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Indian coastal ocean radar network

B. K. Jena* K. S. Arunraj, V. Suseentharan, Kukadiya Tushar and T. Karthikeyan

As a part of the Indian Ocean Observation Network, National Institute of Ocean Technology oper-
ates and maintains a network of high frequency radar (HFR) systems along the Indian coast, known
as Indian coastal ocean radar network (ICORN). It is a land-based remote sensing system capable
of measuring surface currents as far as 200 km from the coast and waves, and wind direction
nearly 100 km offshore. The HFR systems utilize electromagnetic waves in the 3—45 MHz frequency
band and use Bragg scattering principle to deduce the oceanographic parameters. ICORN cur-
rently operates and maintains five pairs (10 sites) of long-range systems (~5 MHz) which covers
four states and Andaman and Nicobar Islands. These systems operate at a spatial resolution of
6 km and temporal resolution of one hour. Indian National Centre for Ocean Information Services
at Hyderabad disseminates this data for scientific and maritime operations. The potential of HFR
systems is enormous and can be employed in various facets of operational oceanography and

applied research.
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COASTAL oceans are subjected to complex forcing
mechanisms that occur on different temporal and spatial
scales. The variability associated with these turbulent
motions are difficult to model and require extensive com-
putational resources. Coastal currents of the Indian west
(West India Coastal Current, WICC) and the east coasts
(East India Coastal Current, EICC) reverse seasonally in
response to the reversal of monsoon winds as well as the
remote forcing from baroclinic waves (equatorial Kelvin
and Rossby waves and coastal Kelvin waves)'. Direct
current measurements are sparodic in the Arabian sea, as
well as, in the Bay of Bengal (BoB). Moored Acoustic
Doppler Current Profiler (ADCP) network maintained by
the National Institute of Oceanography, Goa as a part of
Ocean Observation Network (OON) project of the Minis-
try of Earth Sciences (MoES) is the only source of long-
term measurement of currents along east and west coasts
of India™’. Surface current velocity measured with an
ADCP contains errors due to side lobe interference and
blanking zone near the ocean surface’. Advancements in
remote sensing technologies have improved the ocean
observation along the Indian coast. High Frequency Ra-
dar (HFR) is one such technology, which measures
oceanographic parameters using electromagnetic (EM)
waves from a shore based system. HFR provides valuable
information on surface currents and waves in the coastal
regime to understand the near shore dynamics’. The
advantage of HFR system is its high resolution mapping
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capability (both spatial and temporal) and near-real time
data transmission. HFR observations along the Indian
coast can provide an insight on the surface dynamics in
the coastal zone, which in turn improves the understand-
ing of EICC and WICC.

HFR system utilizes EM waves in the 3—45 MHz fre-
quency band. It uses the conductivity of the ocean to
transmit the modulated EM waves beyond the horizon
and the sea surface acts as a diffraction grating to back-
scatter the signal back to the receiver. The theory of HF
and VHF propagation across the rough sea was developed
by Barrick®’ and, it was Stewart® who proposed the use
of HFR system for operational oceanography in the
coastal region. HFR systems for an oceanographic pur-
pose was first developed by Barrick’ who called it
Coastal Ocean Dynamics Applications Radar (CODAR).
Similarly, Wellen Radar (WERA), another HFR system
developed by Gurgel'® uses phased array antennas for
current and wave measurement. WERA systems use
beam-forming methods to determine the direction of arrival
of backscattered echo, whereas CODAR uses direction-
finding algorithm MUSIC (MUItiple Slgnal Classifica-
tion) to determine the bearing of the received signal. For
more information on basics of HFR mapping, please visit
following websites CODAR (http://www.codar.com) and
WERA (http:/www.helzel.com/de/133956-WERA-Ocean-
Radar). Approximately, 400 HFR systems are installed
worldwide and are being used for wide range of applica-
tions by various agencies'"'?. Integrated HFR networks
are being run by various countries like India (ICORN),
USA (US-I0O0S), Australia (ACORN), China, Japan,
Taiwan, South Korea'>'°. In Europe, different countries
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are working together to materialize a Pan-European HF
Radar Network®.

The potential of HFR systems has not been fully
tapped and promoting this technology is a crucial element
for integrated coastal zone management and development
of the Indian coastal operational oceanography. This arti-
cle presents an overview of the HFR operating principles,
HFR network in India: its activities, data dissemination,
applications of this data and steps towards the expansion
of this observation network along the Indian coast.

HFR - Principle of operation, data description
and limitations

The backscattering of electromagnetic waves from rough
seas was first identified by Crombie'’. He observed a
peak in the spectral energy at half the transmitted wave-
length. Later Barrick®’ developed the theory for HF and
VHF radar. Transmitted signals get scattered in all direc-
tion by random sea waves. But, the radar signal returns
directly to its source only when it scatters of a wave that
is exactly half the transmitted signal wavelength and it
adds coherently to form a strong return of energy at a
very precise wavelength — Bragg scattering principle. The
backscattered signal exhibits a doppler shift from the
transmitted frequency. According to the deep water linear
wave theory, the returned signals are concentrated at a
known position (first-order peak) in the absence of an
underlying current. But, in the presence of ocean currents,
an additional shift in the first-order peak is observed.
This shift in frequency is deduced to get the current
velocity in a radial path (towards or away from the radar).
The predicted doppler shift from deep water linear wave
theory in the absence of a current field is given as

o,

nc

fo=% )

where f, is the transmitted frequency, g the acceleration
due to gravity and c is the speed of light. In the presence
of an underlying current, the first-order peaks shift from
theoretical value as

W,
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where V, is the radial velocity, away from or towards the
radar. Single HF radar system measures only the radial
velocity (towards or away from the radar) and radials
from at least two sites are required to calculate two-
dimensional surface current (speed and direction). Vec-
tors are calculated using an unweighted least squares
method'® with prescribed geometric dilution of precision
(GDOP); it is a function of the angle of intersection
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between radial velocities from pairing sites. Doppler
resolution (Av = A,/2T = ¢/2Tf,) of HFR system is given
by Cosoli'’. Here T is the time taken for collecting raw
doppler spectra. The operation of EM spectrum in the
HFR range is limited to the international and national
regulations. Depending on the operating frequency of the
HFR systems, spatial resolution of surface velocity varies
from 75 m for a short-range system to 6 km for a long-
range system. A long-range (~5 MHz) system can cover
approximately up to 200 km offshore and nearly two-
thirds of the range alongshore; but, it also depends on the
coastline orientation. For long-range HFR system collect-
ing raw spectra in every 17 min (1024 s) with 1 Hz sam-
pling rate has a doppler resolution of 3.3 cm/s.

Ocean wave parameters are derived from the second
order peak adjacent to the first-order peak in the fre-
quency spectra by the inversion of a two-dimensional
nonlinear integral equation”’. The scope of the wave
measurement by HFR is limited to its operating fre-
quency. The long-range (~5 MHz) systems can only
measure wave heights greater than 1.4 m whereas a stan-
dard range HFR system (12 MHz) can measure wave
heights greater than 0.4 m (ref. 20). HFR systems also
provide wind direction as an output (derived from wave
direction) assuming that the waves are wind induced.

Even the most sophisticated instruments suffer from
unreliable measurements. HFR system is not an excep-
tion. The uncertainties associated with HFR measure-
ments are: (a) variations of the radial current field within
the radar scattering patch and over the duration of the
radar measurement; (b) error from calibration (antenna
pattern measurement) or from first-order line determina-
tion; (c) interferences in spectral data from power-line
disturbances, ionosphere clutter, radio frequency interfer-
ences, or other environmental noises’. These uncertainties
affect the spatial and temporal resolution of the data. Fre-
quent calibration and validation exercises are carried out
to minimize the discrepancies in the current and wave
measurements.

Indian HFR network

Coastal and Environmental Engineering Division (CEE)
of NIOT operates and maintains a network of HFR sys-
tems along the Indian coast and Andaman Islands known
as Indian Coastal Ocean Radar Network (ICORN) as a
part of Indian Ocean Observation Network (IOON) pro-
ject of MoES. The first phase of the installation of HF
radar systems started in 2008 and was completed by
2010. Out of 10 sites, 6 are located along the east coast of
India, a pair covering Gulf of Khambhat in Gujarat and
the remaining two are in Andaman Islands. Location and
coverage of the HFR stations at each site is provided in
(Figure 1). ICORN uses compact direction-finding (DF)
systems (SeaSonde) manufactured by CODAR Ocean
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Table 1. Characteristics and operational parameters of ICORN sites

Operating Band Radar Ocean Ocean Maximum Range Temporal

frequency width  wavelength  wavelength waveperiod range resolution  resolution
ICORN sites fem (MHZ) (KHz) A (m) A (m) T(S) Rpax (km)  dr (km) Tres ()
KALP, CUDA, GOPA, PURI, WASI, 4.4 25 68 34 4.66 200 6 1

JEGRI, PTBL, HTBY

YANM, MACH 4.43 25 67 335 4.63 200 6 1
. Indian Coastal Ocean Radar Network quality control (QA/QC) procedures of the data. ICORN
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Figure 1. Indian Coastal Ocean Radar Network: The radar stations
are depicted by the solid red squares and the 2D surface current maps
are plotted at each paired sites. The central data servers at NIOT and
INCOIS are marked by magenta colour diamond markers.

Sensors, USA. Sea-Sonde systems have a transmitter an-
tenna (height ~7 m) and a receiver antenna (height ~4 m)
with two magnetic dipoles (named loop 1 and loop 2) and
one electric monopole. These antennas are separated by a
minimum distance of one wavelength of the transmitted
frequency. The SeaSonde uses pulsed Frequency Modu-
lated Interrupted Continuous Wave (FMICW) modulation
with a 50% duty cycle, and uses MUSIC algorithm for
finding direction. Details of the HFR systems configura-
tions and their necessary operational parameters are pro-
vided in Table 1.

Remote stations are named with 4 characters for their
identification; usually they bear the first four letters of
the local town. In Tamil Nadu (Cuddalore — CUDA, Kal-
pakkam — KALP), Andhra Pradesh (Machilipatanam —
MACH, S Yanam — YANM), Odisha (Gopalpur — GOPA,
Puri — PURI), Gujarat (Wasiborsi — WASI, Jegri — JGRI),
Andaman Islands (Port Blair — PTBL, Hut bay — HTBY).
The radial files carry these names and corresponding
timestamps for each data in the archive. The size of the
radial data files are of the order of 200 Kilo bytes (Kb)
and are transferred to the central servers at NIOT and
INCOIS through V-SAT/GPRS network every one hour
for radial velocity, 30 min for waves and every 10 min
for the site diagnostic files. Diagnostic files help in ana-
lysing the current working condition of various compo-
nents of the system and aid in the quality assessment/
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follows standard protocols for operation, maintenance,
data acquisition and QA/QC. Antenna calibration also
known as Antenna Pattern Measurement (APM) is carried
out once in six months or whenever a hardware is
changed. APM is also carried out whenever a new con-
struction has come up near the radar site. Validation of
the HFR derived currents is a major task before dissemi-
nation. An array of drifters are employed along the coast
to validate the HFR surface currents by comparing drifter
trajectory with HFR data derived trajectory. This data
undergoes a rigorous data processing procedure adhering
to the international protocols of processing and calibra-
tion. Strategy of ICORN is to fully curate the data in a
national data archive at the Indian National Centre for
Ocean Information Services (INCOIS) at Hyderabad and
disseminate the data for scientific and maritime opera-
tions. Flow chart showing the data transmission in
ICORN is provided in Figure 2. The primary product of
HFR systems is the two-dimensional surface current;
availability of wave and wind parameters are subjected to
the prevailing sea condition and operating frequency
(discussed previously). Percentage of availability of sur-
face current data in ICORN from 2008 to 2017 is pro-
vided in Table 2. Lower percentages of data at certain
sites are either due to natural disasters or technical
glitches in the equipments. ICORN provides data to the
researchers on a request basis through INCOIS. Presently
the main users of this data are academia (Coastal Zone
Management Studies, Anna University, Andhra Univer-
sity, Annamalai University — Chidambaram, Indian Insti-
tutes of Technology — Chennai, Mumbai, Khargapur
and Bhubaneswar) and research institutes (NIO, Goa,
IGCAR, Kalpakkam, SAC, Ahmedabad, NODPAC,
Kochi, Visakhapatnam, NPOL, Kochi).

Applications of HFR networks

HFR network gives us an edge over conventional single
point current measurements by providing two-dimen-
sional surface circulation in near real time. These high
resolution data help in studying the dynamics of the
coastal ocean, the interaction between physical and bio-
logical parameters in the ocean, transport mechanisms be-
tween the estuary and coastal waters. Assimilation of data
from HFR systems improves the ocean circulation models
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QOdisha Andhra pradesh Tamil Nadu
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Figure 2.
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Flow chart of the data management system in ICORN. Data is transferred from remote sites to the

central stations at INCOIS, Hyderabad and NIOT, Chennai in near real time through V-SAT/GPRS network.

Table 2. Percentage availability of current data from ICORN at different sites from 2008 to 2017
State Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Site ) ) R ) k) () (B (R (R ()
CUDA(11.68°N,79.77°E) 61 56
Tamil Nadu KALP(12.49°N,80.15°E) 53 52

61

Combined

MACH(16.24°N,81.24°E)
YANM(16.48°N,82.10°E)
Combined

Andhra Pradesh

68 68
64
54

Combined

WASI(20.93°N,72.76°E) 62
Gujarat JGRI(21.04°N,71.81°E) 65 61
Combined
GOPA(19.30°N,84.97°E)
Odisha PURI(19.81°N,85.86°E)

PTBL(11.57°N,92.74°E)
HTBY(10.59°N,92.56°E)
Combined

Andaman Islands

57 52
67 60 51

B > 0%

and their validation. Uses of HFR systems can be further
extended to monitor the marine resources, vessel traffic
near the coast and tracking marine pollution. Use of HFR
data in studying the movement of larvae can bolster the
fisheries and related industries. The data from the HFR
system can be used as an input for weather forecast mod-
elling and aid in tidal and storm measurements. Apart
from these applications, the data can also be used for
algorithm development to enhance the utility of the HFR
systems. Portable HFR systems can be deployed at any
location to support disaster mitigation, search and rescue
operations, oil-spill monitoring/tracking, warning to the
surfers and rip current advisories for the public™'.
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> 50<70% [ < 50% [ Not installed

Outputs from the ICORN

HFR networks are widely used to study the coastal ocean
dynamics across the world. Researchers from various
facets of engineering and science fields use the data from
ICORN to study the coastal processes along the Indian
coast. HFR systems were able to capture the intrinsic fea-
tures of EICC on various spatial and temporal scales.
These eddy resolving observations were able to describe
the seasonal reversal of EICC and associated variability
better than ever before. The poleward (February) and
equatorward (October) shift of EICC is given in the
monthly averaged currents from ICORN (Figure 3).
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Figure 3.

Surface current maps showing the seasonal reversal of EICC from HFR station at Odisha, Andhra

Pradesh and Tamil Nadu coast respectively between February and October 2017.

Meso-scale and sub-meso-scale eddies associated with
the EICC and their impact on biophysical properties of
the coastal oceans and the spatiotemporal variation in sur-
face currents during the cyclonic event were studied with
this data®?*. Surface current pattern from HFR at the
Andaman islands showing the jet flows between islands
during the Phailin cyclone" is shown in Figure 4 a. As
far as ICORN is concerned, it was able to capture all the
high wave activities during the cyclonic events which
came under its coverage area'’. Typical wind and wave
measurements from HFR in KALP at a distance of 18 km
from the coast is given in Figure 4 b. The Gulf of Kham-
bat in Gujarat coast is known for its tidal ranges and the
currents. Semi-diurnal and fortnight harmonics of the tide
strongly influence the surface currents here. The upper
panel in Figure 4 ¢ shows the stick plots of the surface
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current obtained from a grid point in HFR domain and the
lower panel shows the stick plots merged with modelled
tide for two days at the same grid. Tide data has been
scaled down to one-fourth of its original value for better
clarity. Since detailed descriptions are beyond the scope
of this article, we have presented only some of the out-
puts from the ICORN.

Prospects for future development — ICORN

ICORN currently runs with 10 HFR systems which cover
approximately 10% of the total coastline (~7500 km). As
a part of the effort of MoES to improve the Ocean Obser-
vation Network, ICORN is also trying to spread its wings
all along the Indian coast in a phased manner with different
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a, Circulation pattern from HFR at Andaman Island during Phailin cyclone. b, Wave and wind parameters measured

with HFR station at KALP for the third range cell (18 km offshore) in December 2015. ¢, Stick plot of one-month surface current
data from a grid point in HFR coverage at Gujarat coast is in the upper panel and two days of the same data overlapped with tides
during that period is provided in the lower panel. The tides are scaled down to match with surface current data from HFR.

configurations of HFR system depending on the project
requirement and topographical constraints. With the in-
crease in the number of HFR systems, the allocation of
frequency bandwidth needs changes and requires collabo-
rative work between different ministries within the coun-
try and other countries as well””. A more robust data
management system should be placed in central stations
to archive and distribute the data to the research commu-
nity more efficiently. Inclusion of ICORN data in the
ocean state and weather forecasting models of INCOIS
and Indian meteorological department would improve the
disaster management programmes of the MoES along the
east coast of India. The use of these systems can be ex-
tended further for search and rescue operation by assimi-
lating observed data into models and narrowing down the
search area for the coast guards. Improved particle track-
ing algorithms can be implemented on these data sets for
oil spill monitoring. Helping port and harbour authority
in managing vessel traffic in ports is one of the emerging
prospects of these systems. Timely inclusion of HFR in
coastal oceanography will enhance the applied research in
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numerical model validation, advancements in signal
processing techniques, recreational aspects and maritime
safety.
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