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Abstract. Historical CTD data, collected in March-April 1980, in the northwest
Indian Ocean, were used to find a young lens of Red Sea water at the stage of its
formation. The lens is located in the depth range of 640-830 m. Temperature and
salinity values in the core are 11.07°C and 35.56 %, , whereas maximum anomalies
with respect to background water are 0.75°C and 0.22°,,. The temperature-

salinity structure as well as the dynamics, energy and vorticity distribution in the
lens are analyzed. A probable trajectory of the lens is estimated using T—S analysis,
Lagrangian invariants and neutral surface methods. It is shown that the lens was
formed as a result of interaction of a cyclonic meander with a tongue of Red Sea
Water. We suggest a new physical mechanism of intrathermocline lens formation

that could be called the “forced generation” mechanism.

Introduction

Highly saline Red Sea water (RSW) flows out through
the shallow Strait of Bab al Mandah, and then, after
mixing with the Gulf of Aden water, enters the Ara-
bian Sea in the form of an intermediate salinity maxi-
mum. It has a temperature of 7" = 11°C, salinity of
S = 35.5-35.7%,, and density of oy = 27.15-27.35 at
depths of 600-900 m [Rochford, 1964]. The intensity
of the winter highly saline water outflow from the Red
Sea through the Strait of Bab al Mandah is approxi-
mately 10 times greater then in summer. Nevertheless,
the seasonal variability of RSW spatial distribution in
the Arabian Sea is small due to its large volume in the
Indian Ocean [Gamsakhurdiya et al., 1991]. This vari-
ability has a surprising correlation with a change of the
surface water circulation when the northeast (winter)
monsoon wind reverses to the southwest (summer). In
winter, the southward propagation of RSW along the
Somali coast increases, whereas in summer the eastward
propagation of RSW intensifies.

The circulation of waters in northwest Indian Ocean
varies on a synoptic scale. It was in the Arabian Sea
during the Poligon-67 experiment, initiated by the So-
viet oceanographer V. B. Shtockman, that open ocean
synoptic eddies were discovered [Kamenkovich et al.,
1982].

The major paths of spreading and the mesoscale struc-
ture of a tongue of RSW in the Arabian Sea were ex-
amined by Shapiro and Meshchanov, [1991] on the basis
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of hydrographic data obtained from 1935 to 1981 and
accumulated at the National Oceanographic Data Cen-
ter B (Obninsk, Russia). It was shown that spreading of
RSW occurs partially as highly saline isolated patches
(lenses). The historical data collected in different years
were used to demonstrate the existence of at least seven
RSW lenses which were called Reddies (Red Sea eddies)
in accordance with German oceanographer Zenk’s sug-
gestion.

Shapiro and Meshchanov [1991] suggested that the
most probable mechanism controlling Reddies genera-
tion is the instability of the internal hydrological front
separating the RSW tongue from surrounding Arabian
Sea water masses (this mechanism is similar to the for-
mation of the Mediterranean Water lenses in the North
Atlantic). Experimental data presented by Shapire and
Meshchanov [1991] could not confirm or refute this hy-
pothesis, because all of the identified Reddies at the
moment of measurements had completed their forma-
tion, and were completely separated from the main wa-
ter mass.

This paper presents the results of the analysis of
three-dimensional structure and dynamics of a young
lens of RSW just at the stage of its formation. We
suggest a new physical mechanism for intrathermocline
lens formation that could be called the “forced genera-
tion mechanism.”

Materials and Methods

This paper used CTD data collected in the Arabian
Sea in March—April, 1980 during the 22nd cruise of R/V

Academik Vernadsky (i.e., during the transition from
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winter to summer monsoon) [Shchetinin et al., 1981].
The survey was carried out within the region, bounded
by 10°-17°N and 58°-68°E, and included 117 hydro-
graphic stations with ISTOK-4 CTD-probe measure-
ments. The measurements were made from the surface
down to the depth of 1750 m with 5-m vertical resolu-
tion The horizontal grid was regular and covered nm in
latitude and 40 nm in longitude. The accuracy of the
measurements was 0.02°/,, for salinity and 0.01°C for
temperature.

This research used data from 61 hydrographic sta-
tions, spaced within the rectangular region bounded
by 10°—17°N and 60°00—64°40'E, and collected from
March 17 to April 4, 1980. Vertical profiles of temper-
ature and salinity were averaged over depth with 10 m
resolution at depths of 550-1300 m, and with 50-m in-
tervals at depths of 0-550 m and 1300-1750 m. At
the levels of 2000, 2500, 3000, 3500 and 4000 m, the
data were supplemented with monthly averaged values
of T and S from the National Oceanographic Data
Center B (Obninsk, Russia) [VNIIGMI MSTD, 1981a,
1981b]. This procedure was necessary to calculate the
Rossby internal deformation radius.

The existence of RSW at every station was identi-
fied in accordance with the method of Rochford [1964]
whereby the salinity anomalies more then 0.04°/,, rel-
ative to the upper layers in o, range of 27.15-27.35
determine the RSW. To filter out errows due to inter-
nal waves, horizontal salinity distributions on isopycnal
surfaces were used. Measurements of the internal waves
showed that their amplitudes did not exceed 10 m and
were much less than characteristic thickness of identi-
fied mesoscale objects.

Results

Red Sea waters are located in the northwest and west
parts of the study area. It is concentrated near the o
isopycnal surface of 27.25 (depth is about 700 m). The
core of RSW is well bounded by the 35.50%/,, isohaline
(Figure la). The southwest part of the study area is
occupied by the intermediate Arabian Sea water with a
salinity less than 35.30%%, .

The large-scale RSW tongue consists of several syn-
optic scale meanders. One of them is located in the cen-
ter of the study area (Figure 1a). The meander is almost
separated from the main core of the RSW, and a highly
saline lens 1s formed. Assume the lens is bounded by
the S = 35.50°,, isohaline. Then the horizontal scale
of the lens is 90 km from north to south and 40 km from
east to west. At the station 2600 (14°N, 62°40'E), the
lens is located between 640 and 830 m (Figure 2), i.e., its
thickness reaches 190 m. The lens core (st. 2600, depth
of 665 m) is characterized by a maximum temperature
of 11.07°C and salinity of 35.56°, (Figure 3), with
the corresponding density of o, of 27.19.

The temperature and salinity distributions in the lens
center (st. 2600) were compared with the typical pro-
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2604
200
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Distance, km

Figure 2. Hydrographic section of salinity (°/,)
along 14°N through the RSW lens. The area with
S > 35.5%, is shaded.

files of temperature and salinity, averaged over all 61
stations. Maximum anomalies reach values of 0.38 °C
and 0.12%, at the level of 750 m. Relative to the
background station 2642 (11°N, 62°40’E), the values
have their maximum at the depth of 800 m, and are
0.22°,, for AS and 0.75°C for AT. A patch of the
low-salinity water with S < 35.4%,, is located above
the lens of the RSW as slightly higher (400-450 m).
Density field analysis shows that the lens does not have
the lentil-like isopycnal anomalies typical of the North
Atlantic lenses. All anomalies are small and positive
between the lens and the background. At the depth of
700 m, Aoy equals 0.04 (between st. 2600 and 2642).
The lens is clearly expressed in the salinity field in
vertical sections (Figure 2). It is not so clear in the tem-
perature field and almost invisible in the density field.
This situation is typical for the other RSW lenses, ear-
lier observed in the Arabian Sea [Shapiro and Meshcha-
nov, 1991]. A characteristic feature of the observed lens
is a thin (about 20-30 m) and narrow area which still
is connected to the lens core with the main tongue of
RSW (Figures la, 2). Tt means that in the Arabian
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Figure 3. Vertical profiles of salinity, temperature and
o density at the st. 2600 (solid lines) and mean study
area profiles (dotted lines).

Sea, a young lens was identified, and the process of its
formation was not finished.

It is known that Gulf Stream rings and eddy lenses
of the North Atlantic have horizontal scales compara-
ble to the Rossby internal deformation radius Lgr [Ka-
menkovich et al.; 1982; Shapiro, 1986]. To determine
this radius in the Arabian Sea study area, we calculated
the Brunt-Vaisila frequency N(z) = \/gdo/podz, us-
ing density profiles averaged over 61 stations. The
Rossby radius of the first internal mode was obtained
as Lr = 1/v/A1, where A\; = 1.89 x 10~*km~? is the
first eigenvalue of the linear operator
d 2 dp

dp
_ — = tz=0,—H.
N2z d= 0 atz =0,

dz

dz

Here f is the Coriolis parameter, and H = 4km. The
calculated value 73 km of the Lr Rossby deformation
radius of is in good agreement with the horizontal scale
of the RSW lens in the study area.

Figure 1b presents the dynamic topography at the
depth of 700 m with respect to 1750 m. A narrow
stream 1s the characteristic feature of the study area.
It crosses the region from southwest to northeast and
probably belongs to southern and southeastern periph-
ery of the large cyclonic gyre occupying the northern
part of the Arabian Sea [Shchetinin et al., 1981]. The
survey also revealed a system of two self-connected eddy
structures (cyclonic meander — anticyclonic eddy) with
opposite rotation (Figure 1b). A pair of eddies is ob-
served from the surface down to the depth of 1500 m.
The maximum geostrophic velocity of the rotation rea-
ches 12ems™! at 700 m. Due to direct measurements
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Figure 4. Vertical profiles of d¢/dz (¢ is relative vor-
ticity), spatial density of kinetic (K) and available po-
tential (P) energy in the RSW lens.

at the buoy station, conducted about 100 km south-
west away from the study area, the barotropic compo-
nent of the velocity was considerably less and was about
3-4cms™! at 1500 m.

The lens 1s located in the center of the cyclonic me-
ander. This is clear from the comparison of Figure la
and Figure 1b. Maximum velocities in the meander
(20-25cms™1!) are found near the surface. Below the
depth of 500 m, velocities do not exceed 10cms~'. The
existence of a warm saline lens of RSW water at inter-
mediate depths does not produce the anticyclonic water
rotation, i.e., relative vorticity ¢ = (0v/dz) — (Ju/dy)
does not change sign with depth. The vertical profile of
d{/dz at st. 2600 illustrates the dynamical influence of
the RSW lens on the current structure in the cyclonic
meander. The total cyclonic vorticity { increase toward
the ocean surface is slow, and the values of d{/dz do
not exceed 0.15 x 10~ ?m~'s™! at levels of 400-800 m,
l.e., exactly at depths of the lens location. Low val-
ues of d¢/dz at intermediate depths are caused by the
anticyclonic contribution of the RSW lens to the total
cyclonic vorticity of the meander.

Vertical profiles of the spatial density of kinetic (K)
and available potential (P) energy in the cyclonic mean-
der are also presented in Figure 4. They were calculated
from:

2 /2
E=2w+), P=2L 2 jm3
2 poNg 2

where bars denote values averaged over all stations in-
side the meander; ¢, = oy — 6¢; u,v are zonal and
meridional geostrophic velocity components; and pg
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and Ny are the mean values of the density and Brunt-
Vaisala frequency. The values of K and P are of the
same order, and decrease smoothly with depth, as they
usually do in the synoptic eddies [Kamenkovich et al.,
1982]. The local maximumof P = 3Jm~3 at the depth
of 800 m is due to an available potential energy concen-
tration inside the lens. Potential energy exceeding the
kinetic is typical for young lenses [Kamenkovich et al.,

1982].

To determine the main core location and a probable
trajectory of the RSW lens, the distribution of isopycnal

potential vorticity
dz\""
o) ()
dO’t

e (22
Ooxr Oy
was calculated and analyzed together with the spatial
distributions of thermocline (Figure 1a) and dynamical
(Figure 1b) characteristics in the study area.

The Il parameter is the Lagrangian invariant, which
contains its value in a moving water particle. Together
with the potential density oy (or close value of o)
distribution, it facilitates estimation of the lens tra-
jectory [Kostyanoy and Shapiro, 1989]. The map of
the isopycnal potential vorticity I (in 1071 m=1s=1)
in the range of o, = 27.15-27.35 is presented in Fig-
ure lc. The RSW lens is characterized by a II value of
3.1x 107 ""'m~'s™! which substantially exceeds the val-
ues of Il for surrounding water. The main water mass
with the potential vorticity IT > 3 x 10~ Mm~'s7! is
located in the northwest corner of the study area and
in the area of the main RSW tongue.

It is known from MeDougall [1984] that adiabatic
displacements of the particles occurs along the neu-
tral surfaces in case of the stable stratification. The
neutral surface equation can be written in the form of
p(ro,r)—p(r,r) = 0, where p(ry,r) is in situ density of
a water particle mentally moved from the point with co-
ordinates rq = (xg, Yo, z0) to the point with coordinates
r = (z,y,2); p(r,r) is the background density at point
r. Hence, it is possible to define the trajectory of RSW
in another way similar to Kostyanoy and Shapiro [1989]:
as the line of intersection of neutral and potential (or
ot ) isopycnal surfaces. The neutral cross-lens surface
deviation dh (m) from o; isopycnal surface of 27.25
is shown in Figure 1d. It is clear that the unshaded
area to which values éh < 5m correspond defines the
“permitted” path of the RSW lens movement.

Analysis of the horizontal temperature and salinity
distributions shows that the lens has T—-S parameters
close to values at the northwest corner of the study
area, and the salinity distribution on the o isopycnal
surface of 27.25 is a good tracer of the lens movement
(Figure la)

Thus, three different ways of determining the forma-
tion and trajectory of RSW lens yield the same results
(Figures 1c and 1d). These results are in a good agree-
ment with the pattern of geostrophic velocities at the

level of 700 m. This allows us to conclude that the in-
fluence of a large cyclonic meander on the RSW tongue
near 16°N, 61°E led to the formation of the RSW lens
and its forced movement south to a distance of about
200 miles.

Discussion

It is believed that the most probable mechanisms of
the Mediterranean Water lens formation in the North
Atlantic are the influence of the bottom topography and
the baroclinic instability of subsurface currents. The
analysis presented in this paper demonstrated that in
principle, different mechanism of mesoscale lenses for-
mation were possible and could be called the “forced
generation” mechanism. The young RSW lens was
shown to be formed by external force: A large cyclonic
meander that, during the interaction with the RSW
tongue in the Arabian Sea, captured the lens and moved
it south to a distance of about 200 miles away from the
main core.

A similar situation was observed in the South Atlantic
in the Scotia sea, where the young lens formed as a
result of the deep meandering of the south branch of the
antarctic circumpolar current [Emel’yanov and Shapiro,
1989].

The situation when RSW lenses formation and evolu-
tion are strongly connected with synoptic meanders or
eddies is probably quite typical for the Arabian Sea.
The salinity distribution on the oy = 27.25 isopyc-
nal surface, using data collected during the Poligon—67
experiment (March—-April, 1967, R/V Faddey Belling-
shausen), shows the RSW lens location at 12°30'N,
63°30'E (a detailed description of this lens was pre-
sented in Shapiro and Meshchanov [1991]). The com-
parison of the salinity field with the Poligon—67 dynam-
ical topography [Kamenkovich et al.; 1982] shows that,
as in the present situation, the RSW lens location co-
incides with the center of an intensive cyclonic eddy.
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