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SUMMARY
PROBLEM

Analyze and display acoustically significant features of the sound speed distribution
for the western Indian Ocean utilizing available hydrocast data and temperature data from
mechanical BTs and XBTs.

RESULTS

Hydrocast data with computed sound speeds at standard depths provide the basic
information to define fourteen areas of the western Indian Ocean that are reasonably homo-
geneous with regard to sound-speed properties and can be summarized by a single profile
for each monsoon-oriented season. The greatest variability in vertical sound speed is pro-
duced at mid-depths near the Gulf of Aden by advective and diffusive mixing of the highly
saline Red Sea Water.

Seasonal data presentations of bottom conjugate depth (the shallow conjugate of the
bottom sound speed) and depth excess (water depth below the deep conjugate of the near-
surface sound-speed maximum) are presented for the region west of 75°E and north of
20°S. Results indicate a primarily bottom-limited situation and identify restricted areas of
the Somali Basin with convergence-zone potential.

The upper-layer characteristics of layer depth, in-layer gradient, and below-layer
gradient are displayed seasonally in contour format based on sound-speed-converted BT and
XBT temperature data. Emphasis is placed on the significant effects of the seasonal mon-
soons, and in particular the strong SW Monsoon, on the near-surface structure. Results
based on the two data sources are presented separately and some comparisons are made.

RECOMMENDATIONS

Extensions of the present analysis into the eastern waters and south to about 30°S
latitude will complete the presentation of summary information for the strategically signifi-
cant regions of the Indian Ocean. Additional study is required to determine the nature and
extent of the perturbations created by the mid-depth intrusion of Red Sea water on the
western Arabian basin. Additional hydrocast data and XBT data to supplement the current
set are particularly needed for the southeastern Arabian basin and the south-central Indian
Ocean region.

Interpretations of data presentations based on summarized historical information
are restricted to general conclusions regarding the expected ranges of variables and gross
distributions. Knowledge of synoptic spatial variations of sound-speed characteristics over
ranges of the order of magnitude of expected acoustic propagation is important to the
understanding of environmental influences. This information should be provided by at-sea
exercises designed to answer specific propagation problems.
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INTRODUCTION

The strategic significance of the Indian Ocean has increased in the last decade;
however, an understanding of the basic acoustic structure of this oceanic region has lagged
that of other major oceans. The International Indian Ocean Expedition (IIOE, 1960-65)
has provided for the first time an amount of temperature and salinity data that seems ade-
quate to support investigation of the distribution and seasonal variability of sound speed in
the upper layers. A seasonal analysis of the temperature in the upper 500 m and the struc-
ture of the underlying main oceanic thermocline has been completed (Ref. 1). A good
general analysis of the sound-speed structure with data presented for 12 cross sections and
36 individual locations north of 10°S has been completed by NAVOCEANO (Ref. 2).

NUC is the lead laboratory for undersea surveillance for all ocean domains, includ-
ing the Indian Ocean. Studies have been proposed to support the Naval research effort to
establish operational capability in this region, and, specifically, NUC is responsible for pro-
viding environmental inputs for acoustic prediction to support undersea surveillance efforts.
This report is an initial step to satisfy this responsibility.

The objective of this study is to provide a comprehensive summary of the spatial
and temporal distribution of sound-speed structure for all regions of the Indian Ocean of
interest to the Navy. The present report covers the region of the Indian Ocean north of
20°S and west of 75°E, concentrating on the main ocean basins. The Red Sea, Gulf of
Aden, Persian Gulf, Gulf of Oman, and shallow continental margins are essentially excluded.
't is desirable to define sound speed provinces and to present representative sound-speed
profiles for each province and season to support acoustic modeling studies and exercise
planningf{ The seasonal distribution of significant acoustic properties affecting long-range
propagation is also important. Convergence-zone propagation requires that the near-surface
sound speed maximum be exceeded at some depth above the bottom to allow the upward
refraction of deeply penetrating sound energy from a shallow source. The western Indian
Ocean is primarily bottom limited, with some regions of seasonal depth excess occurring in
the deepest portions of the Somali Basin. The primary parameter analyzed and displayed
is the bottom conjugate depth for bottom-limited regions, with the depth excess distribu-
tion displayed for those regions and seasons where it occurs. These two parameters are
defined in Fig. 1. In addition, distribution of the surface-layer characteristics of sonic-
layer depth, in-layer gradient, and below-layer gradient are displayed seasonally. All data
displays are presented in Appendices A, B, C,and D. )

The basic data to support this analysis are provided by the recent NODC hydrocast
data set, updated through 1973, which contains some 491,000 observations world-wide. A
total of 3322 complete deep casts were available to provide sound-speed profile information
for the western Indian Ocean. Initially these data were divided into four basic seasons
determined by the two periods of maximum monsoon influence on the upper layers and
the two intervening transition periods. Table | indicates the scasons as defined for this
study. These seasonal data sets were analyzed along with supporting oceanographic infor-
mation for this region in order to define sound-speed provinces that contain sufficient
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Figure 1. Example sound-speed profile indicating contrasting conditions for bottom limited situation and deep bottom
situation. Bottom conjugate depth defines depth below which bottom limiting does not accur for horizontal rays
emitted from source. Depth excess is water depth below conjugate of near-surface sound-speed maximum for deep
bottom situation. A minimum depth excess is required for effective convergence-zone propagation




TABLE I. NORTHERN HEMISPHERE SEASONS FOR THE INDIAN OCEAN.

Season Months Monsoon Period
] Dec-Feb NE Monsoon
2 Mar-May Transition
3 Jun-Sep SW Monsoon
4 Oct-Nov Transition

consistency in sound-speed characteristics to be represented by a single profile for each
season. These province definitions are necessary compromises that are limited by the qual-
ity and quantity of the data and the practical necessity of providing a reasonable number of
provinces for summary purposes. Individual sound-speed profiles were also processed to
determine the bottom-limiting or depth-excess properties in order to provide the scasonal
distributions of bottom conjugate depth and depth excess.

The analysis of the surface-layer characteristics is provided by the NODC mechanical
BT data set for the western Indian Ocean, which contains 8017 observations. BT data were
used to provide better coverage and because of the superior depth resolution provided by
the 5-m-interval digitized format of temperature. Mean salinities were employed to produce
equivalent sound-speed profiles from the temperature data, and the depth and gradient
parameters were computed from these profiles. Although a reasonable number of observa-
tions were available, the distribution is not homogeneous and some voids occur in the dis-
plays. XBT data from the Fleet Numerical Weather Central (FNWC) were obtained in hopes
of supplementing the mechanical BT data. However, XBT temperatures are digitized in a
different format. Displays of the computed layer depth, in-layer gradient, and below-layer
gradient have been maintained separately for BT data and XBT data until it can be estab-
lished that computed values from these two sources can be combined.

The concept of spatially contouring a time-dependent variable can be defended only
if the application respects the useful limits of this type of presentation. It should never be
assumed that these presentations provide even an approximation of the synoptic situation.
The contour charts are summary sources of information on the range, order of magnitude,
and an approximation of the general relative distribution of the parameters. The bottom
conjugate depth and depth excess displays can be used operationally, but as a general indica-
tor only. The surface-layer-parameter displays should never be used to attempt to predict
actual conditions for any particular time and location.




DATA AND PROCESSING
HYDROCAST DATA

The basic hydrocast data used in this analysis are a subset of the recent set from the
National Oceanographic Data Center (NODC) updated through 1973 containing approxi-
mately 491,000 hydrocasts worldwide. After sorting out shallow (continental shelf) casts
and incomplete casts, the set for the western Indian Ocean north of 20°S and west of 75°E
contains 3322 stations.

Initially these data were grouped into the four monsoon and transition seasons
selected for the northern Indian Ocean (Table 1). Based on a consideration of wind obser-
vations (Ref. 3) the NE Monsoon is established in November, persists through March, and is
most intense in January. April is transition. The SW Monsoon is established in May in the
Arabian Sea and persists through September, with maximum intensity in July. By October
the SW Monsoon system is breaking down. The monsoons actually progress across the west
Indian Ocean, and the effects on surface-layer sound speed will lag the occurrence of the
winds. The seasons presented in Table | reflect compromises necessary to produce a single
set of seasons for the entire north Indian Ocean. Data coverage is weakest during the short
Oct-Nov transition season and the following NE Monsoon (Dec-Feb) season. The initial
task to define preliminary sound speed provinces for data grouping was supported by avail-
able information on bathymetry (Refs. 4 and 5), currents, sea-surface temperature distribu-
tion (Ref. 6), surface heat exchange (Ref. 7), and a recently completed study of the thermal
structure (Ref. 1). Initial province boundaries, based on the combined information from
these sources, were used to group the sound speed profile data for each season.

A quick look at a sample of the sound-speed profiles (computed by NODC using
Wilson’s October 1960 equation) for each province/season resulted in initial adjustments to
the boundaries to align with obvious natural transition zones between regions with different
sound-speed structures. Final boundary selection was based on an individual evaluation of
all profiles within each province/season. The procedure consisted of a detailed analysis of
composite profile plots at several depth scales, individual profile location plots, and sum-
mary statistics for each province/season. Boundaries were shifted and new provinces created
as necessary to combine similar profile types together. The final results displayed significant
changes and alterations to the preliminary provinces based only on external support infor-
mation. The data were processed statistically to select a single *“‘typical” profile to represent
each final province and season. The actual procedure, outlined in Ref. 8, involves convert-
ing each profile array, a vector, into an equivalent scalar quantity based on the profile
“closeness” to the mean of the sample. The scalar quantities can be rank ordered, and an
actual observed profile can be selected to represent the sample. Plots and listings for each
selected profile are presented in Appendix A and a discussion of the results and application
is contained in the next section.

The hydrocast-derived sound-speed data set was further processed to provide basic
information to determine the distribution of bottom conjugate depth and depth excess in
the deeper basins. These two parameters are mutually exclusive (see Fig. 1), and because
of the bottom limiting condition existing over most of the western Indian Ocean, bottom
conjugate depth is the primary parameter to be computed and displayed. Initially all
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sound-speed profiles were grouped into four natural basins. The topographic boundaries

of the Arabian Basin, the Somali Basin, the Comoro Basin, and the Mascarene Basin are
apparent on up-to-date bathymetric maps (Refs. 4, 5 and 9). Fig. 2 presents significant
features of Indian Ocean topography and geographic references. Deep data from each basin
were checked to verify homogeneity. A minor variation in the deep profile data was
observed in the western strip of the Mascarene Basin along the eastern coast of Madagascar
and these data were omitted (see discussion of Provinces 16 and 17 in the next section).
Mean sound speeds were computed at standard depths for each basin from 2000 m to

5000 m. In the Somali Basin the 6000-m sound speed was estimated on the basis of
deep-water data provided in Ref. 2.

The sound-speed profiles for each basin were separated by season, and the portion of
each profile above the main sound channel axis was searched to locate the upper-layer sound
speed maximum. The observed bottom depth at the profile location (provided in NODC
profile header information) was used with the mean deep profile for the basin to compute
the sound speed at the bottom. The use of mean data for the deep portion of the profile
allowed the computation of bottom conjugate depth or depth excess for any profile extend-
ing deep enough to include the upper-layer maximum and a portion of the underlying
thermocline. This greatly increased the data coverage that would have resulted from the
use of only individual deep profiles. The bottom sound speed at each profile location was
computed from a quadratic fit to the mean sound speed profile for the basin. The fit was
made to the set of three consecutive mean sound speeds with a mid-depth nearest to the
observed bottom depth. This computed bottom sound speed was then compared to the
upper-layer maximum sound speed to determine whether bottom limiting exists for this
situation. If the bottom sound speed is less than the maximumn, limiting does exist and the
depth of the upper-layer conjugate of the bottom sound speed was determined by linear
interpolation of standard depths. This bottom conjugate depth and the results of all such
computations were plotted at the representative profile locations and contoured for each
season.

The complementary situation, where the bottom sound speed exceeded the upper
maximum, yielded a value of the critical depth. This parameter was computed by solving
for the roots of the quadratic equation for the proper three-point interval of deep mean
sound speeds created by inserting the upper maximum sound speed value. The only posi-
tive root was chosen as the critical depth. Depth excess was computed from the difference
between critical depth and the observed bottom depth. Individual values of depth excess,
indicated on the contour charts of bottom conjugate depth, are observed to cluster mainly
in the northern Somali Basin region (see Appendix B).

BATHYTHERMOGRAPHIC DATA

A total of 8017 temperature observations contained in the NODC mechanical BT
(bathythermograph) file, updated through 1970, were processed to provide information on
the sound-speed structure in the upper layers of the western Indian Ocean. BT data were
used for this part of the analysis because they were more numerous than hydrocast data and
because the S-m-interval depth spacing provides greater depth resolution than can be
obtained from hydrocast data. The disadvantages of using BT data are less absolute
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temperature accuracy and possible inaccuracies introduced through the necessary assump-
tions required to convert the temperature data to equivalent sound speeds.

Three near-surface sound speed parameters were computed using the basic BT data
set, i.e., the depth of the sonic layer (surface channel), the positive gradient within this
layer, and the negative gradient below the layer. These features of the vertical sound-speed
distribution are not dependent on temperature alone. Thus it was necessary to convert each
temperature profile to an equivalent sound-speed profile through consideration of the effects
of salinity and pressure. Because the sound speed provinces described earlier are considered
to contain reasonably homogeneous sound speed characteristics, it can be assumed that
salinity variations at standard depths within a province are small for each season. Standard
deviations of salinity at standard depths from the hydrocast data verify this assumption.
Therefore, the BT data were grouped by province/season and the mean salinity profiles were
interpolated at 5-m intervals. Pressure was computed from depth (Ref. 10) and used with
the associated salinity and temperature from each BT to compute an equivalent sound-speed
profile at 5-m depth intervals by means of Del Grosso's equation (Table VIII of Ref. 11).

The sound speed in the surface layer is taken to be the value at the 5-m depth. The
profile is scanned to locate the absolute maximum sound speed and the associated depth,
and the gradient is computed for the sonic layer using this value and the 5-m sound speed.
The negative gradient is computed over the depth interval from the sonic layer to each suc-
ceeding deeper observation and the below-layer gradient is chosen as the maximum gradient
in the set of values. Below-layer gradient values are ignored for BTs extending less than
15 m deeper than the sonic layer depth and in situations where the depth range of the
maximum gradient includes the deepest observation. Sonic-layer depths and the sonic-layer
and below-layer gradient values were separately plotted and contoured for each season.

XBT DATA

During the initial stages of BT data processing it became apparent that for certain
seasons and locations data coverage was very weak or essentially non-existent. Hydrocast
data cannot effectively be used to supplement the BT data because the computations of the
near-surface parameters would be highly dependent on the relatively coarse standard depth
spacing for hydrocasts. Attempts to contour the combined distribution of each parameter
computed from the two separate data sources would produce artificial features in the dis-
play that depend on the relative distributions of the two sets of observations.

Fleet Numerical Weather Central (FNWC) maintains an XBT (expendable bathy-
thermograph) data file that is equivalent to or more complete than any other single avail-
able data source. XBT data, though a measurement of temperature distribution basically
similar to mechanical BT data, differ in digitization format in a manner that may cause the
computation of gradients to vary systematically from the values obtained from BT data.
Layer depth determination is not significantly affected by this difference in processing, and
depths computed from these two sources should be consistent. Delays created by computer
interface problems during the course of this study prevented an early access to the FNWC
XBT data. A determination has not been made as to whether the gradient values derived
from these two separate sources are members of the same statistical population and can be
combined in single displays of gradient distributions. For purposes of this report the results
derived from XBT data have been presented separately.




DISCUSSION OF RESULTS

This section presents results of the sound-speed data processing described in the
previous section. Some recently acquired hydrocast data were not available to process for
the sound-speed province definitions and typical profile selections, although these data were
used in the bottom conjugate depth/depth excess computations and displays. Present plans
call for an expansion of this analysis into the eastern Indian Ocean and possibly to 30°S.
Current results will be modified as dictated by the new data and will be combined with the
future analyses of the eastern waters to provide a single source of descriptive sound-speed
information for the Indian Ocean.

The initial breakdown of the data sets into four monsoon-related seasons (Table 1)
was made in an attempt to segregate the two monsoon periods and the two related periods
of transition. The SW Monsoon is the dominant climatological feature of the western
Indian Ocean. This period witnesses the greatest relative changes of sound-speed structure
in the upper layers to depths of 200 m to 300 m. Unfortunately, for purposes of seasonal
definition, the monsoon does not occur everywhere over the region simultaneously. The
“burst’ of the SW Monsoon occurs progressively later from the southwest to the northeast
across the western Indian Ocean and is not continuous, but may change and vary, advance
and withdraw. SW Monsoon beginning dates range from mid-April near Mombasa, Kenya,
to early July at Karachi, Pakistan, in the northern Arabian Sea. The western sector may
experience mean wind speeds of 30 knots and reports of 40-45 knots occur on daily charts.
The Bay of Bengal experiences milder conditions than observed in the Arabian Sea, and the
SW Monsoon period is shifted later in the year. The selected period of June through
September for the SW Monsoon season is one compromise to provide a single set of four
seasons for the entire Indian Ocean to 20°S. The southern extent of the effects of the two
monsoons is limited to about 10°S. The December through February period for the NE
Monsoon is a similar compromise. Parts of the NW Arabian Sea are still typically NE Mon-
soon during early March, although the month has been designated as transitional. The over-
all strength of this monsoon and its related effect on the surface layer (extending to less
than 100 m) are much less than the SW Monsoon, and the choice of months is not as critical.
The NE Monsoon is actually the normal tropical easterlies observed over much of the world
at these latitudes. The SW Monsoon of the northwestern Indian Ocean, however, is unique
on this scale and is a result of the effect produced by the surrounding continental land
masses on the large-scale marine meteorological processes in this region.

The following sound-speed province data presentations (Appendix A), based on
hydrocast data analysis, are ordered by geographic region roughly from north to south and
are subdivided by season. The bottom conjugate depth/depth excess displays (Appendix B),
also produced from hydrocast data, are presented by season for the entire western Indian
Ocean. The surface parameter displays (Appendices C and D), based on BT data and XBT
data, are also arranged by season.

SOUND SPEED PROVINCE SUMMARY

The provinces defined in this presentation (Fig. 3) have been selected to provide a
comprehensive summary of vertical sound-speed characteristics for the western Indian Ocean
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to 20°S for general application. These data, presented in atlas format, should serve only as
a quick-look guide to general conditions for exercise planning or model studies. The prov-
ince boundaries were chosen to provide a reasonable number of geographical areas that can
each be realistically represented by a single sound-speed profile for each season. The pro-
cedure used to select representative typical profiles emphasized the acoustically significant
characteristics of the subsurface vertical sound-speed distribution and placed less emphasis
on the highly variable and complex structure in the near-surface layer above the thermocline.
Conditions in the upper layer can be better displayed in contour format than by the use of
representative vertical profiles. In most instances no clear water-mass boundary existed
between profile types, and the data often indicated a gradual transition from one region to
another. It was necessary to make subjective evaluations to place the final province bound-
aries. The choice of a particular profile to represent each province/season was most difficult
to make in the more complicated regions of the western and southern Arabian Sea under
influence of the Red Sea Water exiting from the Gulf of Aden.

Some variations of characteristics within the provinces and from month to month at
a single location do exist. The summaries in this report should not be used when an accu-
rate prediction for a specific location and short time frame is required. In this situation
information should be obtained from a separate selection and processing of the proper raw
data subset. A statistical summary for each province and season is presented in Appendix A
to provide some measure of the variations in the data bases from which the typical profiles
were selected.

The relationships between water mass distributions and sound-speed perturbations
in the Indian Ocean north of 10°S have been comprehensively treated by Fenner and Bucca
(Ref. 2). The vertical sound-speed structure below the surface layer is significantly influ-
enced by the advective, diffusive, and mixing processes involving five identifiable water
masses in the western Indian Ocean. Low-salinity cores from the south and east include the
Subtropical Subsurface Water (400-750 m), the Antarctic Intermediate Water (700-800 m),
and the Banda Intermediate Water (900-1100 m). Interaction of these low-salinity masses
with the high-salinity Red Sea Water (500-1000 m) and the presence of the high-salinity
Persian Gulf Water produce perturbations in the structure, particularly in the western and
equatorial provinces (Provinces 3, 4, 6, 7, 8 and 9).

The Red Sea Water entering the Arabian Sea from the Gulf of Aden at depths near
700 m is the single most significant influence on the sound-speed structure in the western
Indian Ocean. This high-salinity mass spreads through processes of lateral and vertical dif-
fusion and slow lateral advection (Ref. 12) throughout much of the region between 20°N
and 10°S. The primary effect of this water mass is to produce a mid-depth sound-speed
maximum, thereby forcing the main sound channel axis to greater depths and creating a
potential secondary channel above the high-salinity core. Diffusive mixing processes limit
the extreme effect of this influence to the western provinces in the vicinity of the source
where numerous minima and maxima result from Red Sea mixing. The vertical profiles in
the region near the Gulf of Aden can be very complex in the upper 900 m. At locations
more remote, the effects of the Red Sea Water is limited to creating a more broad and flat-
tened channel structure. The southern extent of the Red Sea influence is generally limited
to about 10°S in the western Indian Ocean. Waters south of this limit and east of Madagas-
car display a characteristic flattening of the profile that would seem to be related to the
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low-salinity core of the Antarctic Intermediate Water. The region along the eastern slopes
of Madagascar displays lower sound speeds at great depths than are observed at similar
depths to the east, the result of a northward-flowing cold bottom layer of Antarctic origin.

Province | is strongly influenced by the high-salinity Persian Gulf Water in the upper
layers, but lies north of the region of direct influence of Red Sea Water. The Persian Gulf
Water entering from the Gulf of Oman creates a strong secondary channel in the 100-250 m
layer in parts of Province | (see Appendix A). Too few data are available from Season | and £
Season 3 to adequately evaluate the distribution of this channel during the monsoon periods.
However, the transition Season 2 data indicate the presence of a strong shallow channel
located at depths between the warim surface layer and the Persian Gulf core. The channel
is most evident in the Gulf of Oman and off Ra’s al Hadd. Higher sound speeds in the
thermocline from 200 m to 600 m are observed in Province | than in other provinces
remote from the source of Persian Gulf water. Province 2 lies generally south of the region
of direct influence of Persian Gulf Water and north of the region of strong Red Sea Water
influence at greater depths. The northern zone of Province 2 does experience some minor
inversions in the upper layers occurring in the northeast waters during the SW Monsoon and
more to the northwest during the NE Monsoon as the current patterns tend to exert some
influence on the spread of Persian Gulf Water away from the Gulf of Oman. A hint of the
presence of the Red Sea core is indicated on the profiles in the 600 m to 900 m depth range
by a layer of reduced sound-speed gradient.

Complex structures in the upper layers characterize Provinces 3 and 4 as evidenced
by the relatively high standard deviations of sound speed at shallow depths. Red Sea Water
dominates the structure creating one or more intermediate maxima from 400 m to 1000 m.
Data samples for Seasons 3 and 4 (during and following the SW Monsoon) display the
greatest variability for both provinces. The most complexity generally occurs near Socotra.
The lowest surface sound speeds are observed during Season 3, the normal northern summer.
This situation in Provinces 3 and 4 results primarily from the surface advection of cold
upwelled water off Somalia and Arabia. A careful examination of individual data indicates
that the first 10 days of March are still influenced by the NE Monsoon, and the placement
of March in Season 2 for Provinces 3 and 4 is a compromise. The complex max-min struc-
ture caused by mixing of Red Sea Water is less apparent in Province S than in Provinces 3
and 4 to the west; however, the thick high-speed layer intersecting the thermocline forces
the sound channel axis deeper than it would be in the absence of Red Sea Water. Season 3
seems to experience more small-scale complexities than other seasons and the effects can
extend across the Arabian Sea to the west Indian coast.

Province 6 lies in the path of Red Sea Water flow to the southeast at a core depth of
600-700 m. Strong secondary channel formation and a deep sound channel axis of 1500 m
to 1750 m characterize this area. Seasonal variations in the upper layers are reduced in
Province 6 because surface heat exchange is more constant at low latitudes. Coastal upwell-
ing off Somalia and subsequent northeast advection of the cold surfiace waters do not exert
a strong influence on this area during the SW Monsoon. Red Sea Water flowing south along
the coast of Africa strongly influences the structure in the upper 1000 m of Province 7.
Many secondary channels are observed above and occasionally below the core depth of
600 m. A deep sound channel axis near 1750 m is also characteristic. Greatest standard
deviations of sound speed in the upper layers are observed during Season 4 and the following
NE Monsoon season, when surface circulation is directed into this area from the north.




Province 8 experiences a general weakening of the sound-speed gradient above the
axis as a result of the presence of a thiicker and less concentrated layer of Red Sca Water at
this distance from the Gulf of Aden. A strong secondary channel is less prominent than in
Province 7 to the north, and the main sound channel axis is slightly more shallow. Although
the presence of the Red Sca Water is still apparent on the profiles for Province 9, mixing has
reduced the strength of the high-salinity layer and absolute sound speeds are lower. The
effect of the high-salinity mass can be observed at depths below 1000 m as the core depth
increases to the south along Africa.

The influence of the Red Sea Water is greatly reduced in Provinces 10 and 11 lying
in a transition zone between 6°S and 15°S, where mixing with low-salinity Antarctic Inter-
mediate Water occurs. Only a mild perturbation near 1200 m depth is suggested on the pro-
files for Province 10. The general effect is to create a very thick layer of nearly constant
sound speed above the sound channel axis. Sound speeds at depths below 3000 m appear
to be slightly higher in Province 11 than in Province 10 to the west. The profiles for Prov-
ince 12 provide little indication of the presence of identifiable Red Sea Water. The ther-
mocline is relatively smooth and is characteristically less steep with increasing latitude. The
sound channel axis is more shallow and the specd is lower in the absence of the high-
salinity Red Sea layer.

Provinces 13 and 14 lie south of the maximum extent of Red Sea influence; however,
the characteristic flattening of the profile in the vicinity of the axis is observed. Compari-
sons with the profiles from Province 12 at similar latitudes suggest that the perturbation
observed in Provinces 13 and 14 may be the result of a layer of low sound speed in the
depth zone between 700 m and 1000 m. This causes a shallow channel axis with a relatively
low-gradient sound-spced layer below. The core depth of the low-salinity Antarctic Inter-
mediate Water lies near 800-900 m, and the presence of this water mass may contribute to
the observed low-sound-speed layer. The western waters of Provinces 13 and 14 along the
east slope of Madagascar (see Fig. 3) exhibit lower sound spceds at 4000 m by as much as
1 m/sec when compared to the waters to the east. A cold deep water originating in the
Antarctic circumpolar current with a temperature of only 1.1°C at 4000 m flows northward
along the eastern slope of Madagascar (Ref. 13), causing the anomalously low sound speeds.
The shallower portions of each profile from this coastal zone resemble the conditions
throughout the remainder of the province, and thus a new province was not defined.

BOTTOM CONJUGATE DEPTH AND CRITICAL DEPTH

The display of the distribution of critical depths for a particular ocean region can be
very useful in an operational situation in which the user is able to determine his local bottom
depth accurately and compute the depth excess. For planning purposes, the critical depth
display must be used in conjunction with an accurate bathymetric map to determine depth
excess and the reliability of convergence zone propagation. In the case of the western
Indian Ocean, a comparison of critical depths and associated bathymetry reveals that most
of the region is bottom limited throughout the year with the exception of the central
Somali Basin, where bottom limiting occurs only during Season 2. Thus a critical depth
chart is of little practical value for most of the western Indian Ocean. It becomes important
in this situation to know the depth below which sound energy from a subsurface sound




source ceases to be bottom limited. This depth has been defined earlier as the bottom con-
jugate depth. This parameter, or the complementary depth excess in the restricted areas
where it occurs, has been chosen to represent the significant features of the sound-speed
structure produced by variations in the depth of the bottom. These parameters, contoured
and displayed for the four seasons in the western Indian Ocean, are presented in Appendix B.

Because bottom conjugate depth and depth excess are functions of near-surface
structure it is necessary to compute and display these parameters on a seasonal basis. The
concept of spatially contouring a time-dependent variable can be defended only if the appli-
cation recognizes the useful limits of this type of presentation. The charts should be used
as a guide to the magnitudes of the bottom conjugate depth and as a relative measure of the
difference from region to region. Reliable bathymetric contours are based on many more
depth observations than the number of hydrocasts available for the bottom conjugate depth
computations. Comparisons to bathymetry should be made and regions of conflict should
be recognized as potential errors in the bottom conjugate depth display. Banks and ndges
may locally produce much deeper bottom conjugate depths than indicated by the contours.
Small and narrow trenches may have significant depth excess not identified on the charts.

The contours of bottom conjugate depth and depth excess presented in Appendix B
correlate strongly with available bottom depth contours. The bottom depth is much more
variable than the upper layer sound speed structure and, therefore, produces most of the
complexity seen in the bottom conjugate contours. The greatest values of bottom conjugate
depth occur along the continental slope margins of the major basins, where contouring has
been carried to 1200 m to 1400 m in some cases. In open waters the greatest values are
associated with the major ridges and banks. The Carlsberg Ridge/Sheba Ridge system
extending across the southern Arabian Basin creates large regions of bottom conjugate
depths below 200 m and smaller areas with much deeper values. In the southern hemi-
sphere the Seychelles Bank, Mascarene Ridge, and associated banks to the south create a
region of deep conjugate depths. The Chagos Bank in the east and its southward extension
also create areas with large conjugate depth values({ Essentially all depth excess is restricted
to the Somali Basin region extending along the African coast from 10°N to 5°S. Greatest
depth excess is observed in the northwestern portion of the basin. If, for example, an oper-
ationally useful requirement of 400 m depth excess is specified, proper conditions for
convergence-zone propagation are limited to portions of the northern Somali Basin during
Season 3.

Season |, the NE Monsoon period, is moderately favorable to convergence zone
propagation in the Somali Basin with depth excess values exceeding 300 m in the deeper
waters between the Chain Ridge and Africa. Cool near-surface waters create low maximum
sound speeds and provide more depth excess. The bottom conjugate depth can be depend-
ent not only on the heating/cooling cycle in the upper layers, but on the shifting current
dynamics resulting from the two diverse monsoon circulation patterns. Conjugate depths
below 200 m relate to the deeper more stable sound speed structure of the lower thermo-
cline and display less seasonal correlations. Apparent seasonal differences in the bottom
conjugate depth patterns are caused in part by data coverage variations. Data coverage is
weak throughout the central Arabian Basin and Carlsberg Ridge during Season 1, and the
contours serve only as magnitude indicators. Season 2 has the greatest near-surface temper-
atures and related maximum sound speeds. Depth excess is replaced in the Somali Basin
during this period by a very shallow bottom conjugate depth.




Season 3 is the normal summer period in the northern hemisphere and the time
when depth excess would be least likely to occur. However, the direct and indirect cooling
influence of the strong SW Monsoon completely reverses the situation by creating the
coldest near-surface temperatures in the Somali Basin and over much of the Arabian Sea.
Cold-water upwelling occurs off Somalia and circulates in a cold eddy that forms offshore.
Near-surface sound speeds are reduced sufficiently to create depth excess of over 400 m
where none existed during the prior season. The Carlsberg Ridge and Chain Ridge prevent
depth excesses in the adjacent areas where some cold water is advected. Over the central
Arabian Sea cold surface temperatures are caused by excessive evaporation and reduced
insolation (Ref. 1), however, the effect is restricted to the surface layer and should not
greatly influence the bottom conjugate depth values. Actually, the central Arabian Basin
contours indicate somewhat greater values for the bottom conjugate depths. This may
reflect the deepening of the central basin surface layer resulting from the large-scale anti-
cyclonic circulation pattern of the Arabian Sea during the SW Monsoon. The increase in
depth excess observed in the northern Somali Basin extends into the southern basin during
Season 3 and exceeds 100 m.

Season 4 also experiences depth excess of over 100 m throughout the southern
Somali Basin. In the northern basin, depth excess decreases significantly during Season 4,
when the local cooling effect of the SW Monsoon is removed. A few individual observations
of depth excess over 200 m occur in the Somali Basin west of the Seychelles during Season
4 and Season 1. It cannot be determined from the data whether this is a true seasonal
feature or isolated observations resulting from a particular combination of bottom topog-
raphy and hydrocast locations.

NEAR-SURFACE SOUND SPEED STRUCTURE

Sonic layer depth (Fig. 1), in-layer sound-speed gradient and below-layer gradient
have been selected to provide information on near-surface structure. Each parameter is
presented in contour format by season for the western Indian Ocean in Appendices C and
D. The primary data for this analysis are contained in the NODC mechanical BT data file
available at NUC. The data for the most part came from observations made during the
late 1950’s and early 1960’s in the Indian Ocean. Temperature data were converted to
equivalent sound speeds and the parameters computed as described earlier. The distribu-
tion and complexity of the displayed contours based on data from several years is highly
dependent on the density and distribution of observations and their relation to the actual
structure of the surface produced by prevailing wind mixing and circulation patterns. It is
quite clear that small-scale features indicated on the contoured surfaces should not be
accepted as true or permanent features of the distribution. The true surface is continuously
changing and the actual complexity of the surface at any instant in time is probably greater
than indicated by the contours.

The contour maps can be valuable if the information derived from these maps is
limited to:

1. General range of values of the variable to be expected for the region and season,
and as an
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2. approximation of large-scale distribution patterns, i.e., areas where relative values
are low and areas where they may be expected to be greater.

Another caution should be mentioned in connection with the below-layer gradient
computation. This parameter in some instances may have been computed for a minimum
depth interval of only 5 m. This small interval might not be meaningful for low-frequency
application, and the effective below-layer gradient could be somewhat less in such cases.
Large regions with essentially no BT data coverage are indicated on the maps for each season.
The most serious data holidays occur in the south-central and southeastern Arabian Sea
during Season I, 3 and 4. Seasons | and 4 are also seriously deficient in the eastern part of
the southern hemisphere section and in the southern Somali Basin.

The surface circulation strongly influences the surface-layer structure and is, in turn,
under direct influence of the local wind system. The SW Monsoon during Season 3 (June-
September) blows over the Arabian Sea with 20-knot winds and reaches 30 knots or more
off Somalia and Arabia. The surface layer is strongly influenced during the SW Monsoon by
the monsoon-produced circulation cells that migrate across the Arabian Sea (Ref. 14).
These cells or eddies affect the layer depth dynamically and also influence the layer gradient
and the below-layer gradient. The accumulation of surface water at the center of an anti-
cyclonic eddy will tend to deepen the layer, lower the in-layer gradient, and increase the
below-layer gradient. The NE Monsoon (Season |, December-February), in contrast to the
strong SW Monsoon, is weakly developed, with wind speeds rarely exceeding about 15 knots.
Allowing for the greater density of observations during Season 3, the analysis suggests that
fewer spatial complexities in the layer depth and gradient structure occur during Season 1,
as would be expected from wind-strength comparisons. The SW Monsoon period also
experiences greater fluctuations in surface-layer heat exchange that further contribute to
the variations in near-surface sound-speed structure observed during Season 3.

During Season 1, the NE Monsoon, the layer depths range from 30 m to 120 m in
the northern hemisphere. Greatest depths are observed in the central waters and off the
coast of Iran in the Gulf of Oman. In the south the layer shallows to less than 20 m during
the southern summer warming period. Data coverage is very weak during Season | in the
southern hemisphere. Reasonable negative correlation between in-layer gradient and layer
depth is indicated by lower gradient values in regions with deep layers. The thermocline
weakens in high southern latitudes and produces smaller below-layer gradients with
increasing latitude.

Layer depths decrease in the northern hemisphere with decreasing winds and
increasing solar heating during Season 2 following the NE Monsoon. Greatest layer depths
during this period are observed in the north-central and western Arabian Sea. Layer deep-
ening occurs south of 10°S as the southern hemisphere winter season approaches. The
in-layer gradient increases in the north-central region and decreases in the extreme northern
waters of the Arabian Sea from Season | to Season 2.

The onset of the SW Monsoon during Season 3 increases the layer depth in the
northern hemisphere through wind mixing and indirectly through processes of surface cool-
ing by evaporation. The layer deepens significantly just off the coast in the region of
Somali coastal upwelling, where depths to 120 m are observed. The layer shallows notice-
ably along the coast just north of the upwelling region, where the strong current breaks




away from the coast. A branch of the current returns to the southwest, and the presence
of oppositely flowing currents enhances the large variations of layer depths in the western
Somali Basin.

A large region with depths exceeding 80 m is formed in the western and central
sections of the Arabian Sea. A deep layer is not observed in the area of Arabian coastal
upwelling, but the data coverage is very weak and inconclusive. Recent studies (Ref. 14)
indicate that the general west-to-east circulation across the Arabian Sea during the SW Mon-
soon actually consists of a series of cyclonic and anticyclonic eddies. These eddies, obscured
by long-term averaging in the figures presented here, would produce a more complex struc-
ture in the layer depth and below-layer gradient contour at any instant in time. Deeper and
warmer surface layers are associated with anticyclonic eddies (clockwise in the northern
hemisphere), and cooler shallower layers are produced by cyclonic circulation. The layer
also deepens in the southern hemisphere during Season 3. Near the equator the SW Mon-
soon probably influences the layer depth, while at higher southern latitudes the normal
winter processes of cooling and mixing are effective in increasing the layer depth. The
in-layer gradient is moderately uniform over much of the Arabian Sea during the SW Mon-
soon. Largest gradients arec observed in the region of shallower layers along India and the
southern Gulf of Oman. Increased gradients are also observed in the eastern equatorial
waters and the southeastern region.

Significant increases in the below-layer gradient arc observed in the southwest to
northeast zone across the Arabian Sea under the strongest direct influence of the SW Mon-
soon. The below-layer gradient correlates positively with the increase in layer depth and is
further enhanced in the regions of upwelling by upward movement in the thermocline layer.
High gradient values below the layer are also a normal situation in south equatorial waters,
where large-scale upward movement of the upper layers of the main oceanic thermocline
crowds the shallower isotherms (Ref. 1). Gradients exceeding 7 m/sec/10 m are observed
in the 5°S to 10°S zone during Season 3.

Season 4 is a relatively short period of transition following the SW Monsoon. BT
data coverage is weak, with little or no information in the 10°N to 5°S zone and the far
southeast waters. The deep layers of the north-central Arabian Sea have disappeared; how-
ever, some remnants of eddy-produced deep layers are still evident in the Somali Basin.
Southern hemisphere spring warming is beginning to decrease the layer depths south of the
equator during Season 4. The in-layer gradient is relatively weak in the north except for a
few localized features. The southern waters exhibit gradients similar to Season 3. High
values of below-layer gradient are observed off Arabia in a region of shallow surface layers.
In the southern hemisphere the below-layer gradient is decreasing with the shallowing of the
surface layer. )

COMPARISON OF BT AND XBT RESULTS

XBT data, obtained only recently at NUC, have been processed to obtain surface-
layer information and are displayed separately from the mechanical BT data in Appendix D.
Because a different digitization procedure is used for XBT data and because a quality com-
parison of the two types of instruments has not been accomplished, the data sets have been




treated separately. A comparison of the displayed information for each data source by
season indicates a large degree of compatibility within the limits of usage discussed earlier
for the mechanical BT data displays.

During Season 1, a comparison of layer depth charts indicates reasonable similarities
in the central deep waters. Differences are observed along Arabia and off Pakistan, where
the XBT data display deeper layers, and in the Gulf of Oman, where shallower XBT layers
are indicated. Large in-layer gradients correspond to somewhat shallower layer depths in
the northern Somali Basin for the XBT data. The tongue of low below-layer gradient water
indicated in the BT data for Scason | extending east from the Gulf of Aden does not appear
in the XBT counterpart. The XBT data density is far greater than the BT density in this
zone and the patterns may be more reliable on the XBT chart. Large data voids in the cen-
tral and eastern Arabian Basin occur in both data sets. Better XBT data coverage in the
southern hemisphere provides much greater detail in the below-layer gradient distribution.
A large area with strong gradients observed in the southern Somali Basin on the XBT chart
is completely lacking on the BT chart, in which no data were available for this region.

Layer-depth magnitudes on the BT and XBT charts are similar for Season 2 although
the contour patterns are quite different. In-layer gradient values range from less than
0.1 m/sec/10 m to greater than 0.2 m/sec/10 m for both data sets, with the exception of a
small area off India, where gradients exceed 0.3 m/sec/10 m on the BT chart. High below-
layer gradients are observed in the northern Arabian Sea in the XBT data that are not
indicated on the BT chart. The differences are caused in part by the lack of BT data in the
Gulf of Oman and off northern India. A similar strong gradient area is observed during
Season 2 and Season | in the southern Somali Basin on the XBT charts. BT data coverage
is too weak for comparison in both instances.

Eddy-produced deep layers extending along the Somali coastal region and following
the strong Somali Current offshore are observed on the BT chart and the XBT chart for
Season 3, the SW Monsoon period. The layer appears shallower in the Somali Basin and the
north-central Arabian Sea on the XBT chart. The in-layer gradient magnitudes are similar
on both charts, with little variation indicated over most of the region. A zone of higher
gradient water extending eastward from northern Madagascar is indicated on both charts.
Complex detail is exhibited on both below-layer gradient charts for the SW Monsoon period.
More XBT data were available off Arabia and in the extreme northern waters of the Arabian
Sea. High-gradient areas appear to be associated with deep offshore layers along the Somali
coast and shallow layers off Arabia. Shallow layers also appear to correlate with large
below-layer gradients in high northern latitudes. The area with large gradients in the south-
ern Somali Basin observed on the XBT charts is also indicated on the BT chart for Season 3.

The very shallow layer in the northwestern Indian Ocean following the SW Monsoon
is indicated on both charts for Season 4. Weak BT and XBT data coverage in the southern
hemisphere during this period make comparisons difficult. The deepening of the layer south
of 10°S and east of Madagascar is indicated on both charts. High below-layer gradients
appear in the far northwest waters based on BT and XBT data. The zone with large gradients
south of the equator, though less steep than other seasons, is indicated on the XBT chart
and suggested on the BT-derived contours. Large areas with no data greatly limit the com-
parison of BT- and XBT-computed parameters for Season 4.
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SUMMARY AND PROJECTIONS

This report presents results of the analysis of sound-speed information for the Indian
Ocean west of 75°E longitude and north of 20°S latitude. The limits to the application of
the data displays should be re<emphasized. General conclusions regarding the large-scale
distribution of parameters, the expected ranges of values, and the nature of seasonal varia-
tions can be inferred. Historical summarized presentations cannot be used to predict actual
parameter values for a specific location and time, and at best are restricted to providing a
basis for estimating conditions with the highest probability of occurrence based on the data
set.

It is recommended that future efforts produce similar data presentations for the
eastern Indian Ocean, with a possible extension of coverage to 30°S latitude. Further study
may result in the combining of the near-surface parameters computed from BT and XBT
data into a single set of displays, thereby minimizing the areas of weak data coverage. The
distribution of the secondary acoustic channel created above the Red Sea core in the vicinity
of the Gulf of Aden requires further study. Depth excess in the western Indian Ocean is
restricted to the deeper parts of the Somali Basin and is seasonally variable. A look-up table
to determine bottom sound speed as a function of bottom depth for the basin would allow
an operator with a knowledge of his local bottom depth and sensor or cruising depth sound
speed to estimate the probability of convergence-zone propagation for his situation. The
usefulness of this type of data presentation should be evaluated for the Somali Basin and
potential depth excess areas in the eastern Indian Ocean.

Better data coverage is needed in all parts of the Indian Ocean, particularly in the
areas of weak data coverage identified on the display maps. Most of the hydrocast and BT
observations were made during the few years of the 110E in the early 1960’s. Little is
known of the long-term trends or the effects on the sound-speed structure of year-to-year
variations in the strength of the monsoons. XBT information is current and acquisition
is continuing; however, very few recent hydrocast or deep STD data are available.
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APPENDIX A: SOUND-SPEED PROVINCE PROFILES AND STATISTICAL
SUMMARIES ARRANGED GEOGRAPHICALLY FROM NORTH TO SOUTH
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