schlax, 1996). The resulting anomiglgls were high-pass filtered
with filter cutoffs of 6° x 6° to reduce mappingas. The reasons of choosing
high-pass filter are two folds. In general, theesst an eddy is smaller than 6°x 6°,
especially at high latitudes. In addition, at lowatitudes perturbations are
primarily in the form of linear Rossby waves witklatively large spatial scale;
thus, with high-pass filtering applied to remove thrge-scale SSHA, not much
eddy signals are retained (Chelton et al. 2006).

Two criteria applied to identify eddies. 1) A cldssontour of SSHA = 5 cm;
2) the zonal and longitudinal spread of the aredosed by SSHA contour are
both at least 0.5°. The central location of theyedddefined as the centroid of
area within the closed SSHA contour. Sificgpproaches zero near the equator,
the eddy calculation is limited to 5° off the ecprat

Eddies are tracked from SSHA fields at consequerd steps as follows. If
an eddy center at next step is located within @ecicentralized at the center of an
eddy at the previous time step, these two eddesa@msidered as the same eddy

12
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at these two time steps. To avoid jumping from waek to another, the radius of
the circle is restricted to 1° of latitude.

Comparing eddy characteristics in our analysis wagults from Chelton et al.
(2007) showed a good agreement in almost all impbraspects, including the
global distribution of eddies, and eddy propagatiefocities and direction. The
number of eddies in our results are slightly lardee to the high-pass filtering
enhances the eddy variability at higher spatiadltg®ons.

Analyzing the merged altimetry product over theygar data, approximately
275,000 eddies were identified and the number dfigdoved cyclonic
(anticyclonic) eddies with lifetime 4 weeks were 51719 (51557); thus, 37.55 %
of the observed eddies were long-lived. The trajges, the number per 1° square
of long-lived eddies and their mean EKE (per uniss) derived from the
geostrophic velocities are shown in Fig. 1.

Eddies are mainly concentrated in the vicinity e tajor current systems.
At low latitudes (especially the equatorial bandi,high latitudes, and in the
eastern basins eddy activity is much lower. Lacleddies in these regimes may
be due to the fact that large-scale ocean waves thay dominate the observed
SSHA (Chelton et al. 2006). Eddies in the tropiesppgate mostly westward;
while eddies in the western boundary current exbeisshave eastward velocity
components, which may be induced by the mean fitdies in the ACC band
primarily propagate eastward due to the intenseveas current and the Westerly
wind. The mean EKE (per unit mass) shown in lowegbamf Fig. 1 is directly
calculated from the SSHA data. The pattern andngthe of the EKE are in
excellent agreement with Stammer (1997, his Figar@) Ducet et al. (2000, their
Plate 8). In conclusion, thus, the distribution atikctly-derived energetics of

mesoscale eddies are very similar with resultgévipus publications.

13
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3.3. Calculation of the annual mean generation/dissipation rate of mesoscale
eddies

Through eddy identification and tracking, the tirseries of position and
energy for an eddy were obtained and the totalggneiran eddy at each moment
in its lifetime was calculated as summation of Exitel EAGPE.

Assume that we have a time series of an eddy, dimguits position and the
SSHA at uniform time step of one week. In ordeatalyze the life cycle of the
eddy, we extrapolate this life of eddy to define beginning and end of the eddy.
Eddy energy was first calculated in non-uniforndgroints, and it was converted
into a 1° x 1° grid data set. The 15-year mearoafees/sinks at those grid points

is thus computed (see detail in Appendix C).

4 Results
4.1. The interfacial depth

The interfacial depth for the EQ-model can be daeteed by solving the
eigen value problem and inferred from Eq. (B3) ipp&ndix B, Fig. 2a. In

addition, this depth field is subjected to a caaistr of H,<H/2 and a

smoothing.

Alternatively, the corresponding interfacial depththe TH-model can be
diagnosed from climatological data. After the apjraate range is set, the level
of maximum vertical temperature gradient in eacdtiat is diagnosed. For
stations with no subsurface temperature gradientimam, the corresponding
depth is determined by interpolation from adjacstdtions. The map after
smoothing is shown in Fig. 2b.

At middle and low latitudes, these two maps shangla features. For
example, the equivalent interface depth in theraitais slightly larger than that

in the Pacific Ocean and Indian Ocean. Howevegl #re quite different at high

14
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latitudes. The upper layer thickness of the EQ-rhalenostly deeper than 500
meters poleward of 40°. Within the central latituand of ACC, especially south
of 45°S, the equivalent interface depth is on ttdeoof 1000 m. In comparison,

the thermocline depth of the TH-model is quite kvalat high latitudes, on the

order of 100-200 m only. In fact, the main thernmoel outcrops along the

poleward edge of the subtropical gyre. Thus, #&ulds higher than the poleward
boundary of the subtropical gyres, there is no nfa@nmocline or pycnocline. As

a result, it is rather difficult to define such iaterface, and a dynamical meaning
of the TH-model seems unclear.

A close examination also reveals some differendst®xat lower latitudes
between these two models. For example, within 2Gh@® equator in the Pacific
Ocean, the equivalent interfacial depth of the EQileh is approximately 200 m,
but it rises to 400 meters in the east. On theroband, the corresponding
interfacial depth in the TH-model is deep in thestgen equatorial Pacific Ocean
(150 m), but it is shallow in the eastern equatdtacific Ocean (less than 100m).
However, the difference in the equatorial band does really affect our
calculation in this study because the equatoriatitarns out to be a zone of low
eddy activity within our approach, as discussedrabo

The density step for the EQ-model is calculated from Eq. (B4), uppanel

of Fig. 3. In compassion, the corresponding valuetifie TH-model is defined

asi€' = (Pyjome ~ Poupper) | P Where p, .. and p, .. are the mean potential

density for the layers above and below the maimtbeline at each station. The
high density step near the Warm Water Pool in theatrial Pacific reflects the
fact that stratification is very strong due to tharm and relatively fresh water
there. In comparison with the TH-model, densitypstdtained from the EQ-

model is relatively large in the core of ACC. Aadimg to Eqg. (A18), this

15
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difference should give rise to a relatively lowdéof EAGPE. On the other hand,
the equivalent interfacial depth of the EQ-modeirisch deeper in this area.
According to Eqg. (A17), this should give rise torach higher EKE there. The
difference in these two models will be discusseth&r shortly. However, in the
following analysis, we will use the equivalent idiéeial depth and the density

step inferred from the EQ-model, unless specifycstihted otherwise.

4.2. The total EKE and EAGPE

We begin with the diagnosing AGPE and EKE from l§tdedata. The
meridional distributions of zonally integrated EKEAIGPE are shown in Fig. 4.
Eddy activity in the equatorial band is a low, Bewn in previous studies. In the
Northern Hemisphere, high density of EKE and EAGH&tpears around the
latitude band of 40°N, which is closely relatedthe Gulf Stream and Kuroshio
recirculation. In the Southern Hemisphere, theeet@o peaks. The northern peak
around 40°S is related to the strong recirculatainthe subtropical gyres,
especially the Agulhas Return Current in the Soutian Ocean, and the
confluence regimes of the subtropical gyre anddB€. The second peak appears
around 50°S, which is closely related to the streddy activity in connection
with the core of the ACC.

In addition, the distribution of zonally mean eddgtime of eddies is shown
in Fig. 4c. There are two peaks of eddy lifetimeesch hemisphere, and the
global mean lifetime is about 4 weeks. Eddy lifetigradually declines toward
the equator. The reason of the eddy lifetime distron remains unclear.

Both the ratio of EAGPE over EKE and the ratio dflg scale over the
radius of deformation vary greatly with latitudeigF4d. At lower latitudes,
deformation radius is much larger than the meary eddle, and the energy ratio
is smaller than one near the equator. At highudés, deformation radius is much

16
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smaller than the mean eddy scale, while the enatiy is increased to 2 or even
3. This is consistent with the explanation and (B4.9) in the Appendix A, which

implies the ratio of baroclinic EAGPE over baro@i&KE is equal to the squared
ratio of the eddy scale to the radius of deforrmati®ince according to Eq. (6), we

have ke, =0.5ke and we omit the barotropic EAGPE in our calculatias

mentioned in Section 2.2, the ratio of baroclinlB@PE over baroclinic EKE,

indicated by the thin dashed line, is theoreticalljce the ratio of EAGPE over
EKE, depicted by the thin solid line. However, iig.F4d, on one hand, the
squared ratio of the eddy scale to the radius fdra@tion (not shown) is lower
than double the ratio of EAGPE over EKE, suggestingt the eddy scale
resolved from the SSHA fields may be underestimaedthe other hand, at mid-
latitudes around 25° the energy ratio is largentbae while the radius ratio is
smaller than one; we have not yet found any pldeigkplanation, and thus this is
left for further study.

As shown in Fig. 5, regions of low ratio (no mohan 2) are located within
the subtropical gyre, including their western banydand extensions where
intense currents and eddy activity are quite strétmwever, at high latitudes,
especially in the east part of the North and S&a&bific Ocean, the ratio is quite
large where eddy generation is less active. Thamar of ratio is larger than 10.
At 45°S band, although the Rossby deformation sadunearly the same, this
ration is quite large in the eastern part of th@tBdPacific and its conjunction
with ACC, indicating that the spatial scale of exdihere is much larger than the
deformation radius.

The total EKE/EAGPE diagnosed from the EQ-modesusnmarized and
compared with previous estimates, Tables 1 andh2. tdtal EKE in cyclones
(0.081 EJ) is slightly larger than that in antigyeés (0.076 EJ); similarly, the
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total EAGPE in cyclone (0.113 EJ) is slightly larghan that of anticyclones
(0.111 EJ).

The total EKE and EAGPE is 0.157 EJ and 0.224 &s]pectively, Table 1.
These values are much smaller than those repartedevious studies, Table 2.
For example, using data for the monthly mean veldoir the period from 1958
to 2001 taken from Simple Ocean Data AssimilatiB®ODA) data (Carton and
Giese, 2008), the mean kinetic energy of the wodeéan is estimated at 1.46 EJ
(Huang 2010). Since most kinetic energy is in fooheddy, this number can be
used as an estimate of EKE. Ferrari and WunschRj20@ the estimate as 2.6 EJ,
without giving the detail of their estimate. Thege difference between EKE
diagnosed in the present study is about 10 timedlenthan the values diagnosed
from numerical model of data assimilation in theC3Qlata.

The total EAGPE in the world oceans remains unclearly estimate, such
as Oort et al. (1994), of AGPE in the world ocearas based on dynamical
framework of mesoscale dynamics. As discussed Bng2010), using such a
formulation is, however, not suitable for the stuafybasin-scale circulation. A
more accurate formulation gave the estimate of AGPE380 EJ (Huang 2005).
However, the contribution due to the availablenmi energy is negative, and the
algebraic sum of these two terms is 810 EJ. Asudsed above, a suitable choice
of referenced state is of critical importance itcakating the AGPE. For the study
of eddy energetics, a reference state obtaineddnaging the stratification within
a horizontal domain on the order of the first defation radius is a good choice,.
The total amount of EAGPE in the world oceans smety depends on the
choice of the reference state. Using either a 1™ sor 2° x 2° gird, the total
amount of EAGPE in the world ocean was estimated&EJ (Feng et al. 2006).

These numbers are larger than the value of 0.22Zbtained in this study.
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Thus, it is clear both the EKE and EAGPE estimat#sined in this study is
much smaller than estimates obtained from theony mmmerical models. In
particular, EKE is one order of magnitude smalleant that obtained from
numerical simulations. The large difference betweenestimates and those from
theory and numerical models may be due to the rdthe spatial and horizontal
resolutions used in collecting satellite data dreldmoothing used in merging and

analyzing the satellite data.

4.3. The mean generation/dissipation rate of mesoscale eddies

The generation/dissipation of mesoscale eddieskeyacomponent of the
general circulation because eddies take energy frmmlarge-scale mean state
through barotropic and baroclinic instability. Eugally, eddies dissipate their
energy through many dynamical processes. Howevest of these processes
remain unclear at present time, and these processesmply treated as either a
net growth or a net dissipation of an eddy betwi®en stations which the eddy
occupied during the consequent time at two consedime steps.

For eddies with lifetime> 2 weeks, the annual mean generation/dissipation
rate of eddy energy was calculated based on the @@Qs 11), Fig. 6. At the
resolution available from satellite data, the spatistribution of the generation
and dissipation rate is practically the same. Iditawh, the maps for cyclonic
eddies and anticyclonic eddies are quite similad, tae minor difference can be
seen only in the zonal integrated distribution shawFig. 7. Thus, only maps of
cyclonic eddy energy generation rate are presdreaszl

Comparing Fig. 6 with Fig. 1 indicates that eddae abundant in the
Kuroshio Extension, the Gulf Stream Extension amel ACC. In the Northern
Hemisphere high eddy activity appears in the Westiri8ary Current (WBC)
extensions, which seems directly linked to theab#ity of mean flow, with a
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energy generation rate on the order of 15 m%ihe high energy generation rate
regime in the North Pacific Ocean appears as al bamal, 30°N~ 42°N, but it

extends further northeastward in the North Atlarf@dicean. In fact, one of the
highest rate areas is located as far &l50his northeastward extension of high
energy generation rate seems directly linked tosthang eddy activity associated
with the North Atlantic Current.

In the Southern Hemisphere, the high energy gdparaate appears in the
Brazil current, the Brazil-Malvinas Confluence (tteeirculation in the Argentine
basin), and the Agulhas Current and its retroftectiThe corresponding currents
and associated recirculation systems in the Soatifi® Ocean does not appear as
a regime of strong eddy generation. The equatbaall and a vast regime in the
east part of the North and South Pacific Ocean dtutrto be a zone of very low
eddy generation. Some of these low eddy generdtioations, such as the
equatorial band, may be partially due to the dabagssing standards used in our
analysis. There is another band of high energy rgéine rate in the South
Hemisphere, closely associated with the core of ARG 6.

In addition, eddy energy generation rate alongdastern boundary of the
Pacific and off the western coast of Australia e wrder of magnitude higher
than the corresponding value in the adjacent mteocean, suggesting local
wave-induced generation mechanism of eddy (Zametdad. 2007) and eddy may
generate or dissipate their energy at continentafigim via relatively weak
baroclinic instability, eddy-eddy interaction ordgelvave interaction.

The characters of the zonally/meridionally integdatnean generation rates
of eddies are shown in Fig. 7. In the meridionalection, there are three
latitudinal bands of strong eddy energy generatibime first band is located
around 35-40°N, apparently linked to the recirdatatof Gulf Stream and

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Kuroshio. The additional secondary peak around 5f¥fdects the contribution
due to the North Atlantic Current. The local maximenergy generation rate of
3.1 GW/degree for cyclonic eddies locates at 3&ftN the maximum rate of 3.0
GW/degree for anticyclonic eddies locates at 40TNis slight difference in
latitude band is because of the polarity of meanddrthe Gulf Stream and
Kuroshio Extension, which are cyclonic on the sostde of the flow and
anticyclonic on the north side of the flow.

The generation rate in the equatorial band is mehg low. South of 20°S,
eddy energy generation rate gradually increasesreaches a large amplitude
around two bands of peak value, one close to 388Saother one between 48°S
and 55°S.

From Fig. 7, it is clear that more than half of g@thergy is generated in the
Southern Hemisphere, especially near ACC. The grggrgeration rate at the core
of ACC reaches a value of 3.30 GW/degree for cyclorddies and 3.16
GW/degree for anticyclonic eddies at 48°S~56°S1B6°E, contributions from
the Kuroshio Extension and the confluence east ustrialia give rise to a high
peak of 1.18 GW/degree for cyclonic eddies and GW/degree for anticyclonic
eddies, lower panels of Fig. 7. The largest pea&8aW the highest peak (1.46
GW/degree for cyclonic eddies and 1.38 GW/degreeafaicyclonic eddies) is
due to the contributions from the Gulf Stream Egiens and the Brazil-Malvinas
Confluence in the Argentine Basin. The smaller pestidongitudes of 0° ~ 100°E
result from the enhanced variability of eddy endrgthe Agulhas Return Current
and the ACC band.

It is clear that we must pay close attention to lihle between local energy
generation/dissipation and flow field and its iatgion with topography. For

example, the Luzon Strait is a narrow gap betweenSouth China Sea and the
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Northwest Pacific. Wang et al. (2003) found thasivef the Luzon Strait eddies
are abundant. Our analysis indicates that thisresgane of relatively high eddy
energy generation/dissipation rate. East of theohu8trait, Kuroshio brings in
fast current and strong shear. Strong eddy actiwdy be induced by the invasion
of Kuroshio (Yuan et al. 2006). Moreover, the rodghography in the strait and
the intense internal tide from the Pacific may gi$ay a role in enhancing the
eddy activity.

Likewise, the intense currents and the rough bottopography interact in
the Yucatan Channel through which the Gulf Streowd from the Caribbean
Sea to the Gulf of Mexico, in the area that the AlR@s between the Falkland
Islands and South Georgia and the South Sandwliahdis, and in the eastside of
Australia where the East Australia Current exists, The instability of mean flow
results from the flow-topography interaction mayhance the local eddy
generation rate. The annual mean energy converaies in these regions are 2 ~
6 times larger than those in the background (Feyac¢ shown).

The total energy generation rate for mesoscaleseddith lifetime> 2 weeks
are listed in Table 3. The total generation/dissgparate of mesoscale eddies is
0.203 TW, and the rate for cyclonic eddies is lowen those of anticyclonic
eddies. It is important to notice that nearly haflfeddy energy is generated in
ACC. The eddy energy generated in the Northern Hghare is much lower than
in the Southern Hemisphere.

As discussed above, eddy energy consists of twis,paKE and EAGPE;
both components take part in the energy transfeércanversion. According to the
theory of baroclinic instability, at the horizontdale of deformation radius, eddy
energy is approximately equally partitioned betwdbase two components.

However, mesoscale eddies in the oceans graduahlgfer their energy toward
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larger scale through eddy-eddy interaction. Asisgdtqg. (A19) revealed, at scale
larger than the deformation radius, EAGPE is latban EKE.

In many earlier studies the squared geostrophiocitgl multiplied by a
factor of 0.5 is treated as the EKE, without in@hgdthe contribution of layer
thickness. Furthermore, the EAGPE was seldom digcusin view of the
importance of eddy energy partition, we went thioudpe calculation and
separated these two components. In addition, the Ednponent now contains
the contribution due to the mass of each eddy. elehe generation rates of EKE
and EAGPE for global cyclonic and anticyclonic exdwith lifetime> 2 weeks
are calculated (Fig. 8 top panel) and the globaisof these items are obtained
(Table 4). Accordingly, for the EQ-model the EKEngeation rate of cyclonic
eddies is slightly lower than that of anticyclomddies. However, the EAGPE
generation rate of cyclonic eddies is slightly Rigtthan that of anticyclonic
eddies. Further, like the ratio of EAGPE/EKE in .Fig the ratio of cyclonic
EAGPE generation rates over EKE generation ratelsasn in Fig. 8 lower panel.
For the global sums, in the EQ-model the EAGPE gtiua rate is about 1.3
times larger than that of EKE (Table 4).

As a comparison, we also include the results disgthdrom the TH-model
(See it in Appendix D). We believe that the resoli$ained from the EQ-model

are more reliable, and thus our discussion inghjger is based on this model.

5 Summary and conclusion

By assuming the barotropic and first baroclinic e®dave equal kinetic
energy, the mean EKE and EAGPE are estimated 87 (El and 0.224 EJ, and
the mean generation/dissipation rate of mesoschle® is estimated at 0.2 TW.

Previous estimates of the eddy generation andpdissn rate, such as Huang and
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Wang (2003) were based on rather crude eddy pagareion scheme. Due to
the highly uncertainty of the parameters used ®irtlstimation, the accurate
value of this conversion remains unclear. In thesiareview by Ferrari and
Wunsch (2009), a value of 0.3 TW was assignednbutetails were available. To
the best of our knowledge, no reliable estimateddy energy conversion rate
obtained from numerical model has been reporteds,Time value of 0.2 TW may
be used as a target value.

The estimates of EKE and EAGPE reported in thigstare much smaller
than those obtained from theory and numerical atrais. In particular, EKE is
at least 10 times smaller than the values baselemmy and numerical simulation.
Such major gaps are primarily due to the rather kEpatial and temporal
resolution of the altimetry data used in this stuljhough the satellite altimetry
data we used has a horizontal grid resolution 88®.deg by 0.265 deg, features
can be resolved by this altimeter dataset are nweehiser than this nominal
resolution. As a reviewer pointed out that the dadjfference between our
estimates and estimates based on theory and nansinculations indicate that
there are a lot of mesoscale and submesoscalesedlldieh were not resolved by
this altimeter dataset. These smaller eddies maref@onsible for a significant
amount of eddy kinetic and available potential ggewhich are not included in
our estimates. Therefore, the EKE and EAGPE estisnit this study, as well as
their generation/dissipation rates, should be pmeted as the lower bounds for
the corresponding values. More accurate estimatethése important quantifies
are clearly needed for further study. It is cldettrevealing the important role of
eddies in the ocean remains a grand challengebfereation technology, theory
and numerical simulation.

Despite the large gaps between the estimates fimnstudy and those based
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on theory and numerical simulations, many aspeictaup results may be useful

for understanding the role of eddies in the ocegeiteral circulation, such as the
spatial patterns of the EKE and EAGPE distributidhe patterns of the

generation/dissipation rate.

Although, a few estimates of eddy-related energy@mversion rates were
reported in the literature, but they were poorlgstoained, and not always
consistent between each others. In particularetiverre no estimates of EAGPE
based on satellite observations. We postulateda@dkical framework of the
calculation of EAGPE based on satellite SSHA oleteyas. Thus, we believe
that our estimates set a set of consistent lowmendi®for the eddy energetics in
the world oceans based on satellite observations.

One of the major uncertainties in our analysihiesworking assumption that
EKE is equally participated between the barotropade and the first baroclinic
mode. (If we assumed that all kinetic energy ishie form of the first baroclinic
mode, the corresponding total eddy energy andeiteigtion rate is estimated at
0.646 EJ and 0.345 TW respectively, details of #mslysis is not included).
Although Wunsch (1997) and Forget and Wunsch (2GQigjgested that most
eddy energy on the sea surface is contained irfitste baroclinic mode is a
reasonable approximation, recent studies raisede sqguoestions about this
assumption. For example, Lapeyre (2009) suggebdiie SSHA signals may
be dominated by the surface geostrophic solutidiewever, the surface
geostrophic solutions are surface trapped, and ctireesponding interfacial
displacement in the deep part of the ocean is cntall; thus, such surface
trapped motions cannot be associated with a lamgeuat of available potential
energy. Accordingly, the rate of eddy energy geimmreaand dissipation would be

greatly reduced, and this may give rise to a cotapaifferent global energy
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balance. To resolve this critically important issderther studies involving
analyzing in-situ observations or eddy-resolvingnetical model output are
necessary.

There is a great uncertainty associated with th@icehof filtering scale
because results obtained from processing satdHite are sensitive to the choice
of filtering scale. Different filtering scales mayve quite different results. We
have carried out similar calculation using filteriscales from 5° x 5° to 7° x 7°,
and the obtained eddy energy varies within the ganig0.196 ~ 0.577 EJ and
energy generation rate varies within the range tf 6 0.29 TW (Table 1, Table 3
and Table 4).

Our results suggest that most of eddy energy dissip takes place in the
middle of the wind-driven circulation, especialhetrecirculation regimes and the
ACC. The regimes of strong dissipation in the NemthHemisphere do not seem
to be directly linked to the bottom topography. $hanergy dissipation through
interaction with bottom topography may not be timyavay to dissipate eddy
energy. Other mechanisms, such as dissipation ghrdass of balance and

interacting with the atmosphere may play some kinable.
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Appendix A: Formulation based on a two-layer model
A first-baroclinic-mode eddy can be examined imigiof a two-layer model,
Fig. Al, wherey is the sea level anomaly, is the depth of the interface,is the
interfacial disturbance,Hy, H,), (U1, W), (01, p2) are the mean thickness,
horizontal velocity and density of the upper anddo layers. The corresponding

pressure gradient in each layer is
Ops 9a) 7 9, Gpr /A @ p hOgp,Mp0g p d (A1)

whereg is the gravitational acceleratiodp = p, — o, is the density difference

between the upper and lower layers. These relatiande rewritten as

O U '
ﬂ:gmq’&:@ﬁ @ d

Py £, , (A2)

where g'=glAp/ p, is the reduced gravity. Geostrophic velocity icleayer is

proportional to the pressure gradient, the rightgbaf Fig. A1l. By definition,

volumetric transport in each layer satisfy thedwaling constraint

WwH,+u,H,=0 (A3)
From these equations we obtain

g :3(“%}7. (A%)
2

Thus, the horizontal pressure term in the loweelay reduced to

%:—Q%DIF— i%-

(AZ’)
p2 2 H2 pl

When the lower layer is much thicker than the ugpger, velocity in the lower
layer is much smaller than that of the upper layewever, the volumetric

transport in the lower layer is not negligible besa it is exactly the same as that
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in the upper layer (with an opposite sign).
In the present two-layer model, if the lower lay@much thicker than the
upper layer, the layer ratio term in Eq. (4) canobatted, and the corresponding

expression is reduced to
d=3,. (A4)
g

However, in our calculation, the exact expressiaf) for our 2-layer
approximation of the stratification is used.

The AGPE for a two-layer model can be calculatedoisws. Assume the
undisturbed upper layer thicknessHs, the free surface elevation jsand the
interface depression & Fig. A2. The reference state is defined as tate stith
minimal gravitational potential energy, which c@pends to a state with both the
free surface and the interfacial surface leveleld @ shown by the dashed
horizontal lines in Fig. A2. Since the vertical neovent involved is very small,
we assume that water density does not change wesspre. As a result, the only
changes are as follows. First, the free surfaceagten anomaly is flatted out, as
shown by the arrow in the upper part of Fig. A2c@wl, the interface is flatted
out, indicated by the solid arrow in the lower pafrEig. A2. However, other parts
of upper and lower layer remain unchanged.

The calculation of AGPE is separated into two pd&fts the upper part of the
water column, we use the upper surface of the turthsd upper layer as the
reference state. The total gravitational potergrargy of the water parcel before

and after adjustment is

b

Xiop = ggl n°, (AS)
_ gpl ipgz=92 B o

Ko =25+ (BHb)a’ =R (A6)
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Thus, the corresponding available gravitationakpbal energy is

Bb
A)(Top :X$op _X‘%op = 92101 m’? g (A7)

For the lower part of the water column near therface, there are two water
parcels exchanging their positions. For simpliciye use the non-disturbed
interface as the reference level. Before the adfjest, the total gravitational
potential energy for the upper layer parcel (onltheer-left corner) and the lower

layer (on the lower-right corner) is

Xon = —%b(d o), (A8)

Xor= 952 Be?. (A9)

The corresponding terms after adjustment have aira¥pressions,

Kar =22 BE", (A10)
Koy = =252 b(d —8)". (AL1)

Thus, the available gravitational potential eneaggociated with the adjustment
of these two water parcels are

A)(Bot = /\/got,l +/Y§ot,2 _Xéot 1 _Xéot 2 _T (B " b) (A12)

For an individual eddy, the width of the backgrowstdatification field is
much larger than the width of the eddy, so Biatb, and the corresponding total
available gravitational potential energy for thatuength, obtained by dividing

the width ofb, is
A
X = Dror + Do -~g—2pd2 +g—2plr72. (A13)

Using Eq. (4), this is reduced to
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gho|. . 9'( H, >
98P 11,8 T2 | |42 Al4
X 2 [ 9(H1+H2j] ( )

Since the reduced gravity is much smaller than igrathe second term in Eq.

(Al14) is negligible and the total available gratrdaal potential energy per unit

length is
X= %pdz. (A15)

Our discussion above can be extended to the case edldy in a cylindrical
coordinates. Assuming eddy dimension is much smélbn the dimension of the
ocean, the results are the same.

The ratio of EAGPE and EKE for an eddy is estimassdfollows. The
geostrophic velocity of an eddy in the upper lagegstimated as
w=g|0n|/ f = g7/ fr, (A16)
wheref=2Qsind is the Coriolis parametef? is the earth rotation raté, is the
latitude, 7,,, is the maximal free surface elevation at the ceoftéhe eddy and
r is the radius of the eddy. Therefore, the totabam of kinetic energy of an

eddy integrated over the total area of the eddis estimated as

2
—_ 1 Hl 2 — 1 Hl g’]max
E, _Elel(:HH—ZJ f.u dA_Elel(HH—ZJ(TJ A. (A17)

The corresponding total available gravitationaleptil energy of an eddy is

estimated as

2
1 g H
E. .=—=A =1+ A. Al8
agpe 2 pg|:g.( H j”max:| ( )

2

Thus, the ratio of these two types of energy foeddy is
2
E
R = e _ (Lj , (A19)
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where r, :\/g’HlHZ/(H1+H2)/ f is the first radius of deformation. Thus, for

eddy with radius close to the first deformationiuadthe total energy is roughly
equally partitioned between the EAGPE and EKE. Heexe most eddies
identifiable from the oceanic datasets, especfatiyn the altimetry, the horizontal
length scale is much larger than the first raditigleformation (Chelton et al.
2007; Stammer, 1997; Roemmich and Gilson, 2001) Assult, the eddy energy

is mostly in the form of EAGPE.

Appendix B: 2.2. Inferring the two-layer model frarcontinuously stratified
model

A vitally important step in formulating the two-ksyymodel is to specify the
equivalent depth of the mean interface and theigediéference between the two
layers. A simple approach is to use the depth efrttain pycnocline and the
associated density jump. In the following discusdinis model will be called the
thermocline model (TH-model). Such a model is, havenot suitable for the
subpolar basin and the Southern Ocean where the tharmocline is poorly
defined.

A better approach in parameterization of a two4layedel was described by
Flierl (1978). Mesoscale eddy can be describednmg$ of the normal modes, and
the standard formulation has been described in npaayious literatures, e.g.,
Pedlosky (1987), Chelton et al. (1998), and Huand BRedlosky (2002). Our
notation here follows Flierl (1978). The normal meedcan be defined as the

following eigen value/function problem:

d(deFn

E W dzj"‘AnFn =O, (Bla)
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an = 0’ Z — 0'_ H , (Blb)
dz

whereF,(2) is the n-th eigen modg, is the corresponding eigen valiég, is the

squared buoyancy frequency, ards the depth of the sea floor. A normalization

constraint is also applied to the eigen functions
[ FFdz=Hg,. (B2)

Our study is focused on the first baroclinic modlee choice of parameter
for a two-layer model depends on the physical asp#ahe problem as discussed
by Flierl (1978). Unfortunately, no suitable forratibn specifically designed for
the study of the available potential energy is lawde at present time; thus, we
will adapt the standard formulation for normal mquatesented by Flierl (1978).
Accordingly, the equivalent interface depth andebaivalent density step are

H

H. = , B3
' 1+F*(0) (B3)
2
gz oH (B4)
AgH,(H-H)
The equivalent reduced gravity is defined as
9'=é£g. (BS)

This model will be called the equivalent two-layeodel (EQ-model).

Appendix C: Calculation of the annual mean genenatiissipation rate of
mesoscale eddies

Through eddy identification and tracking, the tireeries of position and
energy for an eddy were obtained and the totalggnefran eddy at each moment
during its lifetime were calculated as summationEKE and EAGPE. The

detailed algorithm of annual mean generation anskigition rate of the
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mesoscale eddy is as follows.

Assume that we have a time series of an eddy, divgiuits position and the
SSHA at timet =t,t,...,t , with uniform time step of one week. In order to
analyze the life cycle of an eddy, we need to @efite beginning and end of the

eddy. The beginning of an eddy is with zero enesgythat e, =0, and its time is
defined ast, = -2t, +t,; its position is defined by a linear extrapolatiyom
point 1 and 2:(X,, Y,) = (—2x1 +X,, -2y, +y2). Similarly, the end of the eddy can

be defined.

The energy source or sink within each pair of gidg  ,, is calculated as
de, =€ -e,=¢e, (C1)
de;.. = €., -8, (&2
The location of dg;,; is in the middle of these two positions.

Gridded energy variation data set was requsedhe 1° x 1° grid was
chosen here. Suppose we have four grid poings: ((+1,)),(i,j+1),(i+1,j+ 1), the
contributions to four grid points were calculatgdthe method of weighting. We
assume there is a point soudsdocates ifn,n) with a non-dimensional position

(X,Y) within this grid netX=m+i, Y=n-j. Thus, contribution of this source to the

grid points at the four comers is:

e(i, j) =de(1-X)(1-Y), (C3)
e(i+1j) =deX (1-Y), (C4)
e(i, j +1) =de(1-X)Y, (C5)
e(i+1,j+1) =deXY. (C6)

As a result, in 15-year accumulation the total gbation of these sources or

sinks at those grid points is:
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Efe= 2 &, (C7)
n=1,for g,>0
N

=Y e, (C8)

n=1, for ,<0
The total contribution of these sources or sinkeaath grid point divided by the

15-year time is the annual mean generation andpdissn rate of mesoscale

eddies:
VviS’(}ul‘CG - Eiﬁurce /T , (Cg)
W =BT/ T . (C10)

Appendix D: Results in TH-model

Results from the TH-model are much smaller thanctireesponding values
obtained from the EQ-model, and the global sunddfyesnergy generation rate is
estimated at 0.113 TW (Table 3). In particular, toatribution from the ACC in
the EQ-model is also much higher than that obtain@ah the TH-model. Such
difference is due to the fact that the TH-modelaredtimates both the depth of
the equivalent interface and the density jump actbe interface, as shown in

Figs. 2 and 3.

Accordingly, for the TH-model the EKE generatioteraf cyclonic eddies is
slightly lower than that of anticyclonic eddies. wtever, the EAGPE generation
rate of cyclonic eddies is slightly higher thanttb&anticyclonic eddies. For the
global sums, in the TH-model the EAGPE generatata is 1.15 times larger than

that of EKE (Table 4).

Since the interface depth in the TH-model is natable for the eddy in the
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1 subpolar basin and the Southern Ocean where the tharmocline is poorly
2 defined, we present the results from the TH-modelaacomparison and a

3 sensitivity test.
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Table 1. Global sum of EKE and EAGPE diagnosed fsatellite data and based on the equivalent

two-layer model, in EJ (1fD).

Resolution Cyclonic eddies Anticyclonic Sum
used in eddies
smoothing
EKE 0.081 0.076 0.157
6° x 6° EAGPE 0.113 0.111 0.224
Sum 0.194 0.187 0.381
EKE 0.044 0.041 0.085
5° x 5° EAGPE 0.056 0.055 0.111
Sum 0.100 0.096 0.196
EKE 0.119 0.113 0.232
7°%x7° EAGPE 0.174 0.171 0.345
Sum 0.293 0.284 0.577
Table 2. Global sum of EKE and AGPE, in EJ't1p
Equivalent  Feng et al. (2006) Huang Huang Ferrari &
2-layer 1° x 1° grid 2° x 2° grid (2005) (2010) Wunsch
model (2009)
AGPE 0.224 1 8 1880 (810)
EKE 0.157 1.46 2.6
Table 3. Total generation/dissipation rate for eddiith lifetime> 2 weeks, in GW.
Resolution Eddy types NH SH ACC Global
used in
smoothing
Equivalent Cyclonic 32 71 49.7(48.3%) 103
6° X 6° two-layer  Anticyclonic 32 68 47.4(47.4%) 100
model Sum 64 139 97.1(47.8%) 203
Thermocline  Cyclonic 29 29 12.0(20.7%) 58
6° X 6° model Anticyclonic 28 27 11.0(20.0%) 55
Sum 57 56 23.0 (20.3%) 113
Equivalent Cyclonic 18 39 27.2(47.7%) 57
5° x 5° two-layer  Anticyclonic 18 37 25.7(46.7%) 55
model Sum 36 76 52.9(47.2%) 112
Equivalent Cyclonic 46 104  72.1(48.7%) 150
7°x7° two-layer  Anticyclonic 45 99 68.5(47.6%) 144
model Sum 91 203  52.9(47.2%) 294

NH means the Northern Hemisphere, SH means theh&wuHemisphere (including the ACC
band) and ACC means the zonal band from 40°S t8.6I¥ie percentages indicate the proportions
of the part energy conversion rates by the total.

Table 4. Global generation/dissipation rate forieslavith lifetimes> 2 weeks, in GW.

model

Equivalent 2-layer model

Thermocline
model
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Resolution used in 6° x 6° 5°x5° 7°x7° 6° x 6°
smoothing

Cyclonic 45 26 64 27
EKE Anticyclonic 43 25 60 25
Total 88 51 124 52
Cyclonic 58 31 86 30
EAGPE Anticyclonic 57 30 84 31
Total 115 61 170 60

Total 203 112 294 113
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Figure Captions

Fig. 1 (top) The trajectories of (a) cyclonic and (b)ieytlonic eddies with lifetimes 4 weeks in
North Atlantic in 1993.

(middle) The number per 1° square of long-livediesldn 15 years, (c) is for cyclonic eddies and
(d) is for anticyclonic eddies. The interval betwamntours is 5.

(bottom) The global mean EKE (per unit mass) cal@s as 0.5x{#v?) in unit of cnfs?, where u,
v are zonal and meridional geostrophic velocitfe}is plotted in log, form while (f) is not.

Fig. 2 The global map of a) the equivalent interface kéfytof the equivalent 2-layer model and b)
the depth of main thermocline, in m. The black lyesalid line indicates the 200m-isobath, which
marks the boundary of data domain.

Fig. 3 The global map of a) the density step g'/g derived from the Eq. (B4) and b) the densit
step ¢ derived from the depth of main thermocline. Itdgnensionless. The black solid line
indicates the 200m-isobath.

Fig. 4 Meridional distribution of eddy properties, basemd the equivalent two-layer model. a)
Zonally integrated energy of cyclonic eddies. Thédsline indicates the zonally integrated EKE
while the dashed line indicates the zonally inteateEAGPE. b) Zonal mean deformation radius.
¢) Zonal mean lifetime of cyclonic eddies. d) Thik solid line indicates the zonal mean ratio of
eddy radius over the deformation radius. The thulidsline indicates the zonal mean ratio of
EAGPE/EKE while the thin dashed line indicates deube ratio of EAGPE/EKE. The dotted line
indicates the ratios equal to 1.

Fig. 5 The ratio of EAGPE/EKE whose resolution is 1° x TRe ratio larger than 5 is set to 5. The
black solid line indicates the 200m-isobath.

Fig. 6 The mean energy generation rate of cyclonic eddits lifetimes> 2 weeks, in mW/m
The black solid line indicates the 200m-isobath.

Fig. 7 The zonal (meridional) integration of global anhomeean generation rate is shown in top
(bottom), in GW/degree. Solid line indicates theaal mean generation rate of cyclonic eddies,
dashed line indicates the annual mean generatierofanticyclonic eddies.

Fig. 8 Top panel: Mean generation rate for cyclonic esldiéth lifetime> 2 weeks, in mW/m
Lower panel: The ratio of EAGPE generation ratascfgclonic eddies over its EKE generation
rates. The white thin line indicates the contowatthatio equals 1.5 and the black solid line
indicates the 200m-isobath.

Fig. A1 Sketch of the free surface and the layer interfaca two-layer model: Left panel: Free
surface and interface of a two-layer model. Righhd?: Velocity pattern of the first baroclinic
mode. The symbols are explained in the main text.

Fig. A2 Water parcel movement during the adjustment tat@ ©f minimal gravitational potential
energy.

40



54°NF ‘ o T 54°N
ol 2 W L ,‘
48°N ¢ B @ 48
42°N ’“3 i 42°N
i R St | i
L A
36°N| i;ﬂ G e LA 36°N
30°N T wol T ] 30°Nf
<! S N s
24°N | 4 D g 24°Nf ~ B
90°W  72°W 54°W 36°W 18°W  0° 90°W  72°W  54°W 36°W  18°W  0°

0° 60°E 120°E 180°W 120°W 60°W  0° 0° 60°E 120°E 180°W 120°W 60°W  0°
[ f 1 —— | T 1 1 ]
0.5 1 1.5 2 25 3 500 1000 1500 2000 2500 3000 3500 4000

Fig. 1. Xu et al.



60N g \

a)
40N @;@%ﬁ ‘
20N '\ S
" 20\ '. 53
0} %)005\
QY - '
5

3 PrE s
208@\/{1[.3::3:;?/@\

408 E@M%o%
L2228

0 60E 120E 180W 120W 60W 0

60N

40N |

20N

20S

40S

60S

Fig. 2. Xu et al.



f( .
4_

L L d
0 60E 120E 180W 120W 60W 0

60S {VDQ | n‘I | | r\,\B

0 60E 120E 180W 120W 60W 0

Fig. 3. Xu et al.



a) Zonally integrated cyclonic eddy energy (1 0'"° J)

200

40S 20S Eq 20N 40N 60N
b) Zonal mean deformation radius (km)

0
60S

150

100

50
408 208

20N 40N 60N
¢) Zonal mean lifetime of cyclonlc eddies (weeks)

o v B~ O
3
Wl

40S 20S Eq 20N 40N 60N

60S
d) Zonal mean ratios
6
5
4
3
2
1
0

60S

Fig. 4. Xu et al.

40S 20S Eq 20N 40N 60N



60N

40N s

20N

20S_,

40S

60S

7
'\

\4

’ A
wEY ", a h | A

Fig. 5. Xu et al.

120E 180W 120W




60N

40N ¥

20N

208

40513

60S
0

Fig. 6. Xu et al.



a) Zonally integrated generation rate in GW
4 \ \ \ \ \
- - —cyclonic ——anticyclonic

/,
|

Ul
\

0 | | |
60S 408 20S Eq 20N 40N 60N
b) Meriodinal integrated generation rate in GW
1.5 1 I T \ T [N
- - —cyclonic ——anticyclonic ‘ AW
|
| v
1 1” \‘ _
d
\ \
4 | N
0.5- B J -
/ \ \ \ \ 1|
~ \ / N
0 1 1 ) 1 1
0 50E 100E 150E 160W 110W 60W 10W

Fig. 7. Xu et al.



Fig. 8. Xu et al.



Fig. Al. Xu et al.



|
7 B |
W//////////////////W///////2i |

T
Py H,
o te
. i _
T
’ W 2 lf;fercnce level for

gravitational potential energy

Fig. A2. Xu etal.



