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O HEJMHEWHOW ITMHAMUKE JINH3 CPEAN3EMHOMOPCKO¥ BOABI «<MEIN»
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JIMH3BI cpenM3eMHOMOPCKOM BOJIBI, TAKXKE N3BECTHBIE KAaK «METN», XOPOIIIO pa3JIMYMMBbI B BOJIE ATJIAHTUYECKOTO OKeaHa.
TToneBbie HaOMIOAEHMS, TOCBSILIEHHBIC N3YYEHUIO «MEIJIN», TIPEACTaBICHbl B MHOTOUUCIEHHBIX MyOIMKAIIMSIX U TIPEIoCTaB-
JISTIOT MHGOPMALIMIO 00 UX MPOUCXOXKICHUM, PACIIpeIe/IcHUM, MPOCTPAHCTBEHHBIX MacIITabax U TMHAMUYECKOM aKTMBHOCTHU
BO BpeMmeHU. CoJieBble Majblibl U IBOMHAsT AU y3usi Ha BEPXHUX U HUKHUX IPaHULAX «MEIAN» MOTYT pacCMaTpUBaTbCs Kak
€IMHCTBEHHBIC MEXaHU3MBI, BbI3bIBAIOIIINE UCUE3HOBEHUE «MEIIN», KAK ME30MacIITaOHble TePMaJIbHO-COJICHbIE HEOMHOPOI-
HOCTH B OKPYXalOLIMX Boiax ATJaHTUUYeCKOTo okeaHa. [IpyHuMasi BO BHUMaHUE peaIMCTUYHBIE MacIITa0bl «MeIAN», IoKa3a-
HO, YTO BO BPEMEHHBIX MacIlTabax OKOJIO WJIM MEHee Toa Macca BOIbI «MeIIM» MOXET CUMTAThcsl Hen3MeHHoit. OTcrona cie-
JIyeT, YTO Ha BpEMEHHBIX MaciliTadax MeHee Wv MOopsiiKa rofa st «MeIu» CIIpaBeUIMB 3aKOH COXPAHEHMS X MOJHOI MaccChl.

AHanm3 BpeMEeHHOI M3MEHUYMBOCTU «MEIIN» MPOBOIUTCS C UCITOIB30BAHNEM TEOPETUIECKOTO MTOAX0Ia TSI MHTPY3UOH-
HOM JIMH3BI B CTpaTU(DULIMPOBAHHOM XUIKOCTU, pacliMpeHHOro y4yéToM cuiibl Kopuonuca. LleHTp TsKecTu paccMaTpUBaeMbIX
«MeIan» HaXOMUTCS Ha YPOBHE PaBHOM IJIOTHOCTH. BpeMeHHas M3MEeHYMBOCTh BOZHMKAET U3-3a PE3YJIBTUPYIOIIETO BO3MEii-
CTBMSI HAOOpa CUJT: U30BITOYHOTO aBJI€HUs, BO3HUKAIOILIETO U3-3a PA3HULIbI B TNIOTHOCTHU BOJbI BHYTPH JIMH3 CPEIU3EMHOMOD-
CKOIT BOIBI 1 TUIOTHOCTH OKPYXKAIOIICH Cpembl; CUJI, BOBHUKAIOIINX KaK M3-3a BpallleHUs JTUH3BI (LIEHTPOOEeXKHAsI Cuia), Tak
u BpaueHus 3emau (cuia Kopuronuca); cuil, BbI3BaHHBIX U3JTy4YeHUEM BHYTPEHHEl BOJIHBI U ICMCTBUEM BSI3KOCTU. BpemeHHast
M3MEHUYMBOCTD JIMH3 CPEAM3EeMHOMOPCKOM BOIBI COCTOUT M3 IByX OCHOBHBIX 3TaITOB:

1) HauanbHasl, HeBsI3Kasl cTaausl («MoJoaasl JIUH3a»), Koraa 6agaHc cuil hopMUPYETCs CUIaMU MHEPLMHU, U30BITOYHOTO
JIABJICHMSI, IICHTPOOEKHOM CUIIBI, CWIIbl Kopurosrca 1 cujibl BOJTHOBOTO COTIPOTUBJICHUS, BRI3BAHHOTO U3JIyYeHUEM BHYTpPEH-
Helt BosHbI; cuiia Kopuosuca sBisieTcsl KitoueBbIM (paKTOPOM, MOAIEPKUBAIOIIUM U COXPAHSIIOIIMM KOMIAKTHOCTb aHTULIM-
KJIOHWYECKUX JIMH3 CPEIN3EMHOMOPCKOI BOIBI, «<MEIIN»; OHA TIPEIOTBpAIllaeT pa3pylIeHUE JIMH3 CPEIN3eMHOMOPCKOM BOIBI,
OrpaHUYMBaET UX TEOMETPUUECKHE Pa3MeEPhI, BIUSIET Ha UBMEHEHME YIJIOBOM CKOPOCTU JIMH3bI. LIuKIOHUYecK1e TUH3bI Cpenr-
3eMHOMOPCKOi1 BOJIBI IeCTaOMIM3NPYIOTCs cuitoii Kopuosnmca, Mx TOJMIIMHA YMEHBIIACTCS CO BpeMEeHEM, 1 TIPY OIpeeICHHBIX
YCJIOBUSIX JIMH3bI CPEAU3EMHOMOPCKOI BOJbI MOTYT UCUE3HYTh KaK aHOMAIMU MJIOTHOCTH YK€ Ha 3TOW CTaauu;

2) cTamus BSIBKOCTHU («cTapas JIMH3a») XapaKTepH3yeTCsl MEIUICHHBIM YMEHBIICHWEM TOJIIWHBI JIMH3 CPeaIU3eMHOMOP-
CKOIi BOJIBI JIO €€ TIPeAeIbHOTO 3HAaYeHMSI, KOTOPOE OTpeaessieTcsl HauaJbHOM TOMIIMHOM U HaYaJlbHOM cTpaTuduKamnyei TMH3
Cpenr3eMHOMOPCKOM BOMIbI, a TAKXKe CTpaTUdUKalLIMeil OKpyKatollei cpenbl; B TeYeHUe MOCIeIHero eproa BsI3KOi ctaauu
0OMEH TEIJIOM M COJIEHOCTBIO C OKPYXKAIOILei BOIHOI Maccoil MOXET, Ha XapaKTepHbIX BpEMEHHBIX MaclTabax 0KoJo rojia,
CYIIECTBEHHO BJIMSTH HAa BBIPOXIEHUE JTMH3 CPEIN3eMHOMOPCKOM BOIbI KaK aHOMAJIMKM IJIOTHOCTH; Ha 9TOM CTaAuM aHTULIU-
KJIOHWYECKUE JIMH3bI CPEAM3EMHOMOPCKOI BOMBI, «MEIN», MPOAOJKAIOT UMETh aHTULIMKJIOHUYECKOE BpallleHHeE.
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ON NONLINEAR DYNAMICS OF MEDDIES
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The lenses of the Mediterranean water (LMW), also known as Meddies, well distinguishable in the Atlantic Ocean water. The
field observations devoted to study Meddies are presented in numerous publications and provide information on their origination,

Ccoutka mjist uutupoBanust: beuunos A.1O., Caghpaii A.C., Quarowxun b.H., Koxceaynosa H.I. O HemuHEHHOM TUHAMUKE
JIMH3 CPeNU3eMHOMOPCKOI BOIbI «Menan» // @yHmaMmeHTanbHasl U NpukianHas ruapodusuka. 2020. T. 13, Ne 3. C. 20—42.
doi: 10.7868/S2073667320030028

For citation: Benilov A.Yu., Safray A.S, Filyushkin B.N., Kojelupova N.G. On Nonlinear Dynamics of Meddies. Fundamental-
naya i Prikladnaya Gidrofizika. 2020, 13, 3, 20—42. doi: 10.7868/52073667320030028

20



O HeMHEITHOW TMHAMHKE JIMH3 CPEIU3eMHOMOPCKOIl BOIbI «MeIIH»

distribution, spatial scales and temporal dynamic activities. The salt-fingers and double-diffusion at the Meddies top and bottom
borders may be considered as only mechanisms causing the Meddies disappearance as the thermal — saline mesoscale anomalies
in the surrounding Atlantic Ocean waters. Taking into account the Medies’ realistic scales it is shown that in temporal scales of
about and less than a year the Meddies water mass may be considered as invariable. Then the Meddies conservation mass is valid
in such temporal scales.

The Meddies (LMW) temporal variability analysis is carried out using the theoretical approach of intrusive lens in stratified
fluid extended taking into account the Coriolis force. The Meddies (LMW) are considered with the center of gravity sitting at the
level of equal density. The temporal variability occurs due to the resulting effect of the set of forces: the surplus pressure originated
due to the density difference between the water inside the LMW and the ambient density field; the forces originated due to both
the lens’ rotation (centrifugal) and the Earth rotation (Coriolis); the forces caused by the internal wave radiation and the viscosity
action. The temporal variability of LMW constitutes of two principal stages:

1) the initial, inviscid stage (“young lens”), when balance of forces is formed by the forces of inertia, the surplus pressure, the
centrifugal force, the Coriolis force and the force of wave resistance due to the internal wave radiation; the Coriolis force is a key
factor supporting and keeping compact the anti-cyclonic LMW, the Meddies; it prevents the LMWs from breakup, limits their
geometrical dimensions, affects the lens angular velocity variations. The cyclonic LMWs are destabilized by the Coriolis force,
getting small thickness and under certain conditions may disappear as a density anomaly already at this stage;

2) the viscid stage (“old lens”) is characterized by a slow decreasing of the LMW thickness up to its limit value, that is de-
termined by the LMW initial thickness, the initial LMW stratification as well as ambient stratification; during the final period of
the viscous stage the exchange of heat and salinity with ambient water-mass may, on a characteristic temporal scales about a year,
significantly influence on the degenerations of the LMW as a density anomaly; at this stage the anti-cyclonic LMW, the Meddy,
continues to have the anti-cyclonic rotation.

Key words: lenses of the Mediterranean water, Meddies, temporal variability, theoretical approach, inviscid stage, Coriolis force,
visid stage, stratification

1. Meddies Origination, Distribution and Spatial-Temporal Scales

One of the most interesting and prominent features of the North Atlantic Ocean is the salt tongues originating
from an exchange flow between the Mediterranean Sea and the Atlantic through the Strait of Gibraltar. The Mediter-
ranean outflow through the strait is denser than Atlantic water because of its higher salt content. Evaporation in the
Mediterranean Sea raises the salinity to around 38.4 PSU, as compared with 36.4 PSU in the eastern North Atlantic
[1]. The flux of the warm and saline Mediterranean Water (MW) into the North Atlantic Ocean through the Strait of
Gibraltar is about in magnitude on the order of 1 Sv = 10° m3s~1[2—4], and also is one of several distinct water sources
whose interactions determine the overall watermass distribution of the North Atlantic.

Mediterrancan Water (MW) flows through the Strait of Gibraltar as an undercurrent, cascades down the con-
tinental shelf, while entraining less dense North Atlantic Central Water [5] and settles at depths between 500 and
1500 m [6]. MW are distinguished by high temperature and salinity, which are changed accordingly from 38 PSU and
14 °C in the Gibraltar strait up to 36.8 PSU and 13 °C in the area of the Gulf of Cadiz. Also, the influx of the Med-
iterranecan Water as a jet (36.5 PSU salinity, 12 °C) was revealed using data of 3 surveys in the translating westward
and rotating anti-cyclonically. This phenomenon led to formation of asymmetric dipole lenses system: anticyclones
(western) and cyclones ones [7, 8]. Meddies were first reported in the western North Atlantic Ocean where the Med-
iterranean Water in the form of an intense Mesoscale Eddy had been detected off the Bahamas by McDowell and
Rossby [9] and later in Sargasso Sea by Dugan, Mied, Mignerey and Schuetz [10]. Since that time Meddies have
been found as a common feature in the North Atlantic Ocean [11—15], [6], [16], [17]. The distribution of Meddies
detected in historical data of the eastern North Atlantic relate to the area (25°—45°N, 5°—32°W). Transformation
of the Mediterranean Water jet momentum into the vortex dipole gave rise to a so called “mushroomlike” structure
[18—21]. Mushroomlike structures of such a kind were also repeatedly observed in laboratory experiments [18, 20,
22,23, 24]. Many different aspects of Meddies are currently being researched to understand their properties as well as
their influence on large-scale mixing and climate [25, 26].

The hydrological and dynamical properties of several Meddies south of 40°N have been thoroughly described
[12, 27—32]. The Meddies are roughly circular lenses with thermohaline anomalies of typical diameter 30—100 km
and thickness 500—1000 m, centered near a depth of 1500 m. Away from the Iberian Peninsula, maximum anomalies
of temperature and salinity relative to their environment can reach 5 °C and 1 PSU. Meddies have a steep boundary
in hydrological properties located at a radius of 10—40 km, thus defining the “‘core’’ and the “‘outside’’ of the lens.
Within the core, the velocity distribution is close to a solid body rotation, and maximum azimuthal velocities are
reached at radii slightly smaller than that of the steepest hydrological front. The outside region is characterized by
a sharp decrease of azimuthal velocities and by thermohaline intrusions and hydrological inversions resulting from
mixing, whereas the core is smooth and stably stratified. Vertical displacements of isopycnals tend to be larger below
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the core than above, and there is evidence that Meddies can have a signature extending up to the sea surface [33, 28,
32]. Meddies occasionally exhibit a ‘‘double core’ vertical structure, with two maxima in temperature and salinity
anomalies.

Meddies have traditionally been studied using established oceanographic techniques, such as CTD (Conduc-
tivity-Temperature-Depth) probes to measure salinity and temperature [34] and acoustically tracked SOFAR floats
[27]. A multi-channel seismic (MCS) reflection profiling has been employed as an imaging tool [35—40]. Biescas et
al. [37] performed the first detailed MCS analysis of a Meddy. Buffett et al. [40] combine the MCS analysis with the
Stochastic Heterogeneity Mapping to the study of a Meddy in the Gulf of Cadiz.

In its crossing of shelf canyons the sink of denser MW along the canyon bottom on the 800—1400 m occurs. The
isolated volumes of MW are well distinguishable from surrounding water in salinity (up to 0.6 PSU) and temperature
(up to 3 °C). This leads to formation of dipole systems of different scales with two intrathermocline eddies — cyclonic
and anticyclonic. The data obtained in the course of the cruise of R/V “Vityas” in 1988 [41; 7; 21] show successive
increasing of MW inflow as a jet (36.5 PSU salinity, 12 °C) that was revealed using data of 3 surveys in the open part
of the ocean, remote from the Iberian Peninsula continental slope more than 250 km at intermediate 700—1300 m
depths. This phenomenon led to formation a vortex dipole of the MW lenses system: anticyclones (western) and cy-
clones ones [7]. The Coriolis force acts as a stabilizing factor for lenses with anticyclones rotation, prevents their de-
cay and restricts its geometry dimensions and circulation velocity. The lenses rotate with a frequency commensurable
with Coriolis parameter [42]. These lens’ characteristics are determined by the balance of the surplus of centrifugal
force and Coriolis force and depend on the initial potential energy of the lenses and its angular momentum. Lenses
with the cyclone circulation are destabilized by Coriolis force, they quickly spread in a horizontal plane and their
vertical sizes decrease. The collapse of cyclonic lenses occurs in vicinity of the region of their formation and their
lifetime is approximately estimated as long as 60 days [43]. This process is the main mechanism of lenses material
exchange with the surrounding waters and formation the intermediate MW in the close vicinity of their inflow into
the Atlantic Ocean.

The laboratory experiments well qualitatively support the observed “young” eddies in the Gulf of Cadiz. The
transformation of the MW jet momentum into the sequence of the vortex dipoles which manifest themselves as the
sequence of the “mushroomlike” coherent structures [19]. The mushroomlike structures of such a kind were also
repeatedly observed in laboratory experiments [18, 20, 22, 23]. The propagation of these waters into the North At-
lantic plays an important role in the ocean thermo-mass- energy exchange. The most of characteristics of this layer
have noticeable horizontal irregularity. For instance, the sizes of the high salinity regions within the Mediterranean
water layer may have scales of tens kilometers. This kind of lenses are observed at distances up to 3 x 103 km from the
source of the Mediterranean water in the Atlantic Ocean and move with a speed of about ~1.0—1.4 nautical mile/
day. This observed evidence shows that the lenses of the Mediterranean water are the long — living formations with a
lifetime at least several years. The lifetime of the lens observed during the Mezopoligon experiment [42] has reached
about 6 years. The large-scale current system at those depths transports the lenses of the Mediterranean water across
the ocean [44, 45]. The observations in the ocean region near the Iberian Peninsula have shown that an appearance
of about 50 lenses per year is possible [41, 46]. Then we obtain that the region with a horizontal scale of ~1800 km
from the Gulf of Cadiz is populated by the lenses drifting with velocity of 1.0 mile/day during of 3 years and so about
150 Ienses may be observed at every moment. The density structure of the lens water-body is characterized by higher
vertical mixing relatively to that within surrounding fluid [27, 47]. The difference between the lens density distribu-
tion and the surrounding water masses produces a horizontal gradient of pressure surplus that is the intrusion driving
force causing the lens spreading at the depth where the lens mean density is equal to the ambient density.

The presence of salinity and temperature maximums within lens creates favorable conditions for developing two
kinds of convective phenomena at the upper and bottom boundaries: the double-diffusion at the top boundary and
the “salt-finger” at the bottom and turbulent exchange at outer boundaries with thermohaline lateral intrusions. Es-
timates of the vertical heat and salt transfer produced by those phenomena show the values of effective coefficients
for both heat K, and salt K,q less than 1 cm?/s [27]. It should be noted that those estimates relate to the “young”
lenses located near their originating source. Because of the convective phenomena at the lens boundaries there is an
exchange between the lens seawater and the ambient seawater by the heat and the salt that induces degeneration of the
lens as temperature and salinity anomalies. The double-diffusive and salt-finger convection captures the surrounding
fluid, which has ambient values of temperature and salinity. The lens anomalies of temperature and salinity diminish
in time as the result of this exchange with ambient water [43].

This process of heat and salt exchanges was irregular in time during the monitoring the lens “Sharon” [27]:
during the first year (about 300 days) the lenses lost 2/3 of its heat and salt, and in remaining two years it lost only
1/3 of them. It should be noted that the Ienses “Sharon” was revealed in the Azores front region, and its age could
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be estimated in 2—3 years. How did its destruction occur, and what were heat and salt losses before this period was
unknown. Furthermore there are more rapid mechanisms of heat and salt transfer from lenses to surrounding waters:
1) partial destruction (damages) of lenses in their meeting (as a result of collisions) with underwater mountains [48],
2) their (passage) moving in straits (through underwater canyons) [49], 3) their interaction with frontal zones [50],
4) lenses destruction on periphery of strong streams [51].

Two stage of anticyclonic lens evolution are revealed: 1) as a rule the “young” lenses form a vortex dipole system
and may have two cores structure along vertical because the lens formation is not finished (fig. 1); 2) the “old” lens has
one formed core, and there is no trace of cyclonic lens. The anticyclonic lenses are called “Meddy” (Mediterranean
Eddy) in literature; they carry main MW volumes at periphery of the area and determine the scales of thermohaline
inhomogeneities. These lenses are closed ellipsoidal formations with horizontal axes of 40—100 km and vertical ones
of 0.4—0.9 km; MW volumes in them are up to 3500 km3.The average MW volume is 1720 km?3 for 178 lenses [43].

The observations facts in a summarized form can be presented as follows:

a) MW enters in the Atlantic Ocean through the Gibraltar strait by a bottom current, occupies depth about
800—1500 m and forms a layer of intermediate MW. The layer extends across the ocean up to 3000 km and at the
same time it is the two-component system: water with typical MW characteristics are saturated by greater number of
lenses, fulfilled by MW water with higher values of TS-indexes and noticeably distinguished from surrounding waters.

b) Main heat and salinity transport by MW at intermediate depths at long distance from the source of their origin
is determined by the processes of formation, spread and decay of intrathermocline anticyclonic lenses. We may call
them as “old lenses” or Meddy. The cyclonic lenses do not travel far because they collapse under destabilizing acting
the horizontal surplus pressure gradient and the centrifugal and Carioles forces. Their life time from the observation
is estimated approximately no more 60 days. This process is the main mechanism of lenses water mass exchange with
the ambient waters and formation MW layer in the close vicinity of the region of the MW lenses origination.

¢) The “young” lenses of the Mediterranean water are the lenses which occur as cyclonic — anticyclonic pairs at
relatively near to the Mediterranean water-forming source, the anticyclonic lens is well expressed while the cyclonic
lens is less expressed and has greater horizontal scale. The mechanism of the “mushroomlike” dipole system gener-
ated along with inflow of MW is an unstable stream at intermediate depths. It seems to be common one in the open
ocean as well as in the “sinking” water in canyons.

The models of lens dynamics have been elaborated [see for example 10, 21, 25, 52—57, 60]. The interaction
of Meddies with a complex distribution of seamounts is studied in the three-layer quasi-geostrophic model on the
f~plane [58]. This study aims at understanding if and how this seamount chain can represent a barrier to the propaga-
tion of these eddies and how it can be involved in their decay.

In this paper we focus mostly on the lens dynamics during the lens lifetime following the results in [21, 41]. First,
we estimate the characteristic temporal scale of the lens degradation as a thermohaline departure from the ambient
water. Second, we analyze the lens dynamics itself.

60 miles
600 .

Fig. 1. Distribution of salinity (PSU) on the vertical section drawn through the centers of dipole
lenses (solid lines). Density (o,) is shown by dashed lines. Corresponding data were obtained
during the period June, 22—26, 1988 by R/V “Vityaz” [7, 41].
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2. The Lenses Decay

Our goal is to find the order of magnitude of the time-scale of the lens degradation. The mass exchange between
the lens and the ambient water defines the rate of lens decay as a temperature — salinity departure. We make a rough
estimate of the characteristic rate of the seizing the ambient water mass around the lens using the estimates of the
effective coeflicients K,yand K gin [27]. According to the observation we may assume that the lens thickness 24 (4 is
the lens semi-thickness) is much less than the lens horizontal scale 2R (R is the lens radius) and the ratio R~/ has the
order of magnitude as R"'4 <10~!. In this case the estimates can be done for an infinite in horizontal directions layer,
which extends in vertical direction by the water mass exchange with the ambient water. Because we are not interested
in detail of the lens decay but looking for estimates by the order of magnitude, this approach allows us a simplification
of the problem introducing few additional assumptions:

1. The ambient temperature (7,,,) and salinity (S,,) are constants.

2. The lens temperature (7;) and salinity () depend only on the time .

3. The effective diffusivity coefficients K, rand K ¢ have the same order of magnitude at the upper lens border and
the lens bottom and can be taken as

K. (h)~K g (~h)~K_s(h)~ K g(~h)~ K, =max(K_;,K g ). (1)

These assumptions will provide most intensive mass exchange between the lens and the ambient water. In fact,
the condition (3) means that the heat and salt transfer within upper and lower part of lens is symmetrical. Then we
can take for analysis only a half of lens thickness, let say it will be the upper half, putting the origin of coordinates at
the middle of lens layer and taking a vertical direction as positive for the vertical coordinate z. The change of the lens
temperature, (7;), and salinity, (5,), in time is given by the equation

d,0, ==0.0,, |Z|Sh’t20’ 0, :(szSx)’ O, ZQe(U)’ 2

where Qy—7is the temperature (heat) flux, Oy, is the salinity flux. The left hand side in (2) does not depend on the
vertical coordinate z, and there is symmetry of the heat and salt exchange at upper and bottom sides of the lens,
therefore the flux Qy has the form

Oy (2.t)=2h"'Qy (h,1), (3)

where Qy is the flux at z = h. Keeping fluxes of heat and salt to be continuous across the lens border we have to equalize
fluxes by the entrainment with the entrainment speed d;4 and by the effective diffusivity. Then the fluxes Qqy(#, ) can
be presented by the equations

Qy(ht)=-[6,-0,(t)]d,h~-K_[0,-0,(r)]/h. 4)

The outcomes of (3) are an expression for the lens thickness # and, accordingly, an expression for the entrainment

speed di as
h(t)=hyJ1+ 2K thy?, (3)
dh=K, (ho./1+2KzthU‘2 )_l, 6)

where hj is the lens thickness at the time # = 0. Equations (5)—(6) allow an estimate of d/4 taking into account the
estimate of K, of [27] and an actual value /. Assuming K, ~ 1 cm?s~!and iy~ 3 x 10*cm, we find dh <3 x 1075 cms~.

Let us now estimate the degradation time, #,, of the lens anomaly which we shall take, for certainty, as the time
of ten times decrease of the magnitude of lens thermohaline anomaly. Substitution the flux Q, of (3) in the equation
(2) with taking into account (4)—(6) reduces (2) to an equation in respect to 6, as follows

4,0, ==K.[0,(1)=0, ]| i3 (1+2K )| (M)
The solution of (7) in the form of decay of the lens anomaly 60 = 6, — 0, is
-1/2
50 /50, :(1+2Kztho‘2) , (8)

where 60, = 80(0) is the initial magnitude of the lens anomaly 60. Introducing the notation 89,d = 69(td ) and resolv-
ing (9) in respect to ¢, we find the lens degradation time
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= hg[(seo /50, ) —1} /2K, )

as a function of the degradation measure 86 =00,. If we put (66 /86, )=0.1 then the degradation time #;is about
t;~1.427 x 103 years. Hence, the lens motlons with temporal scales much less than 7; and with velocities much high-
er than d of (6), as it follows from the above estimates, will not be affected by the double-diffusion and the salt-fin-
ger convection, those can be neglected if we consider more realistic time-scales and actual velocities of the lens water

mass change. For instance, the lens changes for a year under this kind of erosion are (4/h;) =~ 1.03, [(d,h)/

(d,h)tzo} ~0.97, (80/06,) = 0.97.

Let us now estimate the lens degradation assuming, that the lens evolution occurs as a result of the lens water
mass interaction with a small- scale, in respect to the lens scales, random and spatially-statistically uniform ambient
dynamic noise. In this situation the effect of the small-scale components of motion on the large-scale motion will be-
come apparent as a diffusive spreading of the large-scale non-uniformities by the small-scale motions [59]. Also, we
shall make a distinction between vertical and horizontal exchange, resulting as the stable stratification effect, intro-
ducing a difference of the vertical and horizontal diffusivities. Then, the simplest model to estimate this degradation
mechanism of the lens temperature and salinity anomalies takes the form of the 3-D diffusion model

0,80 =K_0%.80+ K, A6, (10)
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where K is the vertical diffusivity, K is the horizontal diffusivity, A is the horizontal Laplacien. The maximum of the
lens anomaly is at the lens center z =x =y = 0 and decays in time as

0(1,0,0,0) /80, = (hy / =IK_ ) x(S, / 4niK ), (11)

where sy = h(0) is the initial semi-thickness of the lens, S is the lens initial area in the horizontal (x, y)-plane.
The right-hand side of (11) is a product of two factors. The first term is the anomaly degeneration by the verti-

cal mass exchange. It is similar to that of the formula (8) for Kz, 2 >>0.5. One can consider that K, is induced by
small-scale turbulence that causes the vertical transport with the coefficient K, ~ 1 cm?/s under the condition of stable
stratification. Then the role of vertical diffusion in the degeneration of the anomaly 36 is the same as the double-dif-
fusion and salt-fingers make. This effect is insignificant for temporal scales about one year for the actual lens with
hy~3x 10*cm.

The second factor describes the anomaly degradation by the horizontal diffusion. For actual area S that is
S, ~ 3 x 103 km?, time scales about one year an appreciable influence of the horizontal diffusion will be caused by the
coefficient K if it is K; ~ 10° cm?s~" or greater. This value of the coefficient K; is a commonly excepted number in
the large-scale oceanic currents modeling. However, it is well known that this value of the coefficient K; is caused
by the horizontal turbulent motions with scales of the same order of magnitude of that the actual lenses have, and,
therefore, cannot affect the lens degradation. Thus, the introducing into consideration the horizontal diffusion does
not appreciably contribute into the lens degradation process at the temporal scales of 1 year or less.

The above discussion demonstrates that the mass-exchange between the lens and the ambient water mass does
not change much the total water mass confined within the lens body. As one can see in the equations (8), (10), the
lens degradation rate by the mass-exchange can significantly increase if the lens thickness becomes small enough.
Inside the lens body the density of seawater is more uniform over the lens volume than the density of the ambient
oceanic water. Also, the lens rotates around its vertical axis and spreads in the horizontal (x, y) — plane, therefore the
Iens has to collapse at the depth of its density under impact of the pressure excess and the centrifugal force. However,
the lens is not fully mixed and, therefore, will experience incomplete collapse. As it follows from the laboratory ex-
periments [15] and theoretical study [4] of the collapse of such stratified regions, the lens collapses up to a final thick-

ness h=h, =h [F o (0)/T pam] (where hy is the initial thickness of the collapsing region, I, is the ambient vertical
gradient of density, I, (0) is the initial vertical gradient of density of the mixed region or inside the lens) and the lens’
density gradient I, (#) becomes equal to the ambient density gradient I',/T’,,,, and the lens as a density anomaly
disappears. According to the data [9], the ratio I, /T, can have the numerical value as up to I, (0)/T,,,, 0.1, and
then A, is ten times less than A, Replacing A, by 4, in the equations (8) and (11), taking into account that

hy=h,, [F pam /T oA (O)], and assuming that 4, K, and EZ take the same numerical values as before, we find 60/66 =

~ (.35 by the double-diffusion and salt-finger convection and 36/36, = 0.1 by the erosion caused by the small-scale
turbulence. Thus, the collapse effect is an important part of the lens dynamics modeling.
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3. The Lens Dynamics

Below the lens dynamic model is an extension of the collapse mechanism of mixed regions in a stratified fluid
[54—56] with rotation. The rough preliminary estimates show that the lens collapsing process is an important element
in the time-history of the Mediterranean lenses. In addition, the existing models are too complicated to carry out a
qualitative analysis on revealing dynamic causes of the Mediterranean water localization within a confined region.
Therefore, it would be expedient to develop a simplified model of the intrusive lens that makes possible to carry out
this analysis in most clear form and, at the same time, to take into account all specific features of this phenomenon.
We will discuss a variant of such coarse model, based on the theory of collapsing mixed regions in a stratified fluid [21,
54—-56, 61, 62]. Also, this theory describes the lens evolution while the lens rotation is totally decayed.

Keeping in mind the results of Section 2, we assume the exchange of lens heat, salt and all other admixtures with
the ambient water is so insignificant that it can be neglected at the temporal scales of the lens dynamic variability,
which are the subject of interest here. Then, the lens volume characterized by total surplus of heat and salt against to
those in the surrounding water mass does not change in time, or the lens volume is

V:2/1(z‘)7tR(t)2 =const, (12)

where V'is the lens volume, /4 is the lens semi-thickness, and R is the lens radius. In the case when the lens does not
rotate and the Coriolis parameter /= 0, the lens time history obeys to the equation of a collapsing density non-uni-
formity in stratified fluid [55, 56]. In the terms of our problem this equation is
2
png g+Fw+Fw (13)
dt
where py is the seawater density at the depth H for both within the lens and the ambient water mass, and the right
hand side is a sum of three forces. The first one, F,, is the force by the pressure surplus due to differences of the vertical
density distributions in the lens water mass and the ambient water. The second force, F,, is the force of wave-resis-
tance due to internal wave generation during the lens intrusion process. The third force, F,,, is the viscous resistance
due to the lens intrusion into the calm ambient water. Because the lens axial symmetry and the horizontally unifor-
mity of the ambient water, the forces are only along the lens radius. The force of the pressure surplus is outward as the
intrusion moving force, while the resistance forces are inward to the lens center and against the intrusion motion. We

specify the forces F,, F,, and F,, following [55, 56] as

AP 1 2 h(0 N}
Fo=—— AP=—§pH[h(t)Nam] {1—5%}, c:N—g, (14)
F,=—k,py(h/R)N,,(dR/dt), (15)
F, =—k,pyh(t)”(dR/dr)’, (16)

where AP is the pressure surplus, R(?) is the lens radius, A(?) is the lens semi-thickness at the time moment 7 and the
2h(0) is the lens initial thickness, o is the lens mixing parameter equaled to zero for the fully mixed lens and it is in
the range 0 < ¢ < 1 depending on the Brunt — Vdisila frequencies of the ambient water mass N, and the lens N, at
the initial time 7 = 0, k,, and k,, are the dimensionless coefficients of the wave and viscous resistances corresponding-
ly and, quantitatively, they have the order of magnitudes of 1. The different stages of lens collapse, following from
(12)—(16) in this simplest case, are investigated in [55, 56] and they are well supported by the laboratory experiments
(see references in [55, 56]). Here we note an important feature of lens collapse that will be used in farther discussion.
In the case of incomplete mixing of the lens water mass, 0 < o < 1, the lens spreads in horizontal plane until the
lens thickness reaches its critical value & = A, = chy, and that corresponds to the lens’ finite horizontal size R = R, =
= Ry/c'/? because of the lens volume conservation (12). In the case fully mixed lens, ¢ = 0, the lens collapses complete-
ly, the lens thickness 2/ — 0, but this process is very slow as the horizontal size R(f) increases in time as R(f) ~ #'/10.

We complicate the problem adding to the collapse process (13)—(16) the lens rotation with an angular velocity
o parallel to the vertical coordinate z. In this case the lens dynamics equation (13), that takes into account the forces
in the radial direction, should be supplied with an equation for the lens angular velocity ®. Then we have to take into
account two components of the Coriolis force of the lens own-rotation, the radial and azimuthal components. They
occur due to the intrusion the lens water mass into the ambient water in the radial direction and the lens own-ro-
tation. Also, the lens own-rotation causes the azimuthal component of the viscous resistance. It is convenient for
making farther analysis in terms of the radial velocity v, = dR/dt and the azimuthal velocity v, = Ro, ® = |o|. Using
this notation the rotating lens dynamics extends to the set of two equations:
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pﬂ%ng+Fw+FCr+Fw, (17)
dv, dRo
pHd_;P:pHTZFCKP-FFV(p’ (18)

where the forces F,, F, and F,, are defined by the equations (14)—(16), and the forces F¢,, F¢, and F,,, are equal
correspondingly to

FCrszRu)z, (19)

Foy=—pyo(dR/ dt), (20)
Ro

E"P =—kvaVh—2. (21)

One can see that the radial component of the Coriolis force is the centrifugal force accelerating the lens intrusion and
collapse. The azimuthal component of the viscous friction reduces the lens rotation. The azimuthal component of the
Coriolis force occurs due to the radial intrusive spreading of the lens water mass.
In the course of the initial inviscid stage the viscous friction can be neglected in (17) and (18). Then the equation
(18) reduces to
d&m@:o,k%:L:constant,m=2n(L /V)h (22)
dt dt
and this is the conservation of the lens angular momentum L in the absence of viscous forces. The angular velocity o is
the decreasing function of the lens radius during the inviscid stage. In the case of completely mixed lens, c = 0, the an-
gular velocity o decreases to the zero value (o — 0) because # — 0 and R — . In the case of incomplete mixed lens, 0
< o < 1, the lens thickness decreases up to the lens limit thickness # = A, = ch. This limit situation can be reached,
under certain conditions, in the course of the inviscid stage and then density anomaly disappears but the liquid inside the

lens continues to rotate with the limit angular velocity © = @, (a)c, = LRC’,2 =oLR; 2 ) The temperature and salinity

anomalies, which compensate contribution of each other in the stably density stratified lens, are lasting to be distinguish-
able from the ambient temperature and salinity fields. The anomalies reduce in time under erosion by the double diffu-
sion and the salt-finger convection, which develop along with the rotation decay, because of viscose resistance and slow
mixing by the ambient turbulence. In the situation when the lens initially is fully or well enough mixed (0 < ¢ << 1) the
significant increase of lens horizontal size can occur during the inviscid stage and therefore the lens rotation becomes
insignificant and the final decay is similar to the no rotation lens decay. Note that this approach relates to the dynamics
of density intrusive lenses with small enough horizontal scales and that allows neglecting the Earth rotation.

The Mediterranean lenses have horizontal scales of several tens of kilometers and therefore the Coriolis force of
the Earth rotation becomes an important component in the total balance of forces. We extend the force balance in
(17)—(18) adding the radial, Fj, and the azimuthal, Fy,, components of the Coriolis force of the Earth rotation that
is characterized by the Coriolis parameter f of the Earth rotation. The extended dynamic equations take the form

d’R
pH_dt2 =F,+F +F,+F,+F,, (23)
dRo
pHTZFC(p_Fqu)"'E)(p’ (24)
where the forces Fj and Fy, are
Ffrszv(pfszRo*)f’ (25)
Fro==Pyv, =—pyRf. (26)

It can be seen in the equation (23) that the density heterogeneities with anti-cyclonic rotation (w < 0) have the Cori-
olis force of the Earth rotation as a stabilizing factor, while the cyclonic rotation (® > 0) is an additional destabilizing
one. Indeed if we assume the lens to be still thick enough that the viscous terms in (23)—(24) can be neglected then
there is a steady state, R=¢=0, with the force balance
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Fig. 2. The lens equilibrium angular velocity of steady rotation w, versus a dimensionless parameter com-

bined of the lens equilibrium sizes, the mixing ratio and the ambient stratification: 4, — the lens equilib-

rium semi-thickness, R,is the lens equilibrium radius, o is the mixing ratio, N,, is the Brunt — Viisala
frequency that characterizes the ambient stratification, fis the Coriolis parameter.

The use of equations (14), (19) and (25) reduces the force balance (27) to the condition of dynamic equilibrium

2
4(1-
o 1y FM AN 0<o<l, (28)
f 2 3 R f

where index s means that the variables o, 4, and R take the equilibrium constant values ® = o, # = hA;and R= R, =

= (V / 2mh, )l/ ? because of (12). It follows from this equation that the lens angular velocity of steady rotation o, sat-

isfies to the following inequality

®
-1<—=£<0 29)
f
and because of the expression under the square root sign must be positive
3
Rf|——>hN,_, . 30
Sf 4(1 _ CS) s am ( )

In the case of fully mixed lens (¢ — 0) the lens semi-thickness /, and radius R,, due to the lens intrusion into the
ambient water, have an asymptotic behavior 4, — 0 or R, — . Correspondingly, the asymptotic behavior of the lens

angular velocity of steady rotation has two limits %—)(—1 and—O). The inequality (30) shows that the lens

semi-thickness 1, must be always less than A, = %/ 3t/ 8n(l-c)N, 2 {/ 30,/ /4R, (I-0)N, 2 » Ry, and, corre-

amb =

spondingly, the radius of steady rotating lens must be always greater than R, . = §/4(1 ~6)N . /3 (V/ 2n)1/ ’

That corresponds to the case when the inequality (30) becomes an equality and then

Pymax _ /nhfmaxz v f 3 (31)
Rsmin v TCR3 Nam 4(I1-0)

'smin
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The non-steady inviscid stage of lens dynamics obeys to the set of two equations

2
pH%:Fg+Fw+Fk,+Fﬁ, (32)
dRo
pHTZFC(p_{—qu)' (33)

This set of equations is a reduced form of (24)—(25) if we neglect there the viscous terms F,, given by the equation
(16) and F,, given by the equation (21). Substitution (14), (15), (19), (20), (25) and (26) in (32)—(33) allows to inte-
grate (33). The integration result is the conservation law of the lens absolute angular momentum L, that is

R*(20+ f)=L, =const (34)
and then the lens angular velocity o is
w:O.S(LaR’z— f). (35)

Substitution (35) into (32) reduces the equation (32) to an equation that describes the attenuated nonlinear oscilla-
tions around the steady equilibrium state (27)—(31). The analysis of small amplitude oscillations in vicinity of the
equilibrium (27)—(31) shows that the oscillations occur with the lens natural frequency Q defined by the equation

Q? :fz +3(0)5 +f)(9s +(hs /Rs)z[g_Gthfm' (36)

One can see that the lens stratification, the ambient stratification and the lens volume V define the natural fre-
quency Q. The internal wave radiation (F,, # 0) causes the degeneration of oscillations and approaching the lens
dynamics to the equilibrium state (27)—(31).

The viscosity causes, equations (23)—(24), additional damping of the lens oscillations, changes the lens angular
momentum and the lens energy. Then the conditions of equilibrium state change in time, and the lens dynamics shifts
from fast rotation to slow rotation, and then the lens vertical size passes over its maximum. All these results relate
to the lenses with anti-cyclonic rotation. The lenses with cyclonic rotation do not have an equilibrium state, they
continuously change in time in the course of the non-viscous phase. Under certain conditions the cyclonic lens can
re-rotate to anti-cyclonic rotation according to (35).

The developed model of the rotating intrusive lens on the rotating Earth allows characterization of the lens prin-
cipal dynamical features. The evolution of a lens, which center of gravity settles down at a level of equal density,
results from action of following forces: the surplus pressure due to seawater density difference between the well mixed
seawater inside of the lens and the vertical distribution of the ambient density; the forces due to the intrinsic rotation
of the lens, the centrifugal force, and the Coriolis’ force of the Earth rotation; the resistance forces due to radiation
of internal waves and the viscosity. There are two main stages of evolution of the lens:

a) Initial stage of the inviscid (“young lens”) on which the balance of forces is determined by forces of inertia,
pressure, centrifugal, Coriolis and the radiation of internal waves. For lenses with an anti-cyclonic rotation, the
Coriolis force is a stabilizing factor, which prevents the disintegration of the lens and limits its geometrical size and
rotation speed. The last are defined from a condition of balance of the superfluous pressure and the forces, centrifugal
and Coriolis, and depend on initial potential energy of the lens and its initial angular momentum.

The lenses with the cyclonic rotation, to the contrary to the lenses having an anti-cyclonic rotation, are just more
destabilized by the Coriolis’ force, and they can reach small thicknesses during this initial stage. The degradation
mechanism due to mass exchange with the ambient seawater works more efficiently for lenses with small thicknesses.
Hence the lenses with cyclonic rotation should have smaller, in comparison with anti-cyclonic lenses, vertical size
and less distinguishable by the anomalies of hydro-physical and hydro-chemical characteristics.

b) The final viscous stage (“old lens”) is characterized by the slow decrease of the lens vertical size 24 up to its
limiting value, which depends on the initial size of the lens, its initial stratification and the stratification of ambient
seawater. In the course of the viscous stage the exchange with the ambient water by heat, salt and any other admix-
tures may affect significantly on the lens anomalies degradation with degradation characteristic temporal scale of
about ~1 year. The lens has a slow anti-cyclonic rotation supported by the Coriolis’ force.

The conservation of the lens angular momentum and its total energy play important role during the initial stage
when the viscosity does not affect the lens dynamics. The lenses with anti-cyclonic rotation oscillate around the equi-
librium state (27)—(31) which is characterized by the lens equilibrium geometrical sizes and the lens equilibrium an-
gular velocity of rotation. The frequency of oscillations depends on the ambient conditions, the Coriolis’ parameter,
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the stratification inside the lens and the lens angular momentum. The amplitude of the oscillations is defined by the
lens initial energy. The nonlinear oscillations are asymmetrical around the equilibrium state and have the oscillation
period of the order of magnitude of about 10 hours. The numerical experiment duration corresponds to the temporal
period of 17 hours. In the course of attenuation of the oscillations due to the radiation of internal waves the lens tends
to take its equilibrium state.

In this stage the influence of viscosity causes slow reduction of the lens energy and the angular momentum. As
an outcome the angular velocity of lens equilibrium rotation, the equilibrium frequency of oscillations and additional
changes of the oscillation amplitude occur due to these changes of the lens energy and the angular momentum. If the
anti-cyclonic lenses rotate fast (w <—0.5 f) at the initial moments of time, then there is enhancement of the lens os-
cillations in the course of approaching of the angular velocity of lens equilibrium rotation to the value —0.5f, and it is
accompanied by increase of the lens equilibrium thickness. When the angular velocity of lens rotation has passed the
value —0.5f, there are monotonic decrease of the lens equilibrium thickness, the lens equilibrium angular velocity and
the amplitudes of the lens oscillations. To the contrary, the lenses with cyclonic rotation are even more destabilized
by the Coriolis’ force and are able to reach small thicknesses during this stage. As the lens thickness is small enough
then the mechanisms of lens density anomaly degradation work more efficiently by the mass and heat exchange with
the ambient water. Therefore, the lenses with cyclonic rotation are expected to have smaller vertical size and less
manifested by the anomalies in hydro-physical and hydro-chemical fields in comparison with anti-cyclonic lenses.

4. Results of numerical experiments

The set of model equations (32)—(33) has been solved numerically using second order the Runge-Kutta method.
A lens with a volume of 1380 km? and a horizontal size of 62.2 km has been taken for an analysis of the model sensi-
tivity to variations of its internal parameters and the external conditions/parameters. The lens characteristics in final
experiments have been taken as 1260 km? of the lens volume and 56 km of the horizontal size [41]. Some simulations
with different horizontal sizes for the same volume have also been carried out. Using the variations of the sizes of lens-
es, the internal parameters of the model and the characteristic temporal scale of lens, the all stages of the lens evolu-
tion have been studied. The ambient hydrophysical conditions had been selected from [41]. The mean density at the
depth of the maximum inversion of the salinity and temperature is 1027.62 kg/m?3, ambient gradient of density dp,,,;/
dz=0.0006 kg/m*, its internal gradient dp, / dz = 0.0001 kg/m*. The basic variables of the lens dynamics, — the lens
radius R, the lens semi-thickness # and the lens angular velocity w, had been numerically analyzed. The discussion of
the numerical experiments is presented below and given in fig. 3—9. The lens dynamics equations (32)—(33) includes
two dissipative mechanisms: the radiation of internal wave energy and the dissipation due to viscosity. The efficiency
of dissipative mechanisms has been studied varying the values of the internal parameters of the model: the internal
wave radiation coefficient (k,,) and the viscosity coefficient (k,).

If the dissipative losses are neglected (k,, = k, = 0) then the solution of the system is forced oscillations with a period
of 16—17 hours. Variations of amplitudes of # and w depend on initial value of the lens angular velocity w(0) = w,. If
there is only the dissipative energy loss due to the internal wave radiation caused by the lens intrusion (k,, # 0, k, = 0),
then, starting from a certain time moment, which depends on the numerical value of k,, the oscillations of 4 and w de-
cay and tend to take their equilibrium constant values 4, and o, of (27)—(31). In the case of only the viscous dissipation
contributes into the dissipative losses (k,, = 0, k, # 0), the lens as a temperature-salinity anomaly disappears gradually
(h - h,,, ® — 0). In that case the temporal evolution of the lens is determined by values of w, and the viscous internal
parameter k,. Numerical examples below demonstrate behavior of the lens in these regimes quantitatively.

Fig. 3, a, b shows the case of temporal variability of the non-dissipative system (k,, = k, = 0): the lens semi-thick-
ness A(f), shown in fig. 3, a, and the lens angular velocity w(#), shown in fig. 3, b, are given for different initial angular
velocities of lens rotation m,:

o, = 0 (curve (3) in fig. 3, a), the range of oscillations around A, = 224 m is 7.45 m that constitutes about 0.03 of
h, and therefore they are invisible; the period of these oscillations is 17.5 hours;

o,y /f=—1.5, 0.5, these oscillations coincide and are given in fig. 3, a by the curve (2), they have the same period
as in the previous case with m, / f= 0 but have more significant range of oscillations that is 172 m (228 m = # =56 m)
around the semi-thickness s, ~ 113 m;

o= —0.5f(curve (1) in fig. 3, a), the semi-thickness /(f) oscillates around the constant semi-thickness equilibrium
value A, ~ 672 m, the oscillation range is 1283 m (1511 m = 4 = 228 m) and the oscillation period is about 16.5 hour;

the oscillations of the semi-thickness 4(7) around its equilibrium values 4, are nonsymmetrical (with exceptions
of the case w, = 0): the amplitude of A(7) is greater in the half-periods where /4 is greater than 228.22 m; in our case
h > 673 m for wy = —0.3fand 4 < 114 m for o, = —1.5f, +0.5f;
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Fig. 3. The lens forced oscillations with absence of the dissipative losses (k,, = k, = 0) for different values of the initial angular ve-

locities of rotation W: 1 — wy = —0.5f, wy = 0.5f; 2 — w, = —1.5f, 3 — w, = 0; a — temporal evolution of the lens semi-thickness

h(f); b — temporal evolution of the angular velocities of the lens rotation w(?), (f= 0.727*10~*s~1). The horizontal lines in (3a) and
(3b) correspond to the equilibrium values of 4 and w for k,, # 0

the numerical solutions of the lens angular velocity w(f) in fig. 3, b are calculated for my, = 0 and w, = —0.5fwhich
correspond to the straight lines that are parallel to abscissa axis, and the oscillating solutions for w, = —1.5f, 0.5/
which are symmetrical relatively w, = —0.5f with the range of 0.75fand the period of about 17.5 hour.

The influence of the initial value of the angular velocity m(0) = w, on the lens semi-thickness 4(f) and the angular
velocity w(?) is shown in fig. 4, a, b; the curve 3 demonstrates the equilibrium semi-thickness /4, (fig. 4, @) and the
equilibrium angular velocity w, (fig. 4, b) versus w, in the inviscid lens dynamics case (k,, # 0, k,=0); the solution for
the lens semi-thickness / is symmetrical relatively the straight line (—0.5f, /4); three intervals are well pronounced in
fig. 4, a, b:

h-Interval (I): —1.5f< wy £ —f. The maximal values 4,,,,, (curve 1), of the amplitudes of forced oscillations of /(f)
are constant Ay, = Nyaye0=o for all values o, of this interval, while the minimal values 4,,;, — 0, (curve 2), and the
lens equilibrium thickness 4, — 4.,;;, (curve 3). The period of the lens semi-thickness oscillations 4(#) is 17.5 hour.

h-Interval (IT): —f < w, < 0. In this range of , the curve 2 of the minimal amplitude 4,,;, of the lens semi-thick-
ness oscillations 4(#) is a constant that coincides with ,,,,0-0 & 228 m. The maximal amplitude A, of the lens
semi-thickness oscillations A(?), curve 1 in fig. 4, a, has the maximal value of /,,,, = 1511 m at the initial value of the
angular velocity m(0) = o, = —0.5f, and after that A, decreases to the value of /,,00= - = Amaxiwo=0 & 228 m_The
lens equilibrium thickness /, versus w,, curve 3, has a similar form with the maximal value 4y(—0.5f) = A, = 674 m
and Ay(— /) = hy(0) = hmaywo= -r = Pmaxwo=0 = 228 m_Also, in this range of the initial value of the angular velocity
, the maximal amplitudes #,,,,, (curve 1), and the minimal amplitudes 4,,;,, (curve 2), of the lens semi-thickness
oscillations 4(#) are symmetrical relatively the initial value of the angular velocity w, = —0.5f. The period of the lens
semi-thickness oscillations A(7) is 16.5 hour.

h-Interval (III): 0 < w, < f. In this range of w, the lens semi-thickness /(f) oscillates around the equilibrium
semi-thickness 4, with the period of about 17.5 hour. The maximal amplitude 4,,,, of the lens semi-thickness oscil-
lations A(7) is a constant that is A, = Amaywo=o = 228.22 m. The minimal amplitude A,;, of the lens semi-thickness
oscillations /4(f) and the equilibrium semi-thickness 4, tend to zero, 4,,;,>0, #,-0.

The maximal amplitudes #4,,,, of the lens semi-thickness oscillations 4(f) in the A-Intervals (I) and (III) of the
initial values m, coincide with the minimal amplitudes 4, of the oscillations /(#) of the A-Interval (I1), and they
correspondingly are /,,,,, = /i, = 228.22 m. The period of 4-oscillation in the 4-Interval (II) is 16.5 hour that is one
an hour less than the periods of #-oscillation in the 4-Intervals (I) and (III), 17.5 hour. The amplitude 4, of the lens
semi-thickness oscillations 4(f), curve 3, becomes less than 4,,;, curve 4, when the initial values of the lens angular
velocity my < — 1.75f or w, > 0.75f. Therefore we may assume that the numerical values w, = —1.75fand w, = 0.75f
can be taken as the lower and upper limits of the possible initial values of the lens angular velocity wy in this approach.
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Also, we can make a physical interpretation: the initially fast rotating lens, w, < —1.75for w, > 0.75f, may be unstable
and may break up to several stable lens-like structures as it was observed in field measurements [7, 38] and shown in
fig. 1.

The influence of the initial values w(0) = w, on the angular velocity of lens rotation w(?) is shown in fig. 4, b.
The total range of the initial values w,, —1.5f< w, > £, is the same as in fig. 4, a. The three ranges of the initial values
o(0) = wy in fig. 4, a are well pronounced in the plots of the characteristics of angular velocity of lens rotation w,,,,,
®in and oy in fig. 4, b:

o-Interval (I): —1.5/< w, < —f. The numerical values of the characteristics ®,,,,, O, and w, correspondingly are
as —0.75 < 0 £, — 1. <0, = 0 < —fand o, = —f; o, = —f.

o-Interval (Ila): —f < oy < —0.5f. The numerical values of the characteristics ®,,,,, ®min and w, correspondingly
are: —f < Opax = Mo < —0.5; = > 0pin = Opin (09 = —0.75f) = —1.25fand o,,;, (0y = —0.75f) = —1.25f < 0y, < —0.5F
because w,,;, = —1.25f1s the minimal numerical value of ;, at the point w, = —0.75f of this interval; -/ < w, < —0.5f.

o-Interval (I116): —0.5/< oy < 0. The numerical values of the characteristics ®,,,,, ®pin and o, correspondingly
are: —0.5/ < 0 < Opax (@9 = —0.25f) = 0.25f and o, (0y = —0.25f) = 0.25(> w,,,, > 0 because w,;, = 0.25fis the
maximal numerical value of w,,,, at the point w, = —0.25f of this interval; —0.5/< w,;, = 0o < 0; —0.5/< ;< 0.

o-Interval (III): 0 < w, < 1.5f. The numerical values of the characteristics ®,,,y, Wi, and o, correspondingly are:
0 <O = 0p; 0 < 0> —0.25f 0, = 0.

The initial values w(0) = w, of the range [—1.5f, 1.5/] cause significant variations the characteristics of angular
velocity of lens rotation m,,,,,, ®y;, and o, which can be taken as [—1.5f'< A, = i = A < 1.5f] that follows of fig. 4,
b. The equilibrium values w, are equal to zero all over of the range m-Interval (I1T). The lens rotation angular velocity
o does not oscillate at three initial values w, (0, = —f, 0wy = —0.5/and w, = 0) where ®,,, = O, = ©,. However,
the lens semi-thickness does not oscillate at two initial values o, (w0, = —fand wy = 0) where A, = hyin = b, Also,
the angular velocity o has its equilibrium values w, as constants in o-Interval (I) and @-Interval (IIT) of the ranges of
initial values of .

The results of numerical experiments shown in fig. 4, a, b allow a conclusion that the current Meddie’s state,
characterized by the measured quantities /., Amin, Omax aNd ®,,;,, May provide a qualitative information on the lens
three important dynamics characteristics 4, oy, .
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Fig. 4. The amplitudes of forced oscillations of (a) the lens semi-thickness /# and (b) the lens angular velocities of rotation w versus of
the lens initial angular velocities of rotation w,. The legends of figures correspondingly are: H = (A5 Amaxs Ass Aerir)s @ = (O pin> Omaxs
®,), (—1) — maximal values, (—*—*— 2) — minimal values, (— — - — 3) — equilibrium values, (—x—x—x—4) — A, in fig. 4, a.
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The numerical experiments of the inviscid 7, hour
(k, = 0) lens dynamics with two different val-
ues of the internal wave radiation coefficient 10000 —
k, (k, = 0.1, 1) are presented in the form of .
the characteristic time of the equilibrium re-
gime adjustment 7 versus the initial angular
velocity of lens rotation wy in fig. 5. The min-
imal characteristic timescales values T corre-
spondingly are 7= 80 hours (k,, = 1) and T'= 1000 —
800 hours (k,, = 0.1) both at w, = —0.5f. The 1
T, (wy, k,,= 1) and T, (w,, k,,= 0.1) are almost
symmetrical relatively the point of the initial
angular velocity of lens rotation w, = —0.5f.
The initially fast rotating lenses w, = —1.5f
and w, = f'have the longer characteristic time 100 -
of the equilibrium regime adjustment 7T'than at 3
o, = —0.5f'that can be shown as an inequality T - T - T ‘
chain: Ty(f, 0.1) = To(—1.5/,0.1) = I\(f, 1) = -15 -1 —0.5 0 0.5 1 1.5
= Ti(—1.5/, 1) > > T,(—0.5£, 0.1) > T\(=0.5f, wo/f
1). Hence, the outcome of the strong wave

resistance (k,, = 1) in the course of the lens Fig. 5. The tem.p(.)ltal adjustment sc.a.le Tto the equilibrium statei (27)—(31)
versus the lens initial angular velocities rotation m(0) = w, for different val-

intrusion .m.to t'he ambient Wgt?r 'ls the SI’.IOI't ues of the internal wave radiation coefficient &, in the case of the lens invis-
characteristic time of the equilibrium regime cid (k, = 0) dynamics case.

adjustment T.

The temporal evolution of lens semi-thickness /4 in cases with different numerical values of the effective viscosity
coefficient (k, = 0.1, k, = 1) and zero the internal wave radiation (k,, = 0) are shown in fig. 6, @, b where the H-coor-
dinate represents the lens characteristics H = (4, the upper branch — #,,,,, the lower branch — 4,,;,,). The curves 1-3
in fig. 6, a and the curves in fig. 6, b correspond to the different values of lens initial angular velocity w,: a) curve 1:
wy = —0.75f, curve 2: o, = —0.25f, curve 3: oy = 0.25f; b) wy = —0.5.

In the numerical experiment with the lens initial angular velocity w, = 0 the lens semi-thickness 4(#) oscillates
around A, the swing amplitude 4,,,, — /,,;, of the lens oscillation becomes #,,,, — /i, = 0 with time ¢ growth, that
is a certain time moment ¢ when the oscillation of lens semi-thickness ends and 4,,,, = A, = A, and finally A() ap-
proaches to the value of h,,;, which is A,,;, = 6 h(0) = 38 m for the lens with = 1380 km? where the initial value 4(0) =
= 228 m and the lens mixing parameter ¢ = 1.666. The numerical experiments shown in fig. 6, a have been carried
out for the lens with the initial values of the lens angular velocity w, of the range —0.75/< w, < 0.25f. The A, (the
upper branch of the curve 1, o, = —0.75f) increases from the initial value 4,,,, (0) = A(0) = 228 m to its largest value
Npax (4 day) = 1000 m, and A, (the lower branch of the curve 1, w, = —0.75f) increases from the initial value
hpin(0) = A(0) ~ 228 m to its largest value 4,,;,(30 day) ~ 500 m, and the largest value of the lens swing amplitude
Nax(4 day) — h,i,(4 day) ~ 600 m. The lens oscillation ends when 4,,,,,(50 day) = A,,;,(50 day) = h,~ 475 m. After that
the lens semi-thickness /(7) decreases approaching to the critical semi-thickness value #4,,;, at the time # = 1000 day.
The numerical experiment with the same initial angular velocity w, = —0.75fbut with the effective viscosity coeffi-
cient k, = 0.1 is shown in fig. 6, a by the dashed curve 1. This case is qualitatively similar to the previous experiment
with k, = 1 (fig. 6, a, the solid curve 1) but has quantitative differences: the largest value 4,,,, (10 day) ~ 900 m, the
largest value #,,,;, (120 day) ~ 550 m, and the largest value of the lens swing amplitude #,,,,(10 day) — 4,,;,(10 day) =
~ 600 m; the end of the lens oscillation at 4,,,,(300 day) = A,,;,(300 day) = 4, ~ 540 m; the lens semi-thickness /()
takes the critical semi-thickness value 4., at the time ¢ ~ 4000 day. The results of numerical experiments with the
lens initial angular velocity o, = —0.5fare shown in fig. 6, b by the dashed curve for the effective viscosity coefficient
k,= 0.1 and by the solid curve for k, = 1. In the case of w, = —0.5fand k, = 1.0, the maximal amplitude of oscilla-
tions A, (the upper branch of the solid curve) increases from #4,,,,(0) = £(0) = 232 m to /,,,,,(0.2 day) = 1212 m and
after that 4, decreases to /,,,,(12 day) = A,~ 500 m, the minimal amplitude of oscillations #4,,;, (the lower branch
of the solid curve) increases from /,,;,(0) = 4(0) = 232 m to /,,;,(0.2 day) = 255 m and after that 4, increases to
hin(12 day) = hy= 500 m, the largest value of the lens swing amplitude 4,,,,(0.2 day) — /,,;,(0.2 day) = 957 m, at the
time moment # = 12 day the swing amplitude 4,,,,(12 day) — A,,,;,(12 day) = 0 that is the oscillation of lens semi-thick-
ness ends at the time moment 7= 12 day. The same case of w, = —0.5fwith the effective viscosity coefficient k, = 0.1 is
shown in fig. 6, b by the dashed curve. The maximal amplitude of oscillations /,,,, (upper branch of the dashed curve)
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increases from £, (0) = h(0) = 232 m to A,,,, (0.2 day) = 1517 m and after that 4, decreases to /,,,,(35 day) = h,~
~ 500 m, the minimal amplitude of oscillations /4,,;,, (lower branch of the dashed curve) increases from #4,,;,(0) =
= h(0) =232 mto h,;,(0.2 day) = 249 m, the largest value of the lens swing amplitude #,,,,(0.2 day) — A,,,;,(0.2 day) ~
~ 1268 m and after that A, increases to /,;,(35 day) = h,~ 500 m, at the time moment # = 35 day the swing am-
plitude A, (35 day) — h,;,(35 day) = 0 that is the oscillation of lens semi-thickness ends at the time moment ¢ =
~ 35 day. The results of numerical experiments with the initial values w, = —0.25f'and the effective viscosity coeffi-
cient k, = 0.1 (the dashed curve 2 in fig. 6, @) and k, = 1.0 (the solid curve 2 in fig. 6, a) have the similar behavior as
in the case w, = —0.5fin fig. 6, b but differs in quantitative manner: k, = 0.1, largest /,,,,(0.2 day) ~ 670 m; k, = 1,
largest /1,,,,(0.2 day) ~ 621 m; k, = 0.1, h,,;,(0.2 day) = 218 m; k, = 1, h,,;,(0.2 day) ~ 218 m; k, = 0.1, the largest value
of the lens swing amplitude #4,,,,,(0.2 day) — /,,;,(0.2 day) = 452 m; k, = 1, the largest value of the lens swing amplitude
N max(0.2 day)—h,,;,(0.2 day) = 403 m; k, = 0.1, at = 60 day the swing amplitude #4,,,,(60 day)—#,,;,(60 day) = 0 and
Nax(60 day) = A, (60 day) = h, = 316 m; k, = 1, at r = 12 day the swing amplitude /,,,,(12 day)—h,,;,(12 day) =0
and hy, (12 day) = hy,; (12 day) = hy ~ 330 m; the lens lifetime h(#y) = h,,,, for k, = 0.1, k, = 1, 1= 1000 day. The
lens temporal variability of the case w, = 0.25f7is similar to the case w, = —0.25fbut is significantly weaker: k&, = 0.1,
largest /1,,,,,(0.2 day) = 207 m, A,,,;,(0.2 day) = 88 m, the largest swing amplitude #,,,,(0.2 day)—*#,,;,(0.2 day) = 119 m
and at the end of the lens oscillatory lifetime 4, (22 day) = A,;,(22 day) = h,~ 316 m; k, = 1, largest 4,,,,(0.2 day) =
~ 203 m, h,;,(0.2 day) = 105 m, the largest swing amplitude #,,,,(0.2 day)—#h,;,(0.2 day) = 98 m and at the end of
the lens oscillatory lifetime £, (10 day) = A,;,,(10 day) = A, ~ 316 m; the lens lifetime h(z) = h,,,;, fork, = 0.1, k, = 1,
1y~1000 day. The set of numerical experiments presented in fig. 6, a, b well demonstrates the phase of the “young”
lens dynamics accompanied by intensive nonlinear oscillations of the lens geometrical sizes and the angular velocity
of lens rotation. The end of the lens oscillation varies from 10 day to 300 day. The largest swing amplitude varies from
Pinax — Amin = 98 m to Ay — Hpgin = 600 m.

The lens lifetime #; including the duration of the phase of the “young” lens dynamics, varies from 1000 day to
4000 day, and hence the temporal phase duration of the “mature” lens dynamics has the same order of magnitude as
fconsidering the temporal phase of the “young” lens dynamics duration which does not contribute much into #. The
temporal variability of lens dynamics is mostly affected by the initial value the lens rotation angular velocity w, while
the influence of the effective viscosity coefficient k, is notably less.

Figure 7 shows the influence of the ambient stratification on the lens oscillatory regime in the numerical experiments
with the initial angular velocity w, = 0, the internal wave radiation coefficient k,, = 0 and the effective viscosity coefficient
k,= 0. In this set of numerical experiments the ambient density gradient (dp/dz),,,; varies in the range from 10~ kg/m* to 5 x
x 102 kg/m*, the upper limit here has been chosen for simulating well mixed condition inside the lens under the condition that

a) H,m
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1000 - b)
H,m
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1600
600 1 1200 -
400 - 800
200 400 -
(0 ,:,,f?‘days 0 T 7 4, days
0.1 1 10 100 1000 10000 0.1 1 10 100

Fig. 6. Temporal evolution of semi-thickness /4 in the case of absence of internal wave radiation (k,, = 0). The legends of
figures correspondingly are: H = (h, upper branch — A, lower branch — A;,); (—) — k,= 1, (—) — k,=0.1;a) 1 —
Wy =—0.75f, 2— oy = —0.25f, 3 — wy = 0.25f; b) w, = 0.5.
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the density gradient inside the lens does not change.
The lens minimal semi-thickness #,,,;,, decreases from
Pinin = Pinax = 1(0) = 228 m to A,,;,, = 0 with the increase
of the ambient density gradient (dp/dz),,,;, from 10~*
kg/m* to 1 kg/m* that corresponds to the variation of
the mixing parameter o in the range 1 > ¢ > 10~*. The
minimal angular velocity of lens rotation w,;, tends to
the value w,,;, & —0.5f- The maximal amplitudes 4,
and oy, coincide with the maximal amplitudes 4,
and o, of the numerical experiment with the ambient
density gradient (dp/dz),,,, = 6 x 10~* kg/m*. Hence
the increase of the ambient density gradient (dp/dz) ;s
causes a decrease of the lens minimal semi-thickness
hpin and an increase of the minimal angular velocity
of lens rotation — ,;;,. The discussed here results are
analogical to the results obtained in the numerical ex-
periments given in fig. 4, a, b.

Figure 8 shows the numerical experiments with
the full set of the forces causing the lens temporal
variability. The numerical examples of lens temporal
evolution are carried out for the case with the initial
angular velocity w, = —0.75f, the initial thickness
h(0) = 242 m and the initial radius R ~ 29 km, that
corresponds to the lens volume V =~ 1260 km?. The
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Fig. 7. The influence of the ambient density gradient dp/dz,,,;, on the

amplitudes of forced oscillations of the lens rotation angular velocity

®nin and the lens semi-thickness 4,,,, for the lens density gradient
dp/dz; = 10~* kg/m*.

internal wave radiation coefficient is taken as k,, = 1. The effective viscosity coefficient is taken as k, = 0.01 (keeping the
order of magnitude of the molecular viscosity), k, = 0.1 (keeping the order of magnitude of an intermediate viscosity)
and k, = 1 (keeping the order of magnitude of the turbulent viscosity). All three curves show two the well distinguishable
temporal phases: the initial phase characterized by growing in time the lens semi-thickness /() up to its largest value due
to decreasing the lens anti-cyclonic angular rotation velocity from —w, = 0.75/down to —w = 0.5/ caused by the viscosity
influence; the concluding phase characterized by the “exponential” decaying of the lens semi-thickness /(7) from its
largest value at the end of the initial phase to the final thickness 4., * 43 m due to the lens intrusion into the ambient
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Fig. 8. Temporal variations of the lens semi-thickness 4(f) with different numerical values
of the effective viscosity coefficient k,.
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Fig. 9. The influence the initial values of the lens rotation angular velocity w, on temporal
variability of the lens semi-thickness /4(#) under the condition k,, = k, = 1.

water and equalization the lens density stratification with the ambient water stratification (see also fig. 6, ). During the
initial phase the lens semi-thickness A(7) has the forced oscillations of large amplitudes. This phase duration is about 4
week for k, = 1, about 8 month for k&, = 0.1 and about 8§ year for k&, = 0.01. The duration of the concluding phase is about
4 year for k, = 1, about 11 year for k, = 0.1 and significantly longer for k, = 0.01.

The results of the final experiment given in fig. 9 show the influence of the lens initial angular velocity w, on the
lens dynamics in the case when the internal wave radiation coefficient k,, and the effective viscosity coefficient k,, are
taken as k,, = k, = 1. The lens semi-thickness /(7) in the cases of lenses with a negative (anticyclonic) initial angular
velocity increases during the initial phase of their evolution reaching the largest values /(f) and after that decreases to
h..,- The angular velocity of lens rotation w(#) “exponentially” tends to w(f) — 0. The lens semi-thickness 4(f), cor-
responding to the initial angular velocity > 0 (cyclonic rotation), quickly decreases during the first several days of
the lens evolution, and after that the rate of /(7) decreasing becomes significantly less and for the time period of about
~1000 days the lens semi-thickness A(f) approaches to the critical value of about /(7)) ~ 1.1 x A,,;.. The semi-thickness
of the anti-cyclonic lens reaches the critical value of about /(f) = 1.1 x h,,,, for the same temporal interval ~1000 days.

5. Conclusion

The lenses of the Mediterranean water (LMW), also known as Meddies, well distinguishable in the Atlantic
Ocean water. The field observations devoted to study Meddies are presented in numerous publications and provide
information on their origination, distribution, spatial scales and temporal dynamic activities. The salt-fingers and
double-diffusion at the Meddies top and bottom borders may be considered as only mechanisms causing the Meddies
disappearance as the thermal — saline mesoscale non-uniformities in the surrounding Atlantic Ocean waters. Taking
into account the Medies’ realistic scales it is shown that in temporal scales of about and less than a year the Meddies
water mass may be considered as invariable. Then the Meddies conservation mass is valid in such temporal scales.

The Meddies (LMW) temporal variability analysis is carried out using the theoretical approach of intrusive lens in
stratified fluid extended taking into account the Coriolis force. The Meddies (LMW) are considered with the center of
gravity sitting at the level of equal density. The temporal variability occurs due to the resulting effect of the set of forces: the
surplus pressure originated due to the density difference between the water inside the LMW and the ambient density field;
the forces originated due to both the lens’ rotation (centrifugal) and the Earth rotation (Coriolis); the forces caused by
the internal wave radiation and the viscosity action. The temporal variability of LMW constitutes of two principal stages:
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1) the initial, inviscid stage (“young lens”), when balance of forces is formed by the forces of inertia, the surplus
pressure, the centrifugal force, the Carioles force and the force of wave resistance due to the internal wave radiation;
the Coriolis force is a key factor supporting and keeping compact the anti-cyclonic LMW, the Meddies; it prevents
the LMWs from breakup, limits their geometrical dimensions, affects the lens angular velocity variations. The cy-
clonic LMWs are destabilized by the Coriolis force, getting small thickness, and under certain conditions may disap-
pear as a density anomaly already in the course of this stage;

2) the viscid stage (“old lens”) is characterized by a slow decreasing of the LMW thickness up to its limit value,
that is determined by the LMW initial thickness, the initial LMW stratification as well as ambient stratification;
during the final period of the viscous stage the exchange of heat and salinity with ambient water-mass may, on a char-
acteristic temporal scales about a year, significantly influence on the degenerations of the LMW as a density anomaly;
at this stage the anti-cyclonic LMW, the Meddy, continues to have the anti-cyclonic rotation.

All the results discussed here relate to the conservation of the lens’ bulk mass or the lens’ of constant volume. The
discussed numerical simulations allow presenting the dynamic features of the lens — Meddies as follows:

1. The existence of the lenses with cyclonic or anticyclonic rotations is supported theoretically. The lens with an-
ticyclonic rotation has greater vertical size. An approximate interval of the initial angular velocities w of lens rotation
is —1.25f< w, < 0.75f.

2. During the lens temporal evolution the lens semi-thickness tends to its critical value, which depends on the
initial lens thickness and the lens mixing parameter o. The angular velocity m(7) of lens rotation tends to zero and the
density gradient inside the lens to the ambient value. The “young lens” has greater the thickness, less the horizontal
size and greater the angular velocity of rotation than “old” ones.

3. Lifetime of a lens, its dimensions and its angular velocity of rotation depend on the difference between the
density stratification inside and outside the lens — greater stratification difference causes longer the lifetime of the
lens and its angular velocity but the lens thickness becomes less.

4. The dynamic outcome of the initial values of angular velocity of lens rotation of the range —f < w, < —0.5fis
the growth of the lens’ thickness A(f) during the time interval of about 30—50 days. In the course of this time interval
the thickness of the lens 4(7) may become greater than 1 km. The lens of such vertical size may be affected by the
velocity shear of the ambient ocean currents, the topography of the bottom and the costal line as well the variability
of the ambient density stratification.

5. The thickness of lens reaches its maximal value for the initial angular velocity w, = —0.5f.

6. A typical life time of lens is about 1—5 year. A dipole structure of lenses lives relatively long time, but the cy-
clonic lens may be hardly identified due to fast approaching to 4.,

7. The complete degeneration of lens, as anomaly of the salinity and temperature by achievement 4,,;, and damp-
ing of the angular velocity, may occur mainly due to interactions the lens with the ambient mean currents. It may be
considered as one of mechanisms creating the ocean vertical thermohaline fine structure.

8. At the “mature” lens stage (¢ > 0.5 year) the lens dynamics has a small sensitivity to the changes of the lens
internal parameters. That increases reliability of the estimation of macro-scale heat and salinity exchanges due to lens
transport of water with anomalous characteristics.
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