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Линзы средиземноморской воды, также известные как «медди», хорошо различимы в воде Атлантического океана. 
Полевые наблюдения, посвященные изучению «медди», представлены в многочисленных публикациях и предостав-
ляют информацию об их происхождении, распределении, пространственных масштабах и динамической активности 
во времени. Солевые пальцы и двойная диффузия на верхних и нижних границах «медди» могут рассматриваться как 
единственные механизмы, вызывающие исчезновение «медди», как мезомасштабные термально-соленые неоднород-
ности в окружающих водах Атлантического океана. Принимая во внимание реалистичные масштабы «медди», показа-
но, что во временных масштабах около или менее года масса воды «медди» может считаться неизменной. Отсюда сле-
дует, что на временных масштабах менее или порядка года для «медди» справедлив закон сохранения их полной массы.

Анализ временной изменчивости «медди» проводится с использованием теоретического подхода для интрузион-
ной линзы в стратифицированной жидкости, расширенного учётом силы Кориолиса. Центр тяжести рассматриваемых 
«медди» находится на уровне равной плотности. Временная изменчивость возникает из-за результирующего воздей-
ствия набора сил: избыточного давления, возникающего из-за разницы в плотности воды внутри линз средиземномор-
ской воды и плотности окружающей среды; сил, возникающих как из-за вращения линзы (центробежная сила), так 
и вращения Земли (сила Кориолиса); сил, вызванных излучением внутренней волны и действием вязкости. Временная 
изменчивость линз средиземноморской воды состоит из двух основных этапов:

1) начальная, невязкая стадия («молодая линза»), когда баланс сил формируется силами инерции, избыточного 
давления, центробежной силы, силы Кориолиса и силы волнового сопротивления, вызванного излучением внутрен-
ней волны; сила Кориолиса является ключевым фактором, поддерживающим и сохраняющим компактность антици-
клонических линз средиземноморской воды, «медди»; она предотвращает разрушение линз средиземноморской воды, 
ограничивает их геометрические размеры, влияет на изменение угловой скорости линзы. Циклонические линзы среди-
земноморской воды дестабилизируются силой Кориолиса, их толщина уменьшается со временем, и при определенных 
условиях линзы средиземноморской воды могут исчезнуть как аномалии плотности уже на этой стадии;

2) стадия вязкости («старая линза») характеризуется медленным уменьшением толщины линз средиземномор-
ской воды до ее предельного значения, которое определяется начальной толщиной и начальной стратификацией линз 
средиземноморской воды, а также стратификацией окружающей среды; в течение последнего периода вязкой стадии 
обмен теплом и соленостью с окружающей водной массой может, на характерных временных масштабах около года, 
существенно влиять на вырождение линз средиземноморской воды как аномалии плотности; на этой стадии антици-
клонические линзы средиземноморской воды, «медди», продолжают иметь антициклоническое вращение.
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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, 
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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 = 106 m3 s–1[2–4], and also is one of several distinct water sources 
whose interactions determine the overall watermass distribution of the North Atlantic.

Mediterranean 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-
iterranean 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 



22

Бенилов А.Ю., Сафрай А.С. , Филюшкин Б.Н., Кожелупова Н.Г.

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 × 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 lenses 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 KzT and salt KzS less than 1 cm2/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 lenses “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 km3 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.

c) 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.
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Fig. 1. Distribution of salinity (PSU) on the vertical section drawn through the centers of dipole 
lenses (solid lines). Density (σt) 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 coefficients KzT and KzS in [27]. According to the observation we may assume that the lens thickness 2h (h is 
the lens semi-thickness) is much less than the lens horizontal scale 2R (R is the lens radius) and the ratio R–1h has the 
order of magnitude as R-1h ≤10–1. 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 (Tam) and salinity (Sam) are constants.
2. The lens temperature (Tl) and salinity (Sl) depend only on the time t.
3. The effective diffusivity coefficients KzT and KzS have the same order of magnitude at the upper lens border and 

the lens bottom and can be taken as

 ( ) ( ) ( ) ( ) ( )max , .zT zT zS zS z zT zSK h K h K h K h K K K≈ - ≈ ≈ - ≈ =   (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, (Tl), and salinity, (Sl), in time is given by the equation

 ( ) ( ), , 0, , , , ,t zd Q z h t T S Q Q z tl q l l l q qq = -∂ ≤ ≥ q = =   (2)

where Qq=T is the temperature (heat) flux, Qq=s 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 Qq has the form

 ( ) ( )1, , ,Q z t zh Q h t-
q q=   (3)

where Qq 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 dth and by the effective diffusivity. Then the fluxes Qq(h, t) can 
be presented by the equations

 ( ) ( ) ( ), / .a t z aQ h t t d h K t hq l l   = - q - q ≈ - q - q      (4)

The outcomes of (3) are an expression for the lens thickness h and, accordingly, an expression for the entrainment 
speed dth as

 ( ) 2
0 01 2 ,zh t h K th-= +   (5)

 ( ) 1
2

0 01 2 ,t z zd h K h K th
-

-= +   (6)

where h0 is the lens thickness at the time t = 0. Equations (5)—(6) allow an estimate of dth taking into account the 
estimate of Kz of [27] and an actual value h0. Assuming Kz ≈ 1 cm2s–1 and h0 ≈ 3 × 104 cm, we find dth ≤ 3 × 10–5 cms–1.

Let us now estimate the degradation time, td, 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 Qq of (3) in the equation 
(2) with taking into account (4)—(6) reduces (2) to an equation in respect to ql as follows

 ( ) ( ) 12 2
0 01 2 .t z a zd K t h K th

-
-

l l
  q = - q - q +      (7)

The solution of (7) in the form of decay of the lens anomaly dq = ql – qa is

 ( ) 1/22
0 0/ 1 2 ,zK th

--dq dq = +   (8)

where dq0 = dq(0) is the initial magnitude of the lens anomaly dq. Introducing the notation ( )
dt dtdq = dq  and resolv-

ing (9) in respect to td we find the lens degradation time
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 ( )22
0 0 / 1 / 2

dd t zt h K = dq dq -  
  (9)

as a function of the degradation measure 0.
dt

dq = dq  If we put ( )0/ 0.1
dt

dq dq =  then the degradation time td is about 
td ≈ 1.427 × 103 years. Hence, the lens motions with temporal scales much less than td and with velocities much high-
er than dth 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 (h/h0) ≈ 1.03, ( ) /td h  

( ) 0 0.97,t td h
=

 ≈  (dq/dq0) ≈ 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

 2 ,t z zz LK K∂ dq = ∂ dq + Ddq   (10)

where Kz is the vertical diffusivity, KL is the horizontal diffusivity, D 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 0 0,0,0,0 / / / 4 ,z Lt h tK S tKq dq ≈ π × π   (11)

where h0 = h(0) is the initial semi-thickness of the lens, S0 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 2
0 0.5.zK th- >>  One can consider that Kz is induced by 

small-scale turbulence that causes the vertical transport with the coefficient Kz ≈ 1 cm2/s under the condition of stable 
stratification. Then the role of vertical diffusion in the degeneration of the anomaly dq 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  
h0 ≈ 3 × 104 cm.

The second factor describes the anomaly degradation by the horizontal diffusion. For actual area S0 that is  
S0 ≈ 3 × 103 km2, time scales about one year an appreciable influence of the horizontal diffusion will be caused by the 
coefficient KL if it is KL ≈ 106 cm2s–1 or greater. This value of the coefficient KL is a commonly excepted number in 
the large-scale oceanic currents modeling. However, it is well known that this value of the coefficient KL 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 
lens 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 ( )0 0 /cr amh h h rl r = = Γ Γ   (where h0 is the initial thickness of the collapsing region, Гram is the ambient vertical 
gradient of density, Гrl(0) is the initial vertical gradient of density of the mixed region or inside the lens) and the lens’ 
density gradient Гrl(t) becomes equal to the ambient density gradient Гrl/Гram, and the lens as a density anomaly 
disappears. According to the data [9], the ratio Гrl/Гram can have the numerical value as up to Гrl(0)/Гram ≈ 0.1, and 
then hcr is ten times less than h0. Replacing h0 by hcr in the equations (8) and (11), taking into account that 

( )0 / 0 ,cr amh h r rl = Γ Γ   and assuming that h0, Kz and zK  take the same numerical values as before, we find dq/dq0 ≈ 

≈ 0.35 by the double-diffusion and salt-finger convection and dq/dq0 ≈ 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

 ( ) ( )22 const,V h t R t= π =   (12)

where V is the lens volume, h is the lens semi-thickness, and R is the lens radius. In the case when the lens does not 
rotate and the Coriolis parameter f = 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

2H g w vr
d R

F F F
dt

r = + +   (13)

where rH 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, Fg, 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, Fw, is the force of wave-resis-
tance due to internal wave generation during the lens intrusion process. The third force, Fvr, 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 Fg, Fw and Fvr following [55, 56] as

 ( ) ( )
( )

2
2 0

2

01, 1 , ,
3g H am

am

h NP
F P h t N

R h t N
l D  = - D = - r - s s =  

  
  (14)

 ( ) ( )/ / ,w w H amF k h R N dR dt= - r   (15)

 ( ) ( )2 2/ ,vr v HF k h t dR dt-= - r   (16)

where DP is the pressure surplus, R(t) is the lens radius, h(t) is the lens semi-thickness at the time moment t and the 
2h(0) is the lens initial thickness, s is the lens mixing parameter equaled to zero for the fully mixed lens and it is in 
the range 0 ≤ s < 1 depending on the Brunt — Väisälä frequencies of the ambient water mass Nam and the lens Nl0 at 
the initial time t = 0, kw and kn 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 < s < 1, the lens spreads in horizontal plane until the 
lens thickness reaches its critical value h = hcr = sh0, and that corresponds to the lens’ finite horizontal size R = Rcr = 
= R0/s1/2 because of the lens volume conservation (12). In the case fully mixed lens, s = 0, the lens collapses complete-
ly, the lens thickness 2h → 0, but this process is very slow as the horizontal size R(t) increases in time as R(t) ~ t1/10.

We complicate the problem adding to the collapse process (13)—(16) the lens rotation with an angular velocity 
w 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 w. 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 vr = dR/dt and the azimuthal velocity vj = Rw, w = |ω|. Using 
this notation the rotating lens dynamics extends to the set of two equations:
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2

2 ,H g w Cr vr
d R

F F F F
dt

r = + + +   (17)

 ,H H C v
dv dR

F F
dt dt

j
j j

w
r = r = +   (18)

where the forces Fg, Fw and Fnr are defined by the equations (14)—(16), and the forces FCr, FCj and Fnj are equal 
correspondingly to

 2,Cr HF R= r w   (19)

 ( )/ ,C HF dR dtj = -r w   (20)

 2 .v v H
R

F k v
hj

w
= - r   (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

 ( )20, constant, 2 /dR dR
R L L V h

dt dt
w

+ w = w = = w = π   (22)

and this is the conservation of the lens angular momentum L in the absence of viscous forces. The angular velocity w is 
the decreasing function of the lens radius during the inviscid stage. In the case of completely mixed lens, s = 0, the an-
gular velocity w decreases to the zero value (w → 0) because h → 0 and R → ∞. In the case of incomplete mixed lens, 0 
< s < 1, the lens thickness decreases up to the lens limit thickness h = hcr = sh0. 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 w = wcr, ( )2 2
0 .cr crLR LR- -w = = s  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 ≤ s << 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, Ffr, and the azimuthal, Ffj, 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

 
2

2 ,H g w Cr fr vr
d R

F F F F F
dt

r = + + + +   (23)

 ,H C f v
dR

F F F
dt j j j

w
r = + +   (24)

where the forces Ffr and Ffj are

 ,fr H HF v f R fj= r = r w   (25)

 .f H r HF v f Rfj = -r = -r    (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 (w > 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, 0,R = w =

  with the force balance

 0.g Cr frF F F+ + =   (27)
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Fig. 2. The lens equilibrium angular velocity of steady rotation ws versus a dimensionless parameter com-
bined of the lens equilibrium sizes, the mixing ratio and the ambient stratification: hs — the lens equilib-
rium semi-thickness, Rs is the lens equilibrium radius, s is the mixing ratio, Nam is the Brunt — Väisälä 

frequency that characterizes the ambient stratification, f is the Coriolis parameter.

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

 ( ) 24 11 1 1 , 0 1,
2 3

s s am

s

h N
f R f

 - s  w  = - ± - < s <     

  (28)

where index s means that the variables w, h, and R take the equilibrium constant values w = ws, h = hs and R= Rs =

( )1/2/ 2 sV h= π  because of (12). It follows from this equation that the lens angular velocity of steady rotation ws sat-
isfies to the following inequality

 1 0s

f
w

- < <   (29)

and because of the expression under the square root sign must be positive

 
( )

3 .
4 1s s amR f h N≥

- s
  (30)

In the case of fully mixed lens (s → 0) the lens semi-thickness hs and radius Rs, due to the lens intrusion into the 
ambient water, have an asymptotic behavior hs → 0 or Rs → ∞. Correspondingly, the asymptotic behavior of the lens 

angular velocity of steady rotation has two limits ( )1 and 0s

f
w

→ - - . The inequality (30) shows that the lens 

semi-thickness hs must be always less than ( ) ( )2 2 2 23 3
max 0 0 03 / 8 1 3 / 4 1 ,s amb ambh Vf N h f R N R= π - s = - s  and, corre-

spondingly, the radius of steady rotating lens must be always greater than ( ) ( )1/32 26
min 4 1 / 3 / 2 .s ambR N f V= - s π

 
That corresponds to the case when the inequality (30) becomes an equality and then
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The non-steady inviscid stage of lens dynamics obeys to the set of two equations

 
2

2 ,H g W kr fr
d R

F F F F
dt

r = + + +   (32)

 .H C f
dR

F F
dt j j

w
r = +   (33)

This set of equations is a reduced form of (24)—(25) if we neglect there the viscous terms Fvr given by the equation 
(16) and Fnj 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 La that is

 ( )2 2 constaR f Lw + = =   (34)

and then the lens angular velocity w is

 ( )20.5 .aL R f-w = -   (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 Ω defined by the equation

 ( ) ( )
2 22 253 / .

3s s s s amf f h R N W = + w + w + - s 
 

  (36)

One can see that the lens stratification, the ambient stratification and the lens volume V define the natural fre-
quency W. The internal wave radiation (Fw ≠ 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 2h 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 km3 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 km3 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/m3, ambient gradient of density dρamb/
dz = 0.0006 kg/m4, its internal gradient dρI / dz = 0.0001 kg/m4. The basic variables of the lens dynamics, — the lens 
radius R, the lens semi-thickness h and the lens angular velocity ω, 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 (kw) and the viscosity coefficient (kv).

If the dissipative losses are neglected (kw = kv = 0) then the solution of the system is forced oscillations with a period 
of 16–17 hours. Variations of amplitudes of h and ω depend on initial value of the lens angular velocity ω(0) = ω0. If 
there is only the dissipative energy loss due to the internal wave radiation caused by the lens intrusion (kw ≠ 0, kv = 0), 
then, starting from a certain time moment, which depends on the numerical value of kw, the oscillations of h and ω de-
cay and tend to take their equilibrium constant values hs and ωs of (27)–(31). In the case of only the viscous dissipation 
contributes into the dissipative losses (kw = 0, kv ≠ 0), the lens as a temperature-salinity anomaly disappears gradually 
(h → hcr, ω → 0). In that case the temporal evolution of the lens is determined by values of ω0 and the viscous internal 
parameter kv. 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 (kw = kv = 0): the lens semi-thick-
ness h(t), shown in fig. 3, a, and the lens angular velocity ω(t), shown in fig. 3, b, are given for different initial angular 
velocities of lens rotation ω0:

ω0 = 0 (curve (3) in fig. 3, a), the range of oscillations around hs ≈ 224 m is 7.45 m that constitutes about 0.03 of 
hs and therefore they are invisible; the period of these oscillations is 17.5 hours;

ω0 / 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 ω0 / f = 0 but have more significant range of oscillations that is 172 m (228 m ≳ h ≳56 m) 
around the semi-thickness hs ≈ 113 m;

ω0 = –0.5f (curve (1) in fig. 3, a), the semi-thickness h(t) oscillates around the constant semi-thickness equilibrium 
value hs ≈ 672 m, the oscillation range is 1283 m (1511 m ≳ h ≳ 228 m) and the oscillation period is about 16.5 hour;

the oscillations of the semi-thickness h(t) around its equilibrium values hs are nonsymmetrical (with exceptions 
of the case ω0 = 0): the amplitude of h(t) is greater in the half-periods where h is greater than 228.22 m; in our case  
h > 673 m for ω0 = –0.5f and h < 114 m for ω0 = –1.5f, +0.5f;
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Fig. 3. The lens forced oscillations with absence of the dissipative losses (kw = kv = 0) for different values of the initial angular ve-
locities of rotation ω0: 1 — ω0 = –0.5f, ω0 = 0.5f; 2 — ω0 = –1.5f; 3 — ω0 = 0; a — temporal evolution of the lens semi-thickness 
h(t); b — temporal evolution of the angular velocities of the lens rotation ω(t), (f = 0.727*10–4s–1). The horizontal lines in (3a) and 

(3b) correspond to the equilibrium values of h and ω for kw ≠ 0

the numerical solutions of the lens angular velocity ω(t) in fig. 3, b are calculated for ω0 = 0 and ω0 = –0.5f which 
correspond to the straight lines that are parallel to abscissa axis, and the oscillating solutions for ω0 = –1.5f, 0.5f 
which are symmetrical relatively ω0 = –0.5f with the range of 0.75f and the period of about 17.5 hour.

The influence of the initial value of the angular velocity ω(0) = ω0 on the lens semi-thickness h(t) and the angular 
velocity ω(t) is shown in fig. 4, a, b; the curve 3 demonstrates the equilibrium semi-thickness hs (fig. 4, a) and the 
equilibrium angular velocity ωs (fig. 4, b) versus ω0 in the inviscid lens dynamics case (kw ≠ 0, kv=0); the solution for 
the lens semi-thickness h is symmetrical relatively the straight line (–0.5f, h); three intervals are well pronounced in 
fig. 4, a, b:

h-Interval (I): –1.5f ≤ ω0 ≤ -f. The maximal values hmax, (curve 1), of the amplitudes of forced oscillations of h(t) 
are constant hmax = hmax|ω0=0 for all values ω0 of this interval, while the minimal values hmin → 0, (curve 2), and the 
lens equilibrium thickness hs → hcrit, (curve 3). The period of the lens semi-thickness oscillations h(t) is 17.5 hour.

h-Interval (II): -f < ω0 < 0. In this range of ω0 the curve 2 of the minimal amplitude hmin of the lens semi-thick-
ness oscillations h(t) is a constant that coincides with hmax|ω0=0 ≈ 228 m. The maximal amplitude hmax of the lens 
semi-thickness oscillations h(t), curve 1 in fig. 4, a, has the maximal value of hmax = 1511 m at the initial value of the 
angular velocity ω(0) = ω0 = –0.5f, and after that hmax decreases to the value of hmax|ω0= – f = hmax|ω0=0 ≈ 228 m. The 
lens equilibrium thickness hs versus ω0, curve 3, has a similar form with the maximal value hs(–0.5f) = hsmax = 674 m 
and hs(– f) = hs(0) = hmax|ω0= –f = hmax|ω0=0 ≈ 228 m. Also, in this range of the initial value of the angular velocity 
ω0 the maximal amplitudes hmax, (curve 1), and the minimal amplitudes hmin, (curve 2), of the lens semi-thickness 
oscillations h(t) are symmetrical relatively the initial value of the angular velocity ω0 = –0.5f. The period of the lens 
semi-thickness oscillations h(t) is 16.5 hour.

h-Interval (III): 0 < ω0 < f. In this range of ω0 the lens semi-thickness h(t) oscillates around the equilibrium 
semi-thickness hs with the period of about 17.5 hour. The maximal amplitude hmax of the lens semi-thickness oscil-
lations h(t) is a constant that is hmax = hmax|ω0=0 = 228.22 m. The minimal amplitude hmin of the lens semi-thickness 
oscillations h(t) and the equilibrium semi-thickness hs tend to zero, hmin→0, hs→0.

The maximal amplitudes hmax of the lens semi-thickness oscillations h(t) in the h-Intervals (I) and (III) of the 
initial values ω0 coincide with the minimal amplitudes hmin of the oscillations h(t) of the h-Interval (II), and they 
correspondingly are hmax = hmin = 228.22 m. The period of h-oscillation in the h-Interval (II) is 16.5 hour that is one 
an hour less than the periods of h-oscillation in the h-Intervals (I) and (III), 17.5 hour. The amplitude hmin of the lens 
semi-thickness oscillations h(t), curve 3, becomes less than hcrit, curve 4, when the initial values of the lens angular 
velocity ω0 ≤ – 1.75f or ω0 ≥ 0.75f. Therefore we may assume that the numerical values ω0 = –1.75f and ω0 = 0.75f 
can be taken as the lower and upper limits of the possible initial values of the lens angular velocity ω0 in this approach. 
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Also, we can make a physical interpretation: the initially fast rotating lens, ω0 ≤ –1.75f or ω0 ≥ 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 ω(0) = ω0 on the angular velocity of lens rotation ω(t) is shown in fig. 4, b. 
The total range of the initial values ω0, –1.5f ≤ ω0 ≥ f, is the same as in fig. 4, a. The three ranges of the initial values  
ω(0) = ω0 in fig. 4, a are well pronounced in the plots of the characteristics of angular velocity of lens rotation ωmax, 
ωmin and ωs in fig. 4, b:

w-Interval (I): –1.5f ≤ ω0 ≤ -f. The numerical values of the characteristics ωmax, ωmin and ωs correspondingly are 
as –0.75f ≤ ωmax ≤ -f, –1.5f ≤ ωmin = ω0 ≤ -f and ωs = –f; ωs = –f.

w-Interval (IIa): -f ≤ ω0 ≤ –0.5f. The numerical values of the characteristics ωmax, ωmin and ωs correspondingly 
are: -f ≤ ωmax = ω0 ≤ –0.5f; -f ≥ ωmin ≥ ωmin (ω0 = –0.75f) = –1.25f and ωmin (ω0 = –0.75f) = –1.25f ≤ ωmin ≤ –0.5f 
because ωmin = –1.25f is the minimal numerical value of ωmin at the point ω0 = –0.75f of this interval; -f ≤ ωs ≤ –0.5f.

w-Interval (IIb): –0.5f ≤ ω0 ≤ 0. The numerical values of the characteristics ωmax, ωmin and ωs correspondingly 
are: –0.5f ≤ ωmax ≤ ωmax (ω0 = –0.25f) = 0.25f and ωmax (ω0 = –0.25f) = 0.25f ≥ ωmax ≥ 0 because ωmin = 0.25f is the 
maximal numerical value of ωmax at the point ω0 = –0.25f of this interval; –0.5f ≤ ωmin = ω0 ≤ 0; –0.5f ≤ ωs ≤ 0.

w-Interval (III): 0 ≤ ω0 ≤ 1.5f. The numerical values of the characteristics ωmax, ωmin and ωs correspondingly are: 
0 ≤ ωmax = ω0; 0 ≤ ωmin ≥ –0.25f; ωs = 0.

The initial values ω(0) = ω0 of the range [–1.5f, 1.5f] cause significant variations the characteristics of angular 
velocity of lens rotation ωmax, ωmin and ωs which can be taken as [–1.5f ≤ hmax = hmin = hs ≤ 1.5f] that follows of fig. 4, 
b. The equilibrium values ωs are equal to zero all over of the range w-Interval (III). The lens rotation angular velocity 
ω does not oscillate at three initial values ω0 (ω0 = –f, ω0 = –0.5f and ω0 = 0) where ωmax = ωmin = ωs. However, 
the lens semi-thickness does not oscillate at two initial values ω0 (ω0 = –f and ω0 = 0) where hmax = hmin = hs. Also, 
the angular velocity ω has its equilibrium values ωs as constants in w-Interval (I) and w-Interval (III) of the ranges of 
initial values of ω0.

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 hmax, hmin, ωmax and ωmin, may provide a qualitative information on the lens 
three important dynamics characteristics hs, ωs, ω0.
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The numerical experiments of the inviscid 
(kν = 0) lens dynamics with two different val-
ues of the internal wave radiation coefficient 
kw (kw = 0.1, 1) are presented in the form of 
the characteristic time of the equilibrium re-
gime adjustment T versus the initial angular 
velocity of lens rotation ω0 in fig. 5. The min-
imal characteristic timescales values T corre-
spondingly are T = 80 hours (kw = 1) and T = 
800 hours (kw = 0.1) both at ω0 = –0.5f. The 
T1 (ω0, kw = 1) and T2 (ω0, kw = 0.1) are almost 
symmetrical relatively the point of the initial 
angular velocity of lens rotation ω0 = –0.5f. 
The initially fast rotating lenses ω0 = –1.5f 
and ω0 = f have the longer characteristic time 
of the equilibrium regime adjustment T than at 
ω0 = –0.5f that can be shown as an inequality 
chain: T2(f, 0.1) ≳ T2(–1.5f, 0.1) ≳ T1(f, 1) ≳ 
≳ T1(–1.5f, 1) > > T2(–0.5f, 0.1) > T1(–0.5f, 
1). Hence, the outcome of the strong wave 
resistance (kw  = 1) in the course of the lens 
intrusion into the ambient water is the short 
characteristic time of the equilibrium regime 
adjustment T.

The temporal evolution of lens semi-thickness h in cases with different numerical values of the effective viscosity 
coefficient (kv = 0.1, kv = 1) and zero the internal wave radiation (kw = 0) are shown in fig. 6, a, b where the H-coor-
dinate represents the lens characteristics H = (h, the upper branch — hmax, the lower branch — hmin). 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 ω0: a) curve 1: 
ω0 = –0.75f, curve 2: ω0 = –0.25f, curve 3: ω0 = 0.25f; b) ω0 = –0.5f.

In the numerical experiment with the lens initial angular velocity ω0 = 0 the lens semi-thickness h(t) oscillates 
around hs, the swing amplitude hmax – hmin of the lens oscillation becomes hmax – hmin = 0 with time t growth, that 
is a certain time moment t when the oscillation of lens semi-thickness ends and hmax = hmin = hs, and finally h(t) ap-
proaches to the value of hcrit which is hcrit = s h(0) ≈ 38 m for the lens with V = 1380 km3 where the initial value h(0) = 
= 228 m and the lens mixing parameter s = 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 ω0 of the range –0.75f ≤ ω0 ≤ 0.25f. The hmax (the 
upper branch of the curve 1, ω0 = –0.75f) increases from the initial value hmax (0) = h(0) ≈ 228 m to its largest value  
hmax (4 day) ≈ 1000 m, and hmin (the lower branch of the curve 1, ω0 = –0.75f) increases from the initial value  
hmin(0) = h(0) ≈ 228 m to its largest value hmin(30 day) ≈ 500 m, and the largest value of the lens swing amplitude  
hmax(4 day) – hmin(4 day) ≈ 600 m. The lens oscillation ends when hmax(50 day) = hmin(50 day) = hs ≈ 475 m. After that 
the lens semi-thickness h(t) decreases approaching to the critical semi-thickness value hcrit at the time t ≈ 1000 day. 
The numerical experiment with the same initial angular velocity ω0 = –0.75f but with the effective viscosity coeffi-
cient kv = 0.1 is shown in fig. 6, a by the dashed curve 1. This case is qualitatively similar to the previous experiment 
with kv = 1 (fig. 6, a, the solid curve 1) but has quantitative differences: the largest value hmax (10 day) ≈ 900 m, the 
largest value hmin (120 day) ≈ 550 m, and the largest value of the lens swing amplitude hmax(10 day) – hmin(10 day) ≈ 
≈ 600 m; the end of the lens oscillation at hmax(300 day) = hmin(300 day) = hs ≈ 540 m; the lens semi-thickness h(t) 
takes the critical semi-thickness value hcrit at the time t ≈ 4000 day. The results of numerical experiments with the 
lens initial angular velocity ω0 = –0.5f are shown in fig. 6, b by the dashed curve for the effective viscosity coefficient  
kv = 0.1 and by the solid curve for kv = 1. In the case of ω0 = –0.5f and kv = 1.0, the maximal amplitude of oscilla-
tions hmax (the upper branch of the solid curve) increases from hmax(0) = h(0) = 232 m to hmax(0.2 day) = 1212 m and 
after that hmax decreases to hmax(12 day) = hs ≈ 500 m, the minimal amplitude of oscillations hmin (the lower branch 
of the solid curve) increases from hmin(0) = h(0) = 232 m to hmin(0.2 day) = 255 m and after that hmin increases to  
hmin(12 day) = hs ≈ 500 m, the largest value of the lens swing amplitude hmax(0.2 day) – hmin(0.2 day) ≈ 957 m, at the 
time moment t = 12 day the swing amplitude hmax(12 day) – hmin(12 day) = 0 that is the oscillation of lens semi-thick-
ness ends at the time moment t ≈ 12 day. The same case of ω0 = –0.5f with the effective viscosity coefficient kv = 0.1 is 
shown in fig. 6, b by the dashed curve. The maximal amplitude of oscillations hmax (upper branch of the dashed curve) 
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increases from hmax(0) = h(0) = 232 m to hmax(0.2 day) = 1517 m and after that hmax decreases to hmax(35 day) = hs ≈ 
≈ 500 m, the minimal amplitude of oscillations hmin (lower branch of the dashed curve) increases from hmin(0) = 
= h(0) = 232 m to hmin(0.2 day) = 249 m, the largest value of the lens swing amplitude hmax(0.2 day) – hmin(0.2 day) ≈ 
≈ 1268 m and after that hmin increases to hmin(35 day) = hs ≈ 500 m, at the time moment t = 35 day the swing am-
plitude hmax(35 day) – hmin(35 day) = 0 that is the oscillation of lens semi-thickness ends at the time moment t ≈ 
≈ 35 day. The results of numerical experiments with the initial values ω0 = –0.25f and the effective viscosity coeffi-
cient kv = 0.1 (the dashed curve 2 in fig. 6, a) and kv = 1.0 (the solid curve 2 in fig. 6, a) have the similar behavior as 
in the case ω0 = –0.5f in fig. 6, b but differs in quantitative manner: kv = 0.1, largest hmax(0.2 day) ≈ 670 m; kv = 1, 
largest hmax(0.2 day) ≈ 621 m; kv = 0.1, hmin(0.2 day) ≈ 218 m; kv = 1, hmin(0.2 day) ≈ 218 m; kv = 0.1, the largest value 
of the lens swing amplitude hmax(0.2 day) – hmin(0.2 day) ≈ 452 m; kv = 1, the largest value of the lens swing amplitude 
hmax(0.2 day)—hmin(0.2 day) ≈ 403 m; kv = 0.1, at t = 60 day the swing amplitude hmax(60 day)—hmin(60 day) = 0 and 
hmax(60 day) = hmin(60 day) = hs ≈ 316 m; kv = 1, at t = 12 day the swing amplitude hmax(12 day)—hmin(12 day) = 0 
and hmax(12 day) = hmin(12 day) = hs ≈ 330 m; the lens lifetime h(tlf) = hcrit for kv = 0.1, kv = 1, tlf = 1000 day. The 
lens temporal variability of the case ω0 = 0.25f is similar to the case ω0 = –0.25f but is significantly weaker: kv = 0.1, 
largest hmax(0.2 day) ≈ 207 m, hmin(0.2 day) ≈ 88 m, the largest swing amplitude hmax(0.2 day)—hmin(0.2 day) = 119 m 
and at the end of the lens oscillatory lifetime hmax(22 day) = hmin(22 day) = hs ≈ 316 m; kv = 1, largest hmax(0.2 day) ≈  
≈ 203 m, hmin(0.2 day) ≈ 105 m, the largest swing amplitude hmax(0.2 day)—hmin(0.2 day) = 98 m and at the end of 
the lens oscillatory lifetime hmax(10 day) = hmin(10 day) = hs ≈ 316 m; the lens lifetime h(tlf) = hcrit for kv = 0.1, kv = 1,  
tlf ≈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 
hmax – hmin ≈ 98 m to hmax – hmin ≈ 600 m.

The lens lifetime tlf, 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 
tlf considering the temporal phase of the “young” lens dynamics duration which does not contribute much into tlf. The 
temporal variability of lens dynamics is mostly affected by the initial value the lens rotation angular velocity ω0 while 
the influence of the effective viscosity coefficient kv 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 ω0 = 0, the internal wave radiation coefficient kw = 0 and the effective viscosity coefficient  
kv = 0. In this set of numerical experiments the ambient density gradient (dρ/dz)amb varies in the range from 10–4 kg/m4 to 5 ×  
× 102 kg/m4, the upper limit here has been chosen for simulating well mixed condition inside the lens under the condition that 
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the density gradient inside the lens does not change. 
The lens minimal semi-thickness hmin decreases from  
hmin = hmax = h(0) ≈ 228 m to hmin = 0 with the increase 
of the ambient density gradient (dρ/dz)amb from 10–4 
kg/m4 to 1 kg/m4 that corresponds to the variation of 
the mixing parameter s in the range 1 > s > 10–4. The 
minimal angular velocity of lens rotation ωmin tends to 
the value ωmin → –0.5f. The maximal amplitudes hmax 
and ωmax coincide with the maximal amplitudes hmax 
and ωmax of the numerical experiment with the ambient 
density gradient (dρ/dz)amb = 6 × 10–4 kg/m4. Hence 
the increase of the ambient density gradient (dρ/dz)amb 
causes a decrease of the lens minimal semi-thickness 
hmin and an increase of the minimal angular velocity 
of lens rotation — ωmin. 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 ω0 = –0.75f, the initial thickness 
h(0) ≈ 242 m and the initial radius R ≈ 29 km, that 
corresponds to the lens volume V ≈ 1260 km3. The 
internal wave radiation coefficient is taken as kw = 1. The effective viscosity coefficient is taken as kv = 0.01 (keeping the 
order of magnitude of the molecular viscosity), kv = 0.1 (keeping the order of magnitude of an intermediate viscosity) 
and kv = 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 h(t) up to its largest value due 
to decreasing the lens anti-cyclonic angular rotation velocity from -ω0 = 0.75f down to -ω = 0.5f caused by the viscosity 
influence; the concluding phase characterized by the “exponential” decaying of the lens semi-thickness h(t) from its 
largest value at the end of the initial phase to the final thickness hcrit ≈ 43 m due to the lens intrusion into the ambient 

Fig. 7. The influence of the ambient density gradient dρ/dzamb on the 
amplitudes of forced oscillations of the lens rotation angular velocity 
ωmin and the lens semi-thickness hmax for the lens density gradient  

dρ/dzl = 10–4 kg/m4.
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water and equalization the lens density stratification with the ambient water stratification (see also fig. 6, a). During the 
initial phase the lens semi-thickness h(t) has the forced oscillations of large amplitudes. This phase duration is about 4 
week for kv = 1, about 8 month for kv = 0.1 and about 8 year for kv = 0.01. The duration of the concluding phase is about 
4 year for kv = 1, about 11 year for kv = 0.1 and significantly longer for kv = 0.01.

The results of the final experiment given in fig. 9 show the influence of the lens initial angular velocity ω0 on the 
lens dynamics in the case when the internal wave radiation coefficient kw and the effective viscosity coefficient kv are 
taken as kw = kv = 1. The lens semi-thickness h(t) in the cases of lenses with a negative (anticyclonic) initial angular 
velocity increases during the initial phase of their evolution reaching the largest values h(t) and after that decreases to 
hcrit. The angular velocity of lens rotation ω(t) “exponentially” tends to ω(t) → 0. The lens semi-thickness h(t), cor-
responding to the initial angular velocity ω0 > 0 (cyclonic rotation), quickly decreases during the first several days of 
the lens evolution, and after that the rate of h(t) decreasing becomes significantly less and for the time period of about 
~1000 days the lens semi-thickness h(t) approaches to the critical value of about h(t) ≈ 1.1 × hcrit. The semi-thickness 
of the anti-cyclonic lens reaches the critical value of about h(t) ≈ 1.1 × hcrit 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 ω0 of lens rotation 
is –1.25f < ω0 < 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 s. The angular velocity ω(t) 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 < ω0 < –0.5f is 
the growth of the lens’ thickness h(t) during the time interval of about 30–50 days. In the course of this time interval 
the thickness of the lens h(t) 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 ω0 = –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 hcrit.
7. The complete degeneration of lens, as anomaly of the salinity and temperature by achievement hcrit 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 (t > 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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