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Underwater gliders measure high-resolution spatio-
temporal oceanographic data. In April 2014, the
National Institute of Ocean Technology, Chennai
operated an underwater glider ‘Barathi’, for 127 days
for observation of Bay of Bengal (BoB). In this article
we present the effectiveness of the glider Barathi for
high resolution temporal sampling of the surface layer
in the central BoB for studying variation of tempera-
ture, salinity and density structures and acoustic
characteristics on 26-27 May 2014. The results
showed ‘afternoon effect’ on acoustic characteristics
and formation of secondary sound channel. Our data
set is strongly correlated (coefficient of determination
#* > 0.96) with data from a nearby Array for real-time
geostrophic Oceanography (Argo) float.
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IMPROVED ability to observe the Bay of Bengal (BoB) in
real time assumes paramount importance in understanding
its process. Exhaustive knowledge of upper layer vertical
characteristic is beneficial for short-term weather predic-
tion, fisheries and sonar operations. The sonic layer depth
(SLD) information is important to understand acoustic
properties of the surface duct. It influences acoustic
communications' and acoustic tomography”. The mixed
layer depth (MLD) information is crucial in ocean dyna-
mics and climate change studies. Seasonal variability of
MLD and SLD over Indian Ocean region were studied
earlier’ 2. But lack of adequate temperature and salinity
profiles of the upper ocean hamper our knowledge and
understanding of variability of surface layer structure in
the BoB'%.

The presence of a research vessel often contaminates
near-surface measurements. The temperature profiles col-
lected by small platforms and moored systems show a lit-
tle stratification in the upper layer, even under low-wind,
high insolation conditions'>'>. The autonomous under-
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water vehicles (AUV) and free rising profilers measure
accurate upper layer information. They are deployed clear
of research vessel to minimize vessel-induced errors in
measurements. The AUV endurance and spatial coverage
are limited to measure physical process of the upper
layer'®. Floats in Array are cost-effective platforms for
sampling sub-surface of the ocean'’. They naturally drift
by the ocean current. The buoyancy-driven Argo floats
failed to surface when density of float was greater than
environmental density'” '’. The buoyancy-driven under-
water vehicles encounter difficulty in BoB due to varia-
tions in density and temperature. Hence gliders have not
been used to conduct operations in the Indian Ocean* 2.
The National Institute of Ocean Technology (NIOT),
Chennai introduced™** a new in situ ocean observation
technology, underwater glider in BoB in September 2013.

In this article, we present the effectiveness of glider
Barathi for high resolution temporal sampling in the West
Central BoB, to study the variation of temperature, salin-
ity and density structure and acoustic characteristics of
the surface layer. Our data set on 27 May 2014 was also
compared with data from a nearby Argo float.

Materials and methods
Glider

Gliders are unmanned autonomous underwater vehicles
with variable buoyancy”>?’. The NIOT instituted an un-
derwater glider (‘Barathi’, model: Slocum G2-1000 m,
manufactured by Teledyne Webb Research, USA) mission
from 24 April to 28 August 2014 in the central BoB>****,
For a neutrally buoyant underwater glider, increase in
volume reduces its density and creates positive buoyancy.
Similarly decrease in volume of the glider increases its
density and creates negative buoyancy. The buoyancy and
attitude results in generation of hydrodynamic lift and drag
forces on the wings and body of the glider. A pre-
programmed value of buoyancy (+2.6N) and pitch (£26°)
for maximum horizontal velocity aids the glider in sliding
along vertically and voyage horizontally.
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Table 1. Specifications of glider Barathi sensors
Sensor Conductivity (S/m) Temperature (°C) Pressure (dbar)
Parameter
Measurement range 0 to 9° —5to +42 0 to 2000
Calibration range 0 to 6° +1 to+32 Full scale range
Accuracy +0.0003 +0.002 +0.1% of full scale range
Stability (typical) 0.0003/month 0.0002/month 0.05% of full scale/year
Resolution 0.00001 0.001 0.002% of full scale range
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Figure 1. Typical depth profile of the glider Barathi.
Data

The glider Barathi was equipped with conductivity sen-
sor, temperature sensor, pressure sensor (Table 1) and
global positioning system (GPS). It was programmed to
dive to 100 m depth and climb to surface consecutively
on 26-27 May 2014. It measured 56 temperature (7) and
conductivity (C) profiles during this period. Further it re-
corded surface positions from GPS before each dive. In
fact the glider took 1860 sec for one dive and climb op-
eration (Figure 1). The science computer was pro-
grammed to measure conductivity, temperature and depth
at once in every one meter during down cast. The T and C
profile data from the glider was averaged with bin size of
2 m depth. They were then linearly interpolated to stan-
dard depths at 2 m.

Study area

The glider Barathi operated with 100 m dive depth in and
around the position 13.3°N 83.9°E on 26-27 May 2014.
The glider voyaged about 30 km (Figure 2) during the
period.

Sea surface height and sea surface temperature

Data archiving, validation, and interpretation of satellite
oceanographic (AVISO) altimetry data provided global
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Figure 2. Trajectory of glider Barathi on 26-27 May 2014 (line), po-

sition of Argo float on 27 May 2014 (circle), position of data buoy
(BD11) (box).

data at a spatial resolution of 0.25° sea surface height and
0.5° for geo-strophic currents®.

The sea surface temperature (SST) on 26—27 May 2014
over the study area from advanced very high resolution
radiometer (AVHRR) data archive was analysed to inves-
tigate physical environment to infer results®’. The
AVHRR data set has 4 km spatial resolution and 14 times
a day temporal resolution.

Array for Argo float

A vertical profile of temperature and salinity from Argo
float’* (No. 5904334, cycle No. 042) on 27 May 2014
at 13.015°N 83.874°E (Figure 2) was compared with the
glider data. The Argo float was away by 33 km towards
south from the glider on that day. The data from the
ARGO float was linearly interpolated to 2 m resolution in
the range of 2—-100 m depth.

Air temperature, wave height and wind speed

The air temperature, wave height and wind speed data on
26-27 May 2014 from moored data buoy (BD11)***® at
13.51°N, 84.00°E (Figure 2) were analysed to interpret
results. The glider was within 18-33 km range from
BD11 during the study period.
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Sonic layer depth

The salinity and sound speed profiles were computed
from conductivity, temperature and pressure data meas-
ured by the glider®. Sonic layer depth (SLD) for each
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Figure 3. Maps of SLA and absolute sea surface geostrophic velocity
from AVISO on 27 May 2014, trajectory of glider Barathi on 26-27
May 2014 (line), Position of data buoy (BD11) on 26-27 May 2014
(box), Possition of argo on 27 May 2014 (circle).
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Figure 4. SST on 27 May 2014 from AVHRR, Trajectory of glider

Barathi on 26-27 May 2014 (line), Position of data buoy (BD11) on
26-27 May 2014 (box), Position of Argo on 27 May 2014 (circle).
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profile was computed as near-surface first maximum in
sound speed profile (SSP)*'**7%,

The surface duct was bound above by the sea surface
and below by SLD’’. The sound rays refracted and
reflected alternately within the surface duct. The sound
wave attenuation in the surface duct was much less than
normal spherical spreading. The maximum wave length

(Amax) of sound wave trapped in the surface duct zone was
estimated as’’

Amax = 8.51 x 10°H?, (1)
where H is the width (depth) of the surface duct.
Assuming that sound speed is 1500 m/s, the minimum

cut-off frequency (fin) of the surface duct was computed
by

Sin=1.76 x 10°H ">, ()

Mixed layer depth
MLD is defined'*'"*" as the depth at which the density is

greater than the surface by 0.125 kg m . The wave action
agitates the water near the surface, forming a mixed

Table 2. Mean and SD of the temperature and salinity profiles
Temperature (°C) Salinity (PSS-78)
Variable
profile name Mean SD Mean SD
Glider 27.788 1.857 33.410 0.667
Argo 27.748 2.1991 33.326 0.818
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Figure 5. Typical vertical profiles of temperature and salinity

measured by glider Barathi and Argo float on 27 May 2014.
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layer. Density is calculated from the interpolated tem-
perature, pressure and conductivity data®.

Results and discussion
Physical environment

The map of sea level anomaly (SLA; Figure 3) from
AVISO on 27 May 2014 shows a counter clockwise
movement of water in the study area*'**. The weak eddy
was centred at 12.6°N, 83.7°E. The absolute geostrophic
velocity of 0.3-0.5 m/s (Figure 3) was noticed from
AVISO for the period in the region of measurement. Even
though the glider was commanded towards east with way
point, it drifted away in south-west direction since the
geostrophic velocity was more than maximum horizontal
speed (0.25 m/s) of the glider.

The SST anomaly (Figure 4) analysed on 27 May 2014
from AVHRR was less than 1°C in the region. The dis-
tance between core of the eddy and the glider, the data
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Figure 6. Scatter plot of temperature profiles of glider Barathi and
Argo.
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Figure 7. Scatter plot of salinity profiles of glider Barathi and Argo.
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buoy and the Argo float were 78 km, 105 km, 48 km
respectively.

Comparisons of Barathi data with the Argo float
data

The glider measured temperature (7) and conductivity (C)
depth profiles up to 100 m depth. The salinity (S) profile
is computed from the temperature, conductivity and depth
data set’®. The temperature and salinity data from glider
and ARGO float were linearly interpolated with 2 m reso-
lution in the range of 2—100 m depth. The vertical pro-
files of temperature and salinity measured by glider
(14:39:33 h on 27 May 2014) and Argo (22:49:58h
on 27 May 2014) were compared (Figure 5). The mean
and standard deviation (SD) of the T and S profiles are
shown in Table 2. The root mean square deviation
(RMSD) of temperature (0.448°C) and salinity (0.213
PSS78) profiles of the glider and Argo were computed.
The temperature (Figure 6) and salinity (Figure 7) pro-
files were strongly correlated with coefficient of determi-
nation #* values of 0.99 and 0.98 respectively. Near the
sea surface, the glider recorded cooler temperature
(-0.199°C) and higher salinity (+0.221PSS78) than Argo.
The salinity and temperature measurements coincided at
54 m and 80 m depth respectively. Thereafter the glider
recorded marginally warm sub-surface water masses with
low salinity. The absolute maximum differences in the
measured temperature and salinity were 0.853°C (at 82 m
depth) and 0.453 PSS78 (at 42 m depth) respectively.
These discrepancies are due to spatial and temporal dif-
ferences of the measurements. Similar differences were
also seen in Barathi data set.
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Figure 8. 7-S diagram, with density as sigma-z, of the 56 profiles
(magenta), average 7S diagram (black dots).
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Temperature and salinity structure

The salinity (S) profiles were computed from the tempera-
ture, conductivity and depth data set’®. The temperature—
salinity (7-S) diagrams (Figure 8) were computed from the
measured data set. All the profiles had low salinity warm
water near surface and high saline cold water deeper. The
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Depth-time section of sound speed (Contour intervals are 0.5 m/s) and SLD (dotted yellow line).

surface layer ranges beyond 100 m depth with low saline
water (31-34.7PSS-78). These water properties resemble
the BoB water**,

Sub-surface warm water masses were seen at 40-60 m
depth in depth-time sections of temperature (Figure 9) in
the afternoons to early morning. It was seen that the
sub-surface warm water masses had 0.25-0.50°C higher
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temperature. The 28°C isotherm shoaled from 50 m on 26
May 2014 to 38 m on 27 May 2014. A similar upwelling
was noticed in 28-26°C isotherms. The vertical thermal
sections showed troughs and ridges in the isothermal
patterns®. The temperature of upper 30 m water column
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Figure 12. Time series of air temperature (AT) from BD11 and daily

mean SST (mean SST) from AVHRR.
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Figure 13. Time series of wind speed and wave height from BD11 on
24-29 May 2014.
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nel at 12:23:55 h on 27 May 2014.
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decreased by 0.25°C on early hours on 27 May 2014 due
to enhanced mixing in the upper ocean for the period***’.
The warm water masses in the subsurface layer were tra-
ceable with salinity of 33.4-33.5 PSS78 in depth-time
sections of salinity (Figure 10). The oscillations in above
parameters were seen even at 90 m depth during the ob-
servation period.

Acoustic characteristics of the surface layer

The sound speed profiles were computed from 7, S and
depth data®®. The depth-time section of sound speed (Fig-
ure 11) on 26-27 May 2014 showed large variations in
sound speed in the mixed layer. A sub-surface sound
speed (1539 m/s) minimum was noticed at 40-58 m depth
from 1:30-4:30h on 27 May 2014. The SLD (Figure
11, Table 3) was computed from sound speed profiles. It
was seen that SLD was thinned to 3 m at 06:49 h on 27
May 2014 due to ‘afternoon effect’***’. The air tempera-
ture (Figure 12), wave height (Figure 13) and wind speed
(Figure 13) from BDI1 and daily mean SST from
AVHRR (Figure 12) showed that 27 May 2014 was a
calm and sunny day. The sub-surface warm water mass
deepened the SLD to 42-48 m from 07:49 on 27 May
2014. The cooler surface layer water masses and warmer

Table 3. Statistical parameters of SLD
Parameter Value (m)
Minimum 3
Maximum 48
Mean 26.17
Standard deviation 10.49

Table 4. Statistical parameters of MLD
MLD parameter Value (m)
Minimum 9
Maximum 27
Mean 19.76
Standard deviation 5.065
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sub-surface water masses formed a discernable transient
weak secondary sound channel (SSC)*. The temperature
inversion created a deep sound speed maximum on 27
May 2014. A sound speed profile in this region (Figure
14, 12:23 h on 27 May 2014) showed SSC channel with
axis at 37 m depth. It was characterized with 1.6041 m/s
change in sound speed (strength) and 17 m channel depth
(width). It was seen that, the sub-surface peak of sound
speed (1543.0996 m/s) was higher than near surface
(1542.7360 m/s). The presence of eddies in the region
justified the transitory nature of SSC.

The temporal variation of lower cut-off frequency
(Figure 15) of the surface duct is was calculated accord-
ing to eq. (2). The lower cut-off frequency was increased
to 33.87 kHz when the SLD thinned to 3 m.

Density structure

The density profile (Figure 16) was calculated from the
temperature, salinity and pressure data set. All these pro-

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017

files have stable buoyancy. MLD (Figure 16, Table 4)
was computed from density profiles.

Density and sound speed responded differently to
depth gradients of temperature and salinity. The sub-
surface warm water masses created maximum deep, sound,
speed and deepened the SLD than MLD*' (Figure 17).

Conclusions

In this study we have presented the effectiveness of glider
Barathi for high resolution temporal sampling in the west
central BoB. A total of 56 temperature and conductivity
profiles measured on 26-27 May 2014 were analysed.
The map of SLA and absolute geostrophic velocity from
AVISO and SST anomaly from AVHRR showed a coun-
ter clockwise movement of water in the study area. It was
centred at about 12.6°N, 83.7°E. The temperature
(#* =0.96) and salinity (#* = 0.97) profiles of the glider
and the Argo float were strongly correlated. The 7-S dia-
grams of all the profiles resembled to indicate the BoB
water. Sub-surface warm water masses were found at 40—
60 m depth in depth-time sections of temperature in the
afternoons to early morning. The warm water masses in
the sub-surface layer are traceable with salinity of 33.4—
33.5 PSS78. Upwelling of 28-26°C isotherms was seen
during the period. The temperature of upper 30 m water
column was decreased by 0.25°C in the early hours on 27
May 2014 due to enhanced mixing in the upper ocean for
the period. A sub-surface sound speed (1539 m/s) mini-
mum was noticed at 40-58 m depth from 1:30-4:30h
on 27 May 2014. It was seen that SLD was thinned to 3 m
at 06:49 h on 27 May 2014 due to ‘afternoon effect’ on a
calm and sunny day. The cooler surface layer water
masses and warmer sub-surface water masses formed dis-
cernable transient weak SSC. The sub-surface peak of
sound speed (1543.0996 m/s) was higher than near sur-
face (1542.7360 m/s). The lower cut-off frequency of the
surface duct was increased to 33.87 kHz when the SLD
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thinned to 3 m. All these profiles had stable buoyancy.

The

sub-surface warm water masses created deep sound

speed maximum and deepened the SLD than MLD.

C
of s

oncurrent samplings with multiple gliders as function
pace and time are needed to understand spatial and

temporal variability of the ocean.
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