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FOREWCRD

An understanding of sound velocity structure is necessary for effective
antisubmarine warfare in any oceanic area. This report summarizes the
vertical and horizontai sound velocity structure for the North Indian Ocean,
including representative sound velocity profiles, In addition, the totol
sound velocity structure is related fo more commonly understood physical
oceancgrophic variables, Comments on the usefulness of this report are
welcomed.,

o /K__) ‘YMJ’K{
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Captain, U.S. Navy

Commander
U.S. Naval Oceanographic Office
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PREFACE

The dota analysis contained in this repost was completed prior to the release
of the Oceanograpnic Atlas of the Indian Ocean (K. Wyrtki, E, B, Bennet, and
D. J. Rochforci, published for the National Science Foundation by the Govern=~
ment Printing Office, Washington, D.C,, Nov 1971). Core flow diagrams for
Persion Gulf Intermediote Water, Red Sea Intermediate Water, and Antarctic
Intermediate Water shown in Appendix C differ in some small details from those
given in the obove atlas. The dinrgrams shown in Appendix C odequately explain
the observed variations in sound velocity structure ; therefore no attempt has been
made to incorporate Rochford's recently published core fiow diagrams.

The authors wish to thank J. J. Audet, Jr. of the Naval Oceanographic
Office for aid in retrieval of data used in this report and Dr. R. L. Fisher of

Scripps Institution of Oceanogruphy for providing bathymetric charts for most of
the area.

This project was funded and supported by the Long Range Acoustic Propagation
Project, Dr. R.D. Gaul, manager.
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INTRODUCTION

Events of the past few years have shown increased Naval interest in the
indian Ocean. However, despite extensive data collected by the International
Indian Ocean Expedition (IHOE), there has been no systematic description of
the sound velocity structure of thz Indian Ocean. In an effort to correct this
discrepancy, the Naval Oceanographic Office (NAVOCEANO) prepared a
paper (Fenner and Bucca, Jan 1971) in which areal contour charts of various
sound velocity features and a limited number of sound velocity/temperature-
salinity (T-5) comparisons were used to define the complex sound velocity
structure of the northwest Indian Ocean (north of 10° S, latitude, west of 80°
£. longitude). This report supplements the above paper in temms of sound velocity
cross~sections, additional sound velocity/T-S comparisons, and analysis and
extends east to the Malay Peninsula and Indonesia. This report also explains
the temporal and spatial distribution of various sound velocity features in terms
of water moss analysis and circulation patterns. For purposes of this report,
deep axial depth is defined as the deepest sound velocity minimum (usually
absolute minimum). Sound velocity perturbations are defined as changes from a
negative to a positive sound velocity gradient (or vice versa) that are fess
effective channels for sound transmission than the deep sound channel. Critical
(limiting) depth is that depth where the sound velocity is equal to the maximum
sound velocity ai the surface or in the surface mixed layer, The names of selected
physical features used in this report are given on Figure 1. Locations of sound
velocity cross-sections are shown on Figure A-1, Locations of sound velocity/
T-5 comparisons are given on Figure B-2,

SOURCES AND TREATMENT OF DATA

All avdilable data from the National Oceanographic Data Center
(NODC) were analyzed during the preparation of this report, Additional
Nansen cast data collected by the HMAS DIAMANTINA in 1964 and 1966 also
are included (Commonwealth Scientific and Industrial Research Organization,
Australia, 1967 and Scully-Power, Apr 1969, respectively). All data were
converted into sound velocity using the equation of Wilson, 1960.

These data were analyzed for the depth and axial velocity of the deep
sound channel, the depth of various sound velocity minima and maxima (pertur-
bations) lying above deep axial depth, and for critical depth. The data were
compiled by one-degree square and season. One-degree square compilations
were averaged by two-degree square (i.e., four one-degree squares) on an
annual basis for deep axial depth, deep axial velocity, and the depth of the
moxima and minima associated with sound velocity perturbations. Critical
depths were averaged similarly on a seasonal basis. The two-degree square
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averages of these parameters then were contoured or generalized on an aredl
basis. Regions where sound velocity perturbations are present more than 80%
of the time, 20-80% of the time, and less than 20% of the time also were
derived on a two-degree square basis and generalized on an areal basis.
Throughout this report, the first type of region above will be referred to as
having a PERMANENT upper sound velocity minimum or intermediate sound
velocity maximum, the second as TRANSITORY. In the third region, sound
velocity perturbations effectively are ABSENT, The treatment of data used
in the construction of the sound velocity cross-sections and sound velocity/
T-S comparisons is discussed in Appendices A and B, respectively.

All available T 3 data were analyzed for the depth of salinity maxima
and minima in order to determine the causes of various sound velocity features
and the circulation of various high and low salinity water masses. Core salinity
depths were generalized on an areal basis for the following water masses:

» high salinity Persian Gulf Intermediate Water (PGiW)
¢ low salinity Subtropical Subsurface Water (SSW)

e high salinity Red Sea Intermediate Water (RSIW)

o low salinity Antarctic Intermediate Water (AAIW)

e low salinity Banda Intermediate Water (BIW).

T~S indices for each of these water masses are shown on Figure B~1 and generalized
flow diagrams are presented in Appendix C.

The two seasons of winter (November through April) and summer (May
through October) are used in this report. These seasons correspond to the maximum
duration of the NORTHEAST and SOUTHWEST MONSOONS, respectively.
However, April-May and October-November often are representative of inter-
monsoonal periods (Duing, 1970). This fact was taken into account during data
analysis. Two monsoonal seasons exist throughout the area, but generally are

not found south of 10° S, latitude except along major land mass boundaries
(Duing, 1970).

GENERAL OCEANOGRAPHY AS RELATED TO SOUND VELOCITY STRUCTURES
A general knowledge of the circulation and water mass structure is a

prerequisite to the understanding of sound velocity structures. This is particularly
true in the North Indian Ocean due to the reversing monsoonal circulation at the
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surface and the highly complex and interdependent circulation and mixing of
high and low salinity water masses at subsurface and intermediate depths. The
figures in Appendix C show surface circulation for the northeast and southwest
monsoons and the circulation of the two high salinity and three low salinity
water masses that markedly effect sound velocity structure af depth. T-S indices

for the water masses discussed in the following paragraphs are given on Figure
B-1.

Surface Vater Masses

During the northeast monsoon (Figure C-1), surface circulation is
essentiaily counterclockwise except in the Arabian Sea, Bay of Bengai, and
along the southem boundary of the area (South Equatorial Current). During
most of the southwest monsoon (Figure C-2), surface circulation is clockwise
throughout the area. The seasonal reversal of surface circulation has noticeable
effects on water properties south of about 10° N, latitude. In the Somali Basin,
high salinity Arabian Sea Water (ArSW) is carried by the Northeast Monsoon
Current, while during the Southwest monsoon lower salinity Indian Equatorial
Water (IEW) is brought into this region by the South Equatorial ond Somali
Currents. Therefore surface and near-surface sound velocities are somewhat
higher during the northeast monsoon (Figure B-25), The exact opposite is
true in the Mid-Indian Basin, where the Southwest Monsoon Current replaces
less saline Bay of Bengal Water (BBW) and IEW with more saline ArSW, This
results in somewhat higher velocities during the southwest monsoon (Figure B-23).
North of about 10° N, latitude, surface and near-surface sound velocities are
more temperature dependent, resuiting in higher velocities during the southwest
monsoon (Figures B-9 and B-14), except in areas of southwest monsoon upwelling.

Figures B~5, B-i6, and B-35 show sound velocity and T-S profiles typical for
ArSW, BBW, and IEW, respectively.

Substantial regions of upwelling during the southwest monsoon have
been documented off Muscat and Oman by Ryther and Menzel, 1965; off the
Somali Republic by Warren, et al., 1966: and south of Java by Wyrtki, 1962
(Figures B~4, B-11, and B-38 respectively). In all three cases, surface velocities
are less during the southwest monsoon. Off the Somali Republic, velocities are
less to depths exceeding 1000 meters (Figure B-11). During the northeast mon-
soon, regions of upwelling are found at the northem end of the Arabian Sea,
off the coast of Kenya, off the east coast of India, and off the coast of Burma,
During the northeast monsoon, upwelling is confined to or near the continental

shelf.
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Subsurface Water Masses

At subsurface depths, sound velocity structures throughout mest of
the area are altered by intrusions of PGIW (Rochford, 1964) and SSW (lvanenkov
and Gubin, 1960). PGIW is characterized by a salinity maximum between 250
and 400 meters (Figure C-3), and enters the Gulf of Oman across the Straiis of
Hormuz, SSW is formed ot the Subtropical Convergence (approximately 40°
S. latitude) and initially is characterized by an oxygen minimum in a layer of
decreaing salinity. However, as SSW flows north info regions with increasing
concentrations of RSIW, a salinity minimum is formed at a depth somewhat
deeper than the characteristic oxygen minimum (Warren, et al., 1966).
the North Indian Ocean, this salinity minimum generally is found between 400
and 700 meters (Figure C-4). Souin of 5° S, latitude, SSW often cannof be
distinguished by T-S analysis alone,

in the Gulf of Oman arnd the northern Arabian Sea, high concentra-
tions of PGIW cause the formation of a sound velocity minimum af the interface
with ArSW and a sound velocity maximum at the approximate depth of the high
salinity core (Figures B-3 and B-4). However, throughout most of the area,
lesser concentrations of PGIW retard the formation of negative velocity gradients
below the surface mixed layer (e.g., see Figures B-5, B-8, B-16, B-22, and
B-36). Intrusion of SSW tends to block the southward spread of PGIW, particularly
in the Somali Basin. In the Somali Basin, SSW can cause the formation of a strong
sound velocity minimum {Figures B-8, B-18, and B-30). However, throughout
much of the area, SSW interacts with PGIW above and RSIW below to form an
essentially isovelocity layer between the strong subsurface negative velocity

gradient and the deep sound channel axis (Figures B-19, B-22, B-24, B-28, and
B-33).

Intermediate Water Masses

At intermediate depths, sound veli.c 'ty structures throughout most of
the area are modified by intrusions of RSIW (Rocnford, 1964), AAIW (Sverdrup,
et al., 1942), and BIW (Rochford, 1966a). RSIW is characterized by a salinity
maximum between about 500 and 1000 meters (Figure C-5) and enters the Gulf of
Aden through Bab-el-Mandeb. Two preferential RSIW flows are apparent in the
North Indian Ocean, one south along the east coast of Africa and another east

into the Mid-Indian Basin between the Maldive Islands and the Chagos Archipelago.

Larger concentrations of RSIW apparently enter the Gulf of Aden during the
northeast monsoon due to the lack of a northward flowing current in Bab-el-
Mandeb (Seriy, 1968). AAIW is characterized by a salinity minimum between
about 700 and 900 meters (Figure C-6) and enters the area from the south,
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Northward flow of AAIW is blocked by the Chagos-Laccadive Ridge, the
westward flow of BIW, and the preponderance of RSIW to the north. BIW is
characterized by a salinity minimvm between about 900 and 1200 meters
(Figure C~7) and enters the uiev from the east. Although the southward spread
of RSIW and the Chagos-Laccadive Ridge divert the main BIW flow to scuth of
10° S. latitude, substantial concentrations are observed north and south of the
Seychelles Islands.

In the Gulf of Aden, west central Arabian Basin, and western Somali
Basin, high RSIW concentrations cause the fomation of a strong sound velocity
maximum at the approximate depth of the high salinity core (e.g., see Figures
B-6, B-7, B~8, and B-~18). As previously shown (Fenner and Bucca, Jan 1971),
high concentrations of RSIW in the presence of SSW can cause the formation of
a "meaningful" upper sound channel in the Gulf of Aden and a limited region
east and south of Socotra. In this context, a "meaningful" upper sound channel
is defined as having an average velocity at the upper sound velocity minimum
that is at least 1.5 meters/second greater than the comparable velocity af the
intermediate sound velocity maximum. Figures B-7, B-8, and B-11 show good
examples of a "meaningful" upper sound channel. This sound velocity structure
is much less widespread in the northwest Indian Ocean than that observed in the
North Atlantic Ocean (Fenner and Bucca, Dec 1969), largely due to the rapid
dilution of RSIW in Bab-el-Mandeb and the Gulf of Aden. Less than 200
nautical miles east of Bab-el-Mandeb, only 35% RSIW remains unmixed (Figure
B~6). In contrast, more than 95% unmixed Mediterranean Intermediate Water
(MIW; upper North Atlantic Deep Water of Defant, 1961) was found approximately
250 nautical miles west of the Straits of Gibraltar (Fenner and Bucca, Dec 1969).

Throughout much of the area, RSIW depresses the deep sound channel
axis and, in concentrations less than 15%, broadens the channel by interacting
with various low salinity water masses to form an essentially isovelocity layer
between the subsurface negative velocity gradient and deep axial depth. Figures
B-21, B~26 and B-28 show such interactions with AAIW and/or SSW in the Arabian,
Somali, and Mid-Indian Basins, respectively. Interaction of RSIW with either
AAIW or BIW can split RSIW into two lobes, both with a salinity maximum and
weak sound velocity maximum (Figures B-25 and B-31, respectively). The lower
RSIW lobe formed by interaction with BIW often lies at depths below 1100 meters
(Figure B-29). In such cases, it is called North Indian Deep Water (NIDW),

The effects of AAIW on sound velocity structures in the North Indian
Ocean are minor due to its sporadic occurrence and relatively small unmixed
concentrations. AAIW either can cause the formation of a weak sound velocity
minimum below the RSIW induced maximum (Figure B-11) or interact with RSIW
and SSW to form an essentiaily isovelocity gradient above deep axial depth




2 (Figures B~12 and B-33). In contrast, BIW has marked effects in forming =

E shoaler and narrower sound channel at lesser velocities (Figures B-34 and B-36).
Along the southern boundary of the area, the deep sound channel structure is
controlled by BIW. Mixing of BIW and RSIW can form sound velocity perturbations
: below deep axial depth (Figure B-31).

g Deep Water Masses

} The circulation nf NIDW (formed by sinking of RSIW south of the
North Indian Equatorial Front, Shcherbinin, 1969a) and North Indian Bottom
E Water does not change the basic shape of the positive sound velocity gradient ’

below about 2000 meters. Although sound velocity va-ies somewhat from basin
to basin (see Table i), deep sound velocity profiles are quite similar throughout
most of the area. However, in the Andaman Basin, sound velocity values below
2000 meters are 10~ to 17-meiers/second (m/sec) greater than those in the rest 3
of the North Indian Ocean (Table 1), In addition, T-5 values below 2000 meters
in the Andaman Basin are essentially isothermal and isohaline (Figure B~17),
Andaman Sea Deep and Bottom Water is considerably warmer and more saline
than NIDW, and probably is formed by sinking and local modification of RSIW

: and [EW trapped inside the Andaman Basin.
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SOUND VELOCITY PERTURBATIONS
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Highly sporadic perturbations in the sound velocity structure above deep

B axial depth were found throughout most of the northwest Indian Ocean, in a band
B between about 5° N, and 5° S, latitude across the Mid-Indian and North Wharton
Basins, and in the region south of Java. Sound velocity minima associated with
these perturbations generally occur ot the approximate depth of the SSW or AAIW
¥; low salinity core (Figure B-11), Sound velccity maxima associated with such

structures generally occur at the approximate depth of the RSIW high salinity
core (Figure B-11). Sound velocity maxima associated with the PGIW high
salinity core were found only in the Gulf of Oman and northem Arabian Sea
(Figures B-3 and B-4). '

Figures 2 and 3 show the annual approximate depth and average areal
extent of the upper sound velocity minimum and intemedicte sound velocity
B maximum. The data base for both figures is shown or Figure 4, Throughout
e most of the area, sound velocity perturbations were highly sporadic, particularly
in terms of depth. More than one perturbation often was found on a given sound
velocity profile, Therefore, it was impossible to contour the depth of either the
upper sound velocity minimum or intermediate sound velocity maximum, Rather,
Figures 2 and 3 show regions of similar average depth of the most pronounced
minimum and maximum (i.e., minimum with least sound velocity and maximum
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