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Purpose. Assessment of general ideas about the character of mesoscale processes in the ocean which
came out from the results of the experiment at the POLYMODE polygon, and quantitative verification
of the previously developed model of intense eddies from the viewpoint of new data on the eddy
characteristics in the open ocean obtained from the satellite altimetry observations constitute the aim of
the article.

Methods and Results. Comparison of the characteristic features of mesoscale variability in the ocean
resulted from the observational data obtained at the POLYMODE polygon with the generalized analysis
of modern satellite altimetry observations showed relevance of the previously formed notions implying
that far from the jet currents, the eddies are relatively sparsely distributed over the ocean surface; at that
they contain a significant portion of total energy on the mesoscale scales. Quantitative verification of
the previously constructed model of an intense mesoscale eddy through its comparison with the eddy
features revealed from the satellite altimetry observations showed, overall, satisfactory agreement
between the theoretical characteristics and those observed. The altimetry-based median estimate of the
eddy structure confirms existence of the eddy core including the main vorticity, and the trap zone in
which the particles of the fluid surrounding the core are involved in the orbital motion. According to
the observations, the cyclonic eddies drift mainly to the northwest, whereas the anticyclonic ones — to
the southwest that is forecasted by the theoretical model. It is shown that the anomalous drift of eddies
along the meridian (the cyclonic eddies — to the south and the anticyclonic ones — to the north) is
explained by the effect of mean currents. The distances, over which the eddies drift along the meridian,
and the inclination angles of the eddy trajectories relative to the parallels are quantitatively close to
those observed.

Conclusions. The results of processing the satellite altimetry observations confirm adequacy of
the previously developed general notions about the character of the mesoscale processes in the ocean
and the physical prerequisites constituting a foundation for the theoretical model of an intense eddy
radiating the Rossby waves. At that, interaction of the baroclinic and barotropic modes should be
necessarily taken into account for more accurate reproduction of the eddy lifetime.
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1. Introduction
Fifty years ago, in 1970, Soviet oceanographers brought about a large-scale
experiment “Polygon-70”. The basic result of the experiment consisted in a detailed
documentation of the structure and evolution of a large-scale eddy in the open ocean
[1]. Despite the hints made in earlier observations of noticeable variability of various
fields in the different parts of the ocean at the scale of tens of days and hundreds of
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kilometers, the experiment “Polygon-70” was the first that gave acomplete
characteristic of an eddy in the open ocean.

The next stage in studying the mesoscale eddies in the ocean was the USA program
MODE (long variant of the experiment title — the Mid-Ocean Dynamics Experiment) [2].
Then, the joint Soviet-American program POLYMODE was planning for detailed study
of the ocean mesoscale variability. The name symbolically reflected the contributions of
two countries to the studying the mesoscale eddies in the ocean in the experiments
“Polygon-70” and MODE. Within the framework of the POLYMODE program in
1977-1978, the hydrological characteristics of marine environment were continuously
monitored throughout a year at the 500 x 500 km polygon with the resolution
corresponding to mesoscale processes. The scientific staffs of the research vessels, which
regularly replaced each other at the polygon, measured the seawater temperature and
salinity according to the standard scheme [3]. Besides, a network of the moored buoys
performed continuous observations of currents at the polygon. The accumulated
observations made it possible to describe in sufficient details the features of the ocean
mesoscale variability [3, 4].

Discovery and detailed investigation of mesoscale eddies in the ocean gave
a powerful incentive to development of oceanology. Having been analyzed,
the observations convincingly testified that the current state of the World Ocean was
determined by the mesoscale processes and differed significantly from the climatic
average. Thereupon, a network of continuous operational observations has been
organized in the ocean within the framework of the Global Ocean Observing System
(GOOS) program. The main components of this network are buoy profile-meters, the
satellite ocean surface temperature and altimetry observations. Satellite altimetry is
the basic constituent of the operational oceanic observational system, which allows
observing mesoscale variability in all the regions of the World Ocean. Satellite
altimetry observations of the ocean have performed since the early 90ies of the last
century. The methods for automated processing these observations developed during
last 10-15 years make it possible, among other things, to obtain mass estimates of
the characteristics of mesoscale eddies [5-7].

In the present study, new data on the characteristics of eddies in the open ocean
are used to assess general notions on the mesoscale processes in the ocean resulted
from the experiment at the POLYMODE polygon. In the second section, general
ideas about the nature of mesoscale processes in the ocean are discussed. In the third
section, a new interpretation of the temperature fields’ vertical structure at the
POLYMODE polygon is given. It shows predominance of the first baroclinic mode
in the main thermocline and substantiates further application of the equivalent-
barotropic model. The fourth section contains analysis of correspondence of the eddy
structure reconstructed using the altimetry measurements to the theoretical concepts.
In the fifth section, the eddy motion trajectories are analyzed. The sixth section
explains influence of the mean currents upon the eddy displacement direction along
the meridian. In the seventh section, the eddy live-times in theory and from the
observational data are compared. The eighth section represents general discussion of
the obtained results and the additional physical mechanisms that should be taken into
account when studying mesoscale eddies.
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2. General characteristics and statistics
of mesoscale eddies in the ocean

The observational results obtained in the “Polygon-70” experiment became
the basis for a discussion about the character of mesoscale variability of the ocean.
At that, the introduced concept of a mesoscale vortex was applied to the region, in
which at a certain time the rotational motion of fluid is observed. It was proposed to
interpret eddies as a superposition of the Rossby waves [8] based on their general
movement to the west. However, the observations at the POLYMODE polygon have
convincingly shown that the orbital velocity of rotation of liquid particles in the
intense eddies considerably exceeds its movement speed [3]. Consequently, the
liquid mass rotating around the eddy center is transferred in process of the eddy
motion [9]. By now, the concept of intense mesoscale eddies as the formations
trapping and transporting the fluid involved in the fluid orbital motion has become
generally accepted.

Observations at the POLIMODE polygon also made it evident that the intense
eddies are not densely packed. The portion of the ocean surface occupied by
the eddies was assessed. It turned out that they occupied about 30 % of the whole
area, but contain 80 % of potential energy [9]. Processing of satellite altimetry
observations of the ocean surface represented in [6], makes it possible to estimate
similar indices on the scale of the entire ocean. According to the data in this paper,
35841 long-lived eddies were observed for 16 years and 2.5 months, therefore,
slightly more than 42.6 eddies — per week. Average duration of an eddy lifetime was
32 weeks. Hence, about 1360 eddies were observed simultaneously in the ocean. The
eddy mean radius was 90 km. The radius was understood as the distance from the
eddy center to the position of the maximum radial velocity [6]. In [9], the eddy radius
was defined as the distance to the point where the radial velocity of the liquid
particles equals to the speed of the eddy propagation as a whole. This is about 30 %
larger than the radius estimated based on the position of the maximum velocity of
the orbital motions. Therefore, for comparison, the eddy radius is to be reset equal
to about 120 km. Then the part of the ocean surface area occupied by eddies is
approximately equal to 1364 x 3.14 x 1202 = 0.62 x 10 km?. Note that eddies in [6]
were observed in the Atlantic, Indian and Pacific oceans. Since the total surface area
of these oceans is approximately 3.2 x 108 km?, we find that eddies occupy about a
fifth of it. Taking into account increase of eddies’ density when they move from the
east coast to the west, this estimate seems to be quite consistent with that at the
POLYMODE polygon. Thus, being analyzed, the satellite altimetry observations
confirm the proposed in [9] idea of a relatively sparse eddies’ distribution over the
ocean surface far from the jet currents.

3. Mode structure of the ocean mesoscale variability

The equation of the potential eddy conservation serves as a mathematical model
for describing mesoscale processes. Since the geostrophic relations are fulfilled with
good accuracy on the mesoscales, the potential eddy conservation is described by the
equation for the stream function in the horizontal plane. The seawater pressure and,
owing to hydrostatics, density are also expressed through the stream function.
Finally, the equation of the potential vorticity conservation expressed through the
stream function, has the form [4]
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Here ¢ is the stream function, through which the current velocity components
are expressed; X, y are the horizontal coordinates; z is the downward vertical
coordinate; t is time; A is the Laplace operator symbol. The second term in equation
(1) means the Jacobian. The X and Y coordinate axes are oriented to the east and

north, respectively; N? is the Vaisalad — Brent frequency; f is the Coriolis parameter;
df . .
B=d—y. Parameter B describes the influence of the spherical Earth. The Vaisala —

Brent frequency N is expressed using the gravity acceleration g, the average density
increasing with depth, and the basic density p, = const :

Nz 9dp
po dz

When considering the motions of small amplitude, nonlinear terms in
the equation (1) can be omitted. At the basin constant depth, the linearized equation
(1) is solved by the method of variables separation [4]. The stream function is
represented as a product of the function depending on coordinates and time, and
the function depending only on the horizontal coordinate ¢ =(x,y,t)p(z). In this

case, the function (p(Z) is found from the solution of the eigenvalues problem

d (2 do
0y, 2
dz(dezj ? @

with the boundary conditions T’:o on the surface and bottom of the ocean [4].
z

Problem (2) has a countable set of eigenfunctions and positive eigenvalues.
The barotropic mode corresponding to the eigenfunction that does not change with
depth, answers to the zero eigenvalue. The n-th baroclinic mode changing the sign n
times corresponds to the eigenvalue with number n. The eigenvalue has a dimension

of the inverse length to the second power. The value R, =A.%" is called the Rosshy

deformation radius of the n-th mode, which depends on the density stratification of
marine environment.

In the linear case, each factor in the expansion of the stream function, which
depends on the horizontal coordinates and time, is found from the equations
of the same type, in which only the value of the Rossby deformation radius
changes Ry :
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If we leave the nonlinear terms in the equation (1), the modes will start to
interact with each other. In case a finite number of modes to be considered, one can,
using the Galerkin method, derive a finite-dimensional equations system from
equation (1). However, it is not clear a priori how many modes are physically
significant.

Representation of the equation (1) solution in the form of a projection onto
a finite number of modes would greatly simplify physical analysis of the processes
taking place in the ocean. Due to this, many studies are aimed at distinguishing
the mode composition of the ocean mesoscale variability directly from
the observations. The observations at the POLYMODE polygon provided a unique
opportunity to analyze the mode composition of the temperature and current velocity
fields on the mesoscales.

When studying the mode composition of the mesoscale temperature fluctuations
in [3, 10], expansion into the empirical orthogonal functions was used. The empirical
functions were calculated independently for each of nine hydrological surveys at the
POLYMODE polygon performed from July 1977 and June 1978. The analysis of the
expansions showed that the first two orthogonal functions describe 80-90 % of
dispersion of temperature fluctuations. These functions calculated for each of nine
surveys, were similar to each other. Moreover, they almost coincided within the main
thermocline differing from each other only in the upper active layer of the ocean.
Based on similarity of the vertical profiles of the first two modes outside the active
layer, it was concluded that the baroclinic oscillations are of a single-mode character
within the main thermocline. However, the calculated empirical functions of the first
and the second modes given in [3, 9] do not resemble the two lowest dynamic modes
corresponding to equation (2). At the same time, the general conclusion on a single-
mode character of the baroclinic oscillations on the mesoscale scale within the main
thermocline was later on confirmed numerously [11]. Efficiency of the altimetry
observations assimilation in the eddy-resolving models of the oceanic circulation is
related just to a single-mode character of the baroclinic oscillations on the mesoscale
scale. Predominance of one mode provides high correlation between the altimetry-
derived sea level fluctuations and the seawater density fluctuations in the main
thermocline [12].

Let us now dwell on explaining the seeming discrepancy between the empirical
functions calculated from the observational data at the POLYMODE polygon, and
the dynamic modes. Fig. 1 schematically shows two empirical orthogonal functions
averaged over all nine surveys, which consentaneously describe 80-90 % of the
temperature fluctuations dispersion at the depths up to 1500 m. At depths below
about 250 m, both modes, according to the results in [10], practically coincide.
Therefore, in the schematic representation, it was assumed that they took exactly the
same values. The first empirical mode (dashed line in Fig. 1) above 250 m remains
positive, reaching its maximum value at the depth 62.5 m. The second mode shown
in Fig. 1 as a solid line, changes its sign near the depth 250 m. The local extremum
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of this function near the surface is also located at the depth 62.5 m. Location of the
both modes’ extremums at the same depth near the surface follows from the results
of [10].
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Fig. 1. Schematic representation of two modes Fig. 2. The eigenfunction of the first baroclinic
of empirical orthogonal functions reproducing mode, which is a linear combination of two empirical
80-90% of dispersion of temperature modes (dashed line), and the concentrated at the
fluctuations. In the present scheme, the first surface mode corresponding to the half-difference of
mode indicated by the dashed line, coincides with  the empirical modes (solid line)

the second one below the 250 m depth

A linear combination of the empirical orthogonal modes with specially selected
coefficients almost exactly reproduces the profile of the first baroclinic mode
estimated from equation (2) with the Neumann conditions on the surface and bottom
and the Vaisala — Brent frequency profile calculated using the temperature and
salinity average profiles at the POLIMODE polygon (Fig. 2). Semi-difference of the
empirical modes reproduces the variability concentrated within the active layer.

The above interpretation of the empirical orthogonal functions (EOF),
previously constructed using the data of the hydrological surveys at
the POLYMODE polygon, well corresponds to the contemporary ideas about
the variability in the seasonal and main thermocline at mesoscales and sub-
mesoscales. Indeed, variability on the mesoscals, as noted in [11], is concentrated in
the barotropic and the first baroclinic modes. Besides, the numerical simulations [13,
14], satellite observations and small amount of direct observations [15] show that the
sub-mesoscale variability in the ocean is concentrated in the upper active layer of the
ocean. Thus, the dynamic mode in Fig. 2, which is concentrated close to the surface,
can be associated with the submesoscale variability manifestation at the
POLYMODE polygon. It is interesting to note that, according to [10], the ratio
between the first and the second empirical modes’ energies changed during a year.
In summer, more energy was contained in the first mode, and in winter — spring,
the second mode was more intensive. Such relation between the modes means that
in winter — spring, relative significance of temperature fluctuations in the sea near-
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surface layer increases. This behavior probably is related to the sub-mesoscale
variability intensification in wintertime [15].

Predominance of the first baroclinic mode permits to simplify significantly
studying of kinematics and dynamics of the intense mesoscale eddies. In particular,
the equivalent-barotropic model can be used for describing of eddies. The main
equation of this model is

1
G[A‘V_z‘VJ
Ra ), olv.ay) gov_ @)
at ax,y) = ox

Here, the parameter R, is the Rossby deformation radius of the first baroclinic

mode. In the extreme case of small-amplitude motions, equation (4) transforms to
equation (3). It describes planetary wave oscillations known as the Rossby waves of
the first baroclinic mode. In another extreme case of high-intensity motions with a
spatial scale substantially smaller than the Rossby deformation radius, we obtain the
equation describing the two-dimensional turbulence [11]. Equation (4) was used in
[16] to study structure and kinematics of the intense mesoscale eddies. Further we
use the model constructed in this work to compare it with the results of processing
satellite altimetry observations [6].

4. Eddy structure

The analysis of altimetric observations carried out in [6] permitted to obtain
an idea about the internal structure of mesoscale eddies in the ocean. The eddies
identified from the altimetry data in this paper were of an almost axisymmetric
shape. Thus, each eddy was described by the dependence of the sea level elevation
on the distance from the eddy center. Then all the profiles were normalized to
the maximum level deviation at the eddy center and to the distance from the center
to the maximum velocity of the orbital rotation. After such a normalization,
the constructed profiles with a small scatter are concentrated around a certain
average profile, being well approximated by the part of parabola. The parabolic
profile of sea level, which is a stream function for surface currents, highlights
the area of solid-body rotation of fluid particles around the eddy center. With
an increase in the distance from the eddy center, the parabolic profile is conjugated
with a ring of almost constant value of the level surrounding the eddy [6, Fig. 15,
p. 19]. It is curiously that such an approximation of the universal structure of
a mesoscale eddy is in good agreement with the eddy model proposed in [16]. It is
based on the proposed earlier concept of the equilibrium regime of an intense
mesoscale eddy [9, 17, 18].

In the equilibrium regime, the velocity of the orbital motions of liquid particles
in the eddy is assumed to be significantly greater than the phase velocity of its
movement. The stream function isoline, which is a separatrix, limits the area of
rotation of fluid particles around the eddy center. In [16] it was shown that the eddy
of high intensity is almost axisymmetric and its structure is described by
the following equation
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where \yo(r) iS presenting an axisymmetric eddy state at the moment of its
formation, r is the distance from the eddy center and y is the meridian displacement

of the eddy center from its initial position. An axisymmetric solution to equation (5)
is found under the boundary conditions

W:%“r’zo under r =R, (6)

where R — the trap zone radius, where the liquid particles are involved in orbital
motion and are transported by the eddy. Three boundary conditions (6) make it
possible to find the stream function and the trap zone radius depending on
the displacement y . Since the stream function is proportional to the sea level

deviation, the empirical dependence of the sea level on the distance from the eddy
center by the part of parabola proposed in [6] is represented as follows

1 2 2
-—o\R; —r°)+d, r<R
y= 4‘°(° ) ° (7)
d, r>R,.

The expression for \yo(r) is obtained from (7) when d = 0. Moreover, from (5)

is found thatd = BRj;. Thus, the value of the parameter d determines the distance

along the meridian by which the eddy has displaced from the place of formation.
However, the expression (7) is not a solution to problem (5) and (6). The exact
solution of (5), (6) includes an axisymmetric solution of the homogeneous equation
(5) bounded at the origin of coordinates. Boundary conditions (6) under a finite
function wo(r) should be slightly modernized. We pose that the stream function

vanishes at that position where the orbital velocity of the particles is equal to
the phase velocity of long Rossby waves which with a high accuracy corresponding
to the eddy velocity. The solution to equation (5) with such boundary conditions is
shown in Fig. 3, which should be compared with Fig. 15 from [6]. Good qualitative
agreement of the solution of equation (5) with observations gives grounds for further
use of the model constructed at [16] for interpreting the results of processing satellite
altimetry observations [6].
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Fig. 3. The stream function profile in Fig. 4. Normalized stream function profiles

the dimensionless coordinates from the solution of  at various stages of evolution of the eddy

(5), if o (r) is preset by the parabolic profile whose radius is twice as much as the Rosshy

shown by the dashed line deformation radius. Bold dashed line shows
the best approximation of all the Gaussian
curve profiles. Thin dashed lines denote
dispersion of the observed normalized profiles
according to [6]

The Gaussian approximation of the radial distribution of the sea level deviation
depending on the distance from the eddy center is also proposed in [6]. It is noted
that such an approximation is satisfactory up to a distance from the eddy center equal
to 2/3 of its radius. Since the Gaussian approximation is more convenient for
analytical calculations, it will be used for further estimates in the present paper.

The solution of equation (5), satisfying the second of the boundary conditions
(6), has the following form [6] for any function y(r):

Wy +pREY - jd“:;FER)uO( e, @)

{5

From the first of the boundary conditions (6) follows the relationship between
the R radius and the eddy displacement along the meridian obtained in [16]

B @) v
o) 5

It follows from formulas (8) and (9) that the eddy changes its shape during its
evolution. The initially Gaussian eddy remains almost Gaussian for large R. As R
decreases, it deviates more and more from the Gaussian profile. This raises

(9)

y:
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the question of whether the Gaussian approximation of the eddy profile will remain
satisfactory at all stages of its evolution after the normalization proposed in [6]. Fig.
4 shows the profiles of an initially Gaussian eddy normalized according to [6] at
different stages of its evolution. The bold dashed line shows the Gaussian curve,
which on average best approximates all eddy profiles at different R. Thin dashed
lines correspond to the range of profile variability according to [6]. It can be seen
that all the calculated profiles are within the scatter range estimated in [6]. Thus, the
evolution of the eddy profiles following from the theory fits into the scatter range
obtained from the processing of observations.

Formula (9) permits to compare the observed and theoretical displacement of
eddies. Calculations using formula (9) were carried out for eddies of different sizes
and intensities. The nonlinearity index, in this case equal to the ratio of the maximum
velocity of orbital motions to the phase velocity of long baroclinic Rossby waves, in
accordance with the estimates given in [6], varied from 2 to 20. Sizes of eddies also
varied according to observations presented at [6].

According to formula (9), the maximum value of the eddy displacement along
the meridian is achieved at a zero radius of the trap zone. In this case, the eddies can
move along the meridian to a distance of up to almost 200 Rossby deformation radii.
However, it is clear that the eddy must collapse earlier, when the orbital velocities
become sufficiently weak. Therefore, Fig. 5 shows the eddy displacement along the
meridian at the moment when the radius of the trap zone becomes equal to the radius

where the orbital velocity was maximum at the initial moment i.e., up to Ro :

2

As seen from Fig. 5, intense small eddies are displaced along the meridian to the
greatest distance. At the same time, large eddies, according to the theory, are
displaced along the meridian over relatively short distances.

However, when comparing the results of theory with observations, there is some
uncertainty. It is due to the fact that observations of eddies in regions with different
values of the Rossby deformation radius in [6] are presented in general statistics.
Therefore, Fig. 5 shows the maximum eddy displacement along the meridian
from [6], normalized to different values of the Rossby deformation radius.
The theoretical estimates in Fig. 5 are shown to be generally consistent with
observations. There is even some agreement with the conclusion of [6] that near
the equator, where the Rossby radius is large, the nonlinearity parameter does not
differ much from the unit. Note, however, that the above theory explains
the transport of cyclones (anticyclones) only towards the pole (equator). At the same
time, it was noted in [6] that a number of cyclones (anticyclones) are displaced to
the equator (pole), which requires a separate consideration.
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5. Eddy movement trajectories
A model of a moving baroclinic eddy based on the equation (4) which
generalized the results obtained in [9, 18] is presented in [16]. The system of
equations describing the eddy motion includes a quasi-stationary balance of forces
acting on it:
\Y
rv-v,)=-—=1,

2

d (10)

a( _ui):(m%}.

d

Here U and V are velocity components of the eddy transport; T is the residual
eddy vorticity arising due to the deformation of eddy boundary described by equation
(8) caused by its movement; U;,V; are the velocity components induced by Rossby
waves radiated by the eddy; | = —I ydxdy, where integration is carried out over the

area of the trap zone. The residual vorticity of I is set by the following expression

I=4nR\/(U-U, P +(vV -V, 2. (11)

The velocity induced by Rossby waves is defined by the following equations:
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where W is the eddy movement speed, o' =a—v, angles v and B’ are defined by
the equations below

B+%=B’cosv, izzﬁ’sinv, (14)
Rd Rd

U; and V; are connected with U;,V," by the following relations

U; =U/-cosv-V,sinv, (15)
V, =U{-sinv-V;-cosv. (16)

Equations (10) — (13) permit to find the dependence of the eddy velocity
components on the radius of the trap zone. Then, considering relation (9), since

d—z =V (y), the eddy position is found for each y.

We will not dwell on the complete calculation of the trajectories of eddy motion
in the present paper. We only note that the eddy speed is always slightly less than
the phase velocity of long baroclinic Rossby waves of the first mode.

Now we estimate the trajectory inclination angle with respect to latitude, since
the variation of this parameter is easy to estimate based on the data given in [6].
Fig. 6 shows the dependences of the trajectory inclination angle of cyclonic eddies
on their size and nonlinearity parameter. It can be seen that, as noted earlier, cyclonic
eddies, according to the theory, move only to the north. The inclination angles of the
trajectories are in a wide range of values from 0° to about 50°. The inclination angle
of the trajectories increases with decreasing eddy radius and decreases with
increasing intensity. The maximum angle of inclination of the trajectories of
cyclonic eddies according to observations (if only eddies moving to the north are
taken into account) is equal to 30°. According to the calculation, the inclination angle
of the eddy trajectory exceeds this value only for the case of small eddies of low
intensity. Thus, it seems that the theory satisfactorily explains the displacement of
cyclonic eddies to the northwest. In this case, the speed of eddies is close, but less

than BRj. According to observations, the speed of eddies is also close, but slightly

higher than the phase velocity of long baroclinic waves of the first mode. At the same
time, the theory presented above does not explain the movement of cyclonic eddies
to the southwest and gives smaller inclination angles of trajectories in comparison
with observations.
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Fig. 6. Inclination angle of the eddy trajectories depending on their size and nonlinearity parameter.
The trajectory inclination angle decreases with increase of the nonlinearity parameter from 2 to 20

Based on the results of [16], it can be assumed that the drift of cyclonic eddies
to the south and of the anticyclonic ones to the north, is associated with the influence
of mean baroclinic currents.

6. Influence of mean baroclinic currents

The influence of mean currents on intense eddies, based on the equation (4) is
considered below. The mean currents are introduced into the equation (4) by setting

¥ =-Uy+Vx+¢,where U,V are the components of the mean velocity of currents;

¢ is the stream function describing the eddy. Than for the eddy stream function the
following equation is obtained

d 1 ). Ulove) V(ovie)  ole.vZe+py)
dt[vz“"Rs“’J* x Ty oAy oW

Following [16], two new coordinate systems are successively introduced:
moving with the velocity of the mean current

(18)
and rotated through an angle a
x"=x'cosa+ y'sina, y"=y'cosa— X'sina. (19)
The angle a is determined by the relations
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U=pRicosa—B-Ri, V =pRZsina, (20)

U 2 \7 2 %
B:KHWJ +(I3F\’§j } B. (21)

In the new coordinate system, the equation for the function ¢ almost completely
coincides with the equation (4). The difference lies in the appearance of aterm gV,

that is omitted here, assuming that the mean meridional transport is supported by
wind stress on the ocean surface. Under this condition, the following expressions for
the eddy velocity is obtained

where

dxu ; _ dy” _
—=—-pR; +U, ——=V, 22
g - PR+ it (22)

whereUJ,V  are positive and significantly less p'R].
Returning to the original coordinate system for the components of the eddy

displacement velocity, taking into account (20), (21), the following expressions are
obtained:

U=-B-Ri+Ucosa—Vsina, (23)
V =Usina+V cosa. (24)

Thus, in a stationary coordinate system, the eddy continues to move mainly to
the west. However, depending on the magnitude B’ and angle «, the direction of

the eddy movement along meridian changes significantly. A visual representation of
the change in the eddy transport along the meridian is given in Fig. 7. There, along
the X and Y axes, the zonal and meridional projections of the velocity of mean
currents, normalized to the velocity of long baroclinic Rossby waves are plotted. The

family of circles centered at the point (-1, 0) are isolines of the function [; The

tangent of the angle 6 indicated in Fig. 7 is equal % for an eddy of a specific size

and intensity. With the selected parameter range, this angle varies from about 15° to
60°. A straight line drawn at an angle 6 to the X axis is a boundary, upon crossing
which the direction of the meridional drift of cyclonic eddies in the Northern
Hemisphere is changed under the influence of the mean flow. If the mean current
velocity vector is located below this straight line, then the cyclonic eddy moves to
the southwest under the influence of the mean current. The long arrow represents the
mean current velocity vector in Fig.7. The dashed arrow represents the phase

velocity of long baroclinic Rossby waves B’Rf.
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Fig. 7. Circles represent the isolines of parameter % depending on the current zonal (horizontal axis)

and meridional (vertical axis) mean velocities, normalized top’r2. Strait line separates the directions

of the mean currents’ velocity vectors, at which the meridional component of the cyclonic eddy drift
velocity is positive (upper semi-plane) or negative (lower semi-plane). The solid vector directed to the
southwest shows velocity of the mean currents. Dotted vector is the phase velocity of long baroclinic
Rossby waves in a moving coordinate system. Solid vector (almost coinciding with it) is the eddy drift
velocity in a moving coordinate system. Another solid vector from the origin point is the eddy drift
velocity in a fixed coordinate system

It follows from the theory presented in Section 5 that an eddy in a moving
coordinate system moves with a velocity whose vector is slightly rotated to the right
of the dotted vector. The length of the rotated vector is slightly less than that of the
dotted vector. The vector sum of the velocities of the mean current and the eddy
movement in the moving coordinate system gives the direction of the eddy
propagation in the absolute coordinate system. Fig.7 clearly demonstrates that
the meridional component of the cyclonic eddy propagation velocity is directed to
the south. Consequently, mean currents can change the direction of eddies drift along
the meridian. The explanation for this effect is quite simple. The pycnocline slope
associated with the mean flow affects the eddy motion in the same way as the f3-
effect [16]. When an eddy moves on the f-plane, the cyclonic eddy moves in the
direction opposite to the pycnocline depth gradient. Taking into account the
dependence of the Coriolis parameter on latitude, the cyclonic eddy moves in the

direction of the gradient % where h is the space dependent depth of the pycnocline.

7. Eddy lifetime
One of the major results of [6] was the estimation of the lifetime of intense
mesoscale eddies. As it turned out, eddies can be rather long-lived formations.
In total, from 1992 to 2008, 620 eddies were identified in [6], which were observed
for more than two years. It is of interest to compare the estimate of the eddy lifetime
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according to the model with observations. As in Section 4, the eddy lifetime will be

assumed to be the moment when the radius of the trap zone reaches the value % .

Table 1 shows theoretical estimations of the eddy lifetime in dimensionless
variables for different values of the eddy radius normalized to the Rossby
deformation radius and nonlinearity parameter. The time scale of the normalizing

vortex lifetime is ﬁ‘le‘l. Eddies in the range of 10-60° latitude were analyzed

in [6]. This latitude range corresponds to a Rossby deformation radius within 20—
110 km. Accordingly, it is found that the dimensionless value of the eddy lifetime
according to observations depending on the value of the Rossby deformation radius,
varies from about 20 to 140. Those values of the theoretical estimate of eddy lifetime
which are less than 140 are highlighted in Table 1. It can be seen that the theoretical
estimates of the eddy lifetime for values of the nonlinearity parameter more than 10
significantly exceed those obtained from observations.

Table 1
Theoretical estimates the eddies’ lifetime
R, NL
2 5 10 15 20
0.50 61.15 138.31 276.16 429.29 597.84
0.75 31.51 82.37 189.24 321.73 478.18
1.00 23.69 72.23 186.70 338.39 524.62
1.25 22.44 77.64 217.28 409.33 650.12
1.50 24.39 92.24 271.01 522.17 840.88
1.75 28.57 114.47 346.41 676,53 1098.59
2.00 34.70 144.20 444,54 875.65 1429.63
2.25 42.73 181.84 567.40 1124.16 1842.18
2.50 52.74 228.00 717.41 1427.26 2345.25

As noted before, there are certain difficulties in comparing the calculations with
observations, since in the analysis of observations, eddies from areas with different
values of the Rossby deformation radius were included in the general statistics.
Nevertheless, based on the results presented in [6], the reasons for the most
significant differences between the theoretical estimates of the eddy lifetime and the
observed ones can be clarified.

A histogram of size and amplitude distribution of the observed eddies adapted
from [6] is given in Fig. 8. The horizontal axis represents the sea level deviation o at

the center of eddy. The eddy radius Lis plotted along the vertical axis. It is

PHYSICAL OCEANOGRAPHY VOL.27 1SS.6 (2020) 707



estimated in [6], that R, =0,64Lif R, is the radius of a Gaussian function that

approximates an eddy of L size. The known relationship between the stream
function and the sea surface level deviation

V=6 (25)

provide the possibility to express the values of nonlinearity parameter NL through
the maximum sea level deviation o in eddy center:

|_:Vma><=‘Vma><\Fz075 g o
BRI PBRIR, 12 BRI Ly

Thus, for a predetermined Rossby deformation radius, the nonlinearity
parameter NL will be constant along any straight line passing through the origin in
the histogram in Fig. 8. Two such lines are presented in Fig. 8. One cuts off
the region of scales and amplitudes at which eddies were absent in the observations.
The second straight line corresponds to NL = 1 at a Rossby deformation radius of
40 km. Note that on the lower straight line with a Rossby deformation radius of
40 km, the nonlinearity parameter is approximately equal to 8. As the deformation
radius increases, the nonlinearity parameter along the lower straight line will
decrease, and the line on which NL = 1 will rotate clockwise. Consequently, eddies
at the equator have a small degree of nonlinearity. With a decrease in the Rosshy
radius on the lower straight line, the nonlinearity parameter will increase. The line
on which NL = 1 will rotate counterclockwise. Consequently, according to
the proposed histogram interpretation, the most nonlinear eddies should be located
at high latitudes. This conclusion corresponds to Fig. 17 from work [6, p. 22].
In particular, at Ry =40 km, the nonlinearity parameter of the observed eddies is less

than eight. Accordingly, overestimated values of the eddy lifetime in the columns of
Table 1 with a nonlinearity parameter of 10-20 do not refer to actually observed
eddies for the latitude interval where R, =40km. It can also be noted that, according

to Fig. 8, large eddies are absent in observations at higher amplitudes. Accordingly,
in Table 1 the maximum eddy lifetime values (located in the lower right corner)
should be discarded as not presented in observations.

However, even after such remarks, theoretical estimates of the eddy maximum
lifetime remain overestimated by two — four times. It can be concluded from this
analysis that the theory underestimates the energy losses of eddies during their
evolution. The average baroclinic currents can partially correct the lifetime. Indeed,
according to the results of the previous section, the damping of eddies in the presence
of mean currents is determined by the modified beta effect. Energy flow to baroclinic
waves, according to Fig. 7, can increase several times with the corresponding
direction of the mean currents. Accordingly, the eddy lifetime will be reduced.
Another possible and, as it seems, the most significant is the radiation of barotropic
Rossby waves by the baroclinic eddy. The mechanism of barotropic Rossby waves
radiation is described in [16, 19], but only for infinitely deep ocean. Unfortunately,
it is difficult to generalize the results obtained in these works to more realistic
708 PHYSICAL OCEANOGRAPHY VOL.27 1SS.6 (2020)




conditions. The main cause is that the emitted barotropic waves have a wavenumber
close toR;*. Therefore, finite-amplitude barotropic Rossby waves will affect the

characteristics of the eddy trap zone. Note that the eddy lifetime is inversely
proportional to the meridional velocity component its propagation. At the same time,
the energy flux from the eddy to the waves is approximately direct proportional to
that velocity component. Thus, the reduction in the eddy lifetime in comparison with
the estimates given in Table 1, up to the observed two years requires an energy flux
to barotropic waves equal to or exceeding the flux to baroclinic waves.

Percentage of observations
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. ¥ S ;
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Eddy amplitude, cm

Fig. 8. Histogram of the observed eddies distributed based on their sizes and amplitudes according to
[6]. Two straight lines are plotted on the histogram. Below the lower straight line, there is an area of
scales and amplitudes at which no eddies were observed. The upper straight line corresponds to NL =
1 with the Rossby deformation radius equal to 40 km

The results of [6] also provide possibility of more accurate assessment of
the correspondence of the theoretical estimate of the maximum eddy lifetime to
observations. Let us consider the trajectories of eddies with a lifetime of more than
two years shown in Fig. 4, f [6, p. 11]. As it turns out, long-lived eddies are located
mainly in the areas of trade currents. For a theoretical estimate of the eddy lifetime
at these latitudes, we take the Rossby radius equal to 40 km, and the upper
nonlinearity boundary in accordance with Fig. 8 is set equal to 7.81. Calculations of
the eddy lifetime are given in Table 2. The cells, in which, according to the histogram
shown in Fig. 8, eddies of the corresponding size and degree of nonlinearity are
absent in the observations are marked in gray. Note also that the first row of Table 2
corresponds to eddies that are not resolved by altimetry observations due to their
small size. The cells in which the dimensionless eddies lifetime is less than two years
are highlighted in light green. From Table 2 it can be seen that the theoretical
estimates for some eddies still exceed two years by up to 2.5 times. Note that in the
trajectories of eddies in Fig. 4, f from [6], an anomalous movement of cyclonic eddies
to the southwest is observed. This behavior corresponds to the results of the previous
section, since the considered eddies are in the zone of trade currents. As noted above,
under effect of currents the lifetime of eddies, given in Table 2, can be reduced. An
additional source of a more rapid damping of eddies can also be the radiation of
barotropic Rossby waves discussed above, which is not taken into account in the
considered theoretical model.

Table 2
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Theoretical estimates of the eddies’ lifetime at the deformation radius equal to 40 km

Ro NL
15 2.25 3.68 6.06 7.81
0.75 23.98399 35.36973 58.73100 102.7773 139.1543
1.00 17.27249 27.08840 48.84097 93.1768 131.7472
1.25 15.69198 26.10093 50.43302 102.5631 149.3385
1.50 16.49537 28.74468 58.34838 123.6742 183.3549
1.75 18.87022 33.97086 71.22154 154.8959 232.1539
2.00 22.55438 41.48980 88.79558 196.2503 296.1492
2.25 27.48885 51.28602 111.22720 248.3994 376.5113
2.50 33.69849 63.46043 138.84310 312.2513 474.7460
8. Discussion

The content of the previous sections of this paper allows us to conclude that
the ideas about the nature of the ocean mesoscale variability developed based on the
analysis of the POLYMODE test site hydrological surveys are confirmed by new
observations. The processing of satellite altimetry observations carried out in [6]
shows that far from the jet currents, the main energy of the ocean mesoscale
variability is contained in high-intense eddies. Open ocean eddies are long-lived
nonlinear formations that capture and transport significant volumes of fluid over long
distances. The space between eddies are filled with background structures of much
lower intensity, which rapidly change their shape [6] and, most likely, have a wave
nature. Despite the high fraction of the energy content in eddies, satellite
observations confirm that they are located relatively rarely on the ocean surface and
can be considered as isolated structures. This circumstance served as the basis for
expanding theoretical studies of the evolution of intense isolated eddies in the ocean.

The model of an intense isolated eddy, developed within the framework of
research under the POLYMODE program [9, 16], is used here for comparison with
the satellite observations generalized in [6]. The assessment of the quality of this
model given above showed overall a satisfactory agreement of the theoretical
characteristics with the observed ones, despite significant simplifications.
The median estimate of the eddy structure given in [6] confirms the existence of the
eddy core, in which the main vorticity is concentrated, and the trap zone, in which
particles of the fluid surrounding the core are involved in orbital motion. Cyclonic
eddies, according to observations, mainly move to the northwest, and anticyclonic
ones — to the southwest, as prescribed by the theoretical model. The distances over
which the eddies move along the meridian, the angles of inclination of the eddy
trajectories relative to the parallels are close to the observed ones.

A slight generalization of the theoretical model makes it possible to include in
consideration mean currents. This generalization provides the explanation of
seemingly contradiction to the theory of cyclonic eddies movement southwestwards
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(and, accordingly, anticyclonic eddies northeastwards) in certain regions of the
ocean.

Note also that small-scale fluctuations on the trajectories of eddy motion
constructed from the data of altimetric satellite observations are often observed. Such
oscillations can be associated with the interaction of eddies with Rossby waves.
In works [16, 18] it is shown that eddies not only radiate waves, but also, under
certain conditions, can receive energy from the waves. With an increase in energy,
the cyclonic eddy begins to move along the meridian to the south. In this case,
oscillations will appear on the smooth eddy trajectory. In addition, eddies located at
a relatively small distance from each other can mutually disturb the trajectories of
their motion. Moreover, as shown by numerical simulations [20], when the eddies of
the same sign approach each other, they can merge, which is typical for two-
dimensional turbulence [21].

The largest discrepancy between theory and observations is associated with
the estimate of the eddy lifetime. Eddies should live much longer according to
the theory than in reality. Note that the theoretical eddy lifetime depends on
the meridional velocity component of its movement. At the same time, the distance
to which the eddy should move is estimated quite accurately. Therefore,
the theoretical estimate of the lifetime is sensitive to the accuracy of estimating
the velocity of the eddy displacement along the meridian. The studies of the so-
called beta gyre, presented in [22], should show how consistent are the estimates of
this velocity, obtained from calculating the field of waves emitted by eddies.

However, most likely, the refinement of the meridional component of the eddy
displacement velocity within the framework of the equivalent barotropic model (4)
will not explain such a significant discrepancy between theory and observations. As
noted in Section 7, the most significant drawback of model (4), which causes the
discrepancy between theoretical and observed estimates of the eddy lifetime, is the
exclusion from the consideration of the barotropic mode. In reality, during its motion
the eddy will radiate Rosshy waves of both the first baroclinic and barotropic modes.
In this case, the energy loss by the eddy for wave radiation will increase, and,
accordingly, its lifetime will decrease. Thus, in order to achieve a better quantitative
correspondence of the eddy characteristics in the model to observations, one should
take into account the radiation of the first baroclinic and barotropic modes. This
means a transition from the equivalent barotropic model (4) to the two-layer fluid
model.

The transition to a simultaneous description of the barotropic and the first
baroclinic modes in the study of the dynamics of intense eddies is also important for
understanding the processes of their generation. Indeed, within the framework of
equation (4), only the evolution of the open ocean eddies can be described.
Observations seem to leave such a possibility, since it is noted in [6] that a significant
proportion of the observed eddies are formed because of meandering of the eastern
boundary currents. Having originated at the eastern boundaries of the ocean, such
eddies must then move westward, filling open areas of the ocean. However, such a
simple scheme is not consistent with observations. As noted in [6], according to
observations, eddies are also formed in the middle of the oceans. In this case, the
most probable reason of their origin is considered to be the baroclinic instability of
mean currents, for the description of which it is necessary to take into account the
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interaction of the baroclinic and barotropic modes of motion. As the results of [23]
show, mean currents can also feed eddies with energy during their evolution. This
process also requires taking into account both baroclinic and barotropic modes of
motion. It is quite probable that studies of the dynamics of isolated eddies in a two-
layer fluid will provide a better understanding of development of geostrophic
turbulence on a beta plane, including the redistribution of energy between the
baroclinic and barotropic modes of motion noted by Rhines [24].
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