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ABSTRACT

First results from a systematic harmonic analysis of HF radar (HFR) derived ocean surface current
observations in the northwestern Bay of Bengal (BoB) during 2010 is presented. The daily-
averaged HFR currents compared reasonably well to composite daily surface currents from
multiple satellites with correlation coefficient of 0.90 (0.69) for zonal (meridional) component. A
set of sequential daily currents demonstrated sustained northward (southward) alongshore flow
during February-April (October-December) with peak magnitude of about 1.8 (1.2) m/s. On tidal
scales, harmonic analyses of zonal and meridional components at nearshore and offshore
locations indicated that among semi-diurnal tidal components, M2 dominates over S2 and N2;
time-scales of which were verified from available coastal tide gauges nearby. Amplitudes of
semi-major axis for M2 and K1 tidal ellipses are 7.16 (6.13) and 4.02 (3.30) cm/s in nearshore
(offshore) location indicating relatively stronger tidal currents in nearshore location. Finally,
significant shallow water constituents S4, MS4 and M3 (M4, 2SM6 and M6) at nearshore
(offshore) location are identified, which are due to non-linear interaction of tidal currents with
bathymetry. Both semi-diurnal and shallow water tidal currents show dominance along isobaths
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in offshore region, which turn progressively across-isobath as they move nearshore.

1. Introduction

Ocean surface currents have been measured since late
2009 with some intermittent gaps using high-frequency
(HF) radars (SeaSonde systems, installed and operated
by NIOT, Chennai) located at Puri and Gopalpur in
the northwestern Bay of Bengal (BoB) (John et al
2015, Mukhopadhyay et al. 2017). These two radars are
part of the Indian Ocean operational HF Radar (HFR)
network, a component of Indian Ocean Observing Sys-
tem (IndOOS). Generally, a pair of radars is operated
to obtain their individual radial current fields, and then
those fields are combined to produce total current vec-
tors in the overlapping region using the methodology
of Barrick et al. (1977). Further information regarding
the installation, calibration and other technical details
of the HFR network along Indian coastline are given in
Section 3. Use of such limited-area, high-resolution
HER data will help to understand the complex circula-
tion pattern of the Western Boundary Current (WBC)
and its associated mesoscale eddies in the BoB. In fact,
it is near the Odisha coast in the northwestern BoB,
where the boundary current seasonally reverses, flowing
northward as WBC in spring (February-March) and

southward as East India Coastal Current (EICC) in
autumn (October-November). The structure and strength
of these currents and their time-scales of reversibility have
been of interest and thus studied from the satellite obser-
vations as well as using models (Shetye et al. 1993; Shan-
kar et al. 1996; Babu et al. 2003; Kurien et al. 2010; Sil and
Chakraborty 2011; Cheng et al. 2013; Gangopadhyay et al.
2013; Sil et al. 2014; Jana et al. 2015; Dey et al. 2017; Jana
et al. 2018).

Over the last two decades, HFR datasets have been
extensively used to supplement the understanding of
basin-scale and mesoscale circulation in Pacific and
Atlantic Oceans. For example, mesoscale surface current
features were studied in the Gulf Stream region (Shay
etal. 1995), in the Monterey Bay (Paduan and Rosenfield
1996), in the Long Island (Ullman and Codiga 2004), in
the Kuroshio region (Ramp et al. 2008), in the Gulf of the
Farallones (Gough et al. 2010), for Mid-Atlantic Bight
(Roarty et al. 2010), etc. The fine-structure of nearshore
tidal and residual circulations are understood by HFR
surface current measurements (Prandle 1987; Shay
et al. 1995; Ullman and Codiga 2004; Kim et al. 2007).
The analysis of three years of the ocean surface current

CONTACT Sourav Sil @ souravsil@iitbbs.ac.in @ School of Earth, Ocean and Climate Sciences, Indian Institute of Technology Bhubaneswar, Jatni, Bhuba-

neswar, Odisha 752050, India
© 2018 Institute of Marine Engineering, Science & Technology


http://crossmark.crossref.org/dialog/?doi=10.1080/1755876X.2018.1479571&domain=pdf
http://orcid.org/0000-0003-3223-1674
http://orcid.org/0000-0002-6846-2071
http://orcid.org/0000-0002-7412-7325
http://orcid.org/0000-0001-6324-4107
mailto:souravsil@iitbbs.ac.in
http://www.tandfonline.com

2 (&) S.MANDALETAL.

datasets obtained from the HFRs (5 MHz), located at
Hachijo and Cape Nojima islands have revealed many
unknown features associated with the flow structure of
the Kuroshio Current (Ramp et al. 2008). They also
showed that the HFR observations allowed to quantify
the space and time-scales of the variability of the flow
and transition between the different phases. Gough
et al. (2010) analysed HFR measured ocean surface cur-
rents to discuss the seasonal (relaxation, storm and
upwelling) surface circulation pattern, the identification
of the tidal components and observed the influence of
wind forcing on the circulation pattern in the Gulf of
the Farallones, California, United States.

In addition, the HFR-derived high-frequency (hourly
data) and high-resolution (6 km) datasets provide us
with the opportunity to investigate the mesoscale oceanic
processes as well as resolving the tidal constituents along
the Indian coast. Murty and Henry (1983) determined the
major tidal constituents M2, S2, K1 and O1 in the BoB
from the tidal gauges. Sindhu and Unnikrishnan (2013)
recently also identified the N2 constituent using tide
model and observations. Also, Rose et al. (2015) reported
the major tidal constituents at the Gangra location,
Hooghly estuary in the BoB from tide gauge dataset.
Apart from the astronomically dominating diurnal and
the semi-diurnal constituents, in coastal seas additional
high frequencies constituents also occur. These are
known as shallow water tidal constituents, also called
the compound tides. The higher order constituents have
been studied in the northwest European shelf region for
the first time from the TOPEX/ POSEIDON (TP) altime-
try datasets (Andersen 1999). The higher order constitu-
ents would be important to resolve flow around complex
islands and for studying inundation issues along the
coastline. He et al. (2004) used the TP data and a numeri-
cal adjoint model to identify the shallow water constitu-
ents for the Bohai Sea and the Yellow Sea.

Over the past few decades, the global tidal models
have achieved a very high level of sophistication for the
oceans, but the marginal seas are not emphasised in
these models. Furthermore, the geometry and the bathy-
metry of the BoB is complex enough to generate high-
frequency tidal constituents, in addition to the basic
semi-diurnal and diurnal components. Some earlier
studies (Murty and Henry 1983; Sindhu and Unnikrish-
nan 2013) showed that the BoB have reproduced the
basic semi-diurnal and diurnal tidal constituents quite
well. Also, the northwestern part of the bay is prone to
storm surges, which has gained much scientific attention
in the recent years because of huge impacts on the coast
associated with the surges. Non-linear interaction of the
tides and surges plays a major role in the storm surge
studies (Sinha et al. 2008, Antony and Unnikrishnan

2013). The characteristics of semi-diurnal tides and
their spatial variations have been explored before using
sea level datasets; however, analysis of tidally driven cur-
rents from observations along the coastal BoB is limited.
Here, the opportunity is taken to explore the hourly HFR
data to resolve the high-frequency components and the
shallow water tides in the northwestern BoB.

A major goal of this study is to analyse the HFR data-
sets along the Odisha coast to determine the high-fre-
quency tidal constituents (including non-linear shallow
water tides) of the ocean surface currents using harmonic
analysis. The shallow water constituents are briefly intro-
duced in Section 2. Since no direct observation of high-
frequency currents are available in this region, a vali-
dation of the HFR data on daily time-scale is presented
first by comparing the HFR-derived surface currents
against satellite-derived surface currents using an algor-
ithm (Bonjean and Lagerloef 2002). The ocean surface
currents are derived from three parameters taken from
satellite observations; Sea Surface Wind, Sea Surface
Height Anomaly (SSHA) and Sea Surface Temperature
(SST). Section 3 presents the data and methodology and
Section 4.1 presents the daily scale validation. Once the
HFR data are validated for daily time-scale, the higher fre-
quency (less than 24 h time periods) tidal constitutents in
the HFR data are compared against those from available
tide gauge observations in the nearby locations (Section
4.2). The shallow water constituents as analysed from
the HFR data are then presented in Section 4.3. Section
5 highlights the conclusions of this study.

2. Shallow water constituents

The deeper ocean is generally less complicated in terms
of tidal analysis allowing for linear dynamical studies
of dominating astronomical tides. However, non-linear
effects dominate shallow water regions and the continen-
tal shelves in terms of the tidal variations (Pugh 1987;
Andersen 1999). These non-linear distortions cause
compound and overtides to appear within the diurnal,
semi-diurnal, quarter-diurnal and even higher constitu-
ent bands. Compound and overtides are normally called
shallow water tides, as they are caused by the non-linear
distortions of the major astronomical tidal constituents
(e.g. M2, S2 and K1) in shallow water.

These nonlinearities are introduced usually via the
quadratic term present in the bottom friction, mass con-
servation and spatial advection (Chapter 7, Pugh 1987).
These tidal interactions can be expressed conveniently as
simple harmonic constituents with angular speed being
multiples, sums or differences of the frequencies of the
well-known astronomical constituents (e.g. M2 and
S2). The spatial advection term generates constituents



of double the frequency of the interacting constituent
with a residual term (e.g. M4 and Z0 are generated
from M2). The friction term is responsible for odd har-
monics (e.g. M2 generates M6 and M10) (Table 4.4,
Pugh 1987).

3. Materials and methods

This section covers a brief description of the technical
details of HFR network along the western BoB, along
with the quality control measures adopted (Section
3.1). The details of other datasets used and methodology
to carry out the study are then explained (Section 3.2).

3.1. HFR network along Odisha coast

The Indian Coastal Ocean Radar Network (ICORN) fol-
lows the inbuilt real-time quality control procedures for
the HFR-derived surface currents, based on the quality
assurance and quality control (QA/QC) manual
(https://cdn.ioos.noaa.gov/media/2017/12/HFR_QART
OD_ Manual_05_26_16.pdf). It is adapted from the
Integrated Ocean Observing System (I0OS) of National
Oceanic and Atmospheric Administration (NOAA) to
address the sites specific requirement along the Indian
coastline (John et al. 2015). The calibration of these
antenna, also known as antenna pattern measurement,
is vital for ensuring the accuracy of surface current
measurements. Three levels of QC tests are generally
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applied on the HFR datasets, which includes the Doppler
spectra, the radial components and the total vector com-
ponents of the currents. The Doppler spectra QC tests
(Cosoli et al. 2012) include noise floor detection and set-
ting up the threshold value for signal-to-noise ratio
(SNR). The parameters for the detection of first-order
peaks, detection and removal of burst interference, iono-
sphere and ship echoes, and other radio frequency inter-
ferences are set through inbuilt software. At the radial
level, QC is performed on various parameters. This
downstream QC is done to focus on specific tests. It
includes the consistency of time stamps, site code, site
coordinates, antennae pattern type, time zone, radial
velocity uncertainty and the threshold values of radial
velocity. Failure of QC test on Doppler spectra results
does not produce radial velocities. At least two sites are
required for mapping the radial ocean surface currents
(Barrick et al. 1977). It has to keep a maximum total
speed threshold and maximum geometric dilution of
precision threshold (Chapman and Graber 1997).

This study has been carried out using the hourly HFR
(SeaSonde, 4.4 MHz) surface current data with horizon-
tal resolution of around 6 km over a limited region
(17.5-20°N, 84.5-87°E) during 2010 (Figure 1). The
bandwidth and wavelength of these HFR are 25 kHz
and 68 m, respectively, with maximum coverage of
~200 km in the open ocean from coastline. The year-
long data are used after quality control to validate and
to find the ability to capture the broad features of the

90

21°N I Odisha

20°N

80

70

19°N

18°N

460

150

40

17°N

20

84°E 85°E

86°E 87°E 88°E

Figure 1. The data coverage (shaded) during 2010 in percentage (%). The dots show the grid points of the ADC data. The locations of
the comparison points at near shore (N; 85.81 E, 19.55 N)) and offshore (O; 86.19 E, 19.17 N) are indicated by the triangle symbol. Black
contours denote the isobaths of —50, —200, —500, —1000, —1500 and —2500 m from ETOPO?2. Red dots indicate HFR stations at Puri
and Gopalpur in the state of Odisha, India. Also shown are the two coastal stations (Paradip and Vizag), where the tide gauge data were

collected.
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current system. It is to be noted that there is no HFR data
available from May till September in this domain in
2010. Excluding these months, the data coverage in per-
centage is depicted in Figure 1. The utility of HFR data in
capturing the well-established reversal of boundary cur-
rents (northward during February-April and southward
during October-December) and associated small-scale
features are first validated by comparing against alti-
meter-derived daily current fields in Section 4.1. Since
our main objective is to extract high-frequency tidal
variability and its spatial distribution, a gap-free hourly
time-series is required for at least 29 days with good
data coverage. Thus, based on availability from this
early observational period of the Indian Operational
HFR Network, we have carried out the tidal analysis
using a month-long data in January 2010. Certainly,
this methodology can be further extended for the other
available datasets in recent year in the near future.

3.2, Other datasets and methodology

Due to the unavailability of other surface current obser-
vations in this domain, a product of surface currents is
derived (henceforth, ADC: Algorithm Derived Current)
following Bonjean and Lagerloef (2002) for validation
of HFR surface currents. The ADC datasets are the com-
bination of three components of surface currents
obtained from satellite products, namely (i) the wind-
driven (Ekman) component from winds, (ii) the geos-
trophic component from SSHA and (iii) the surface
buoyancy component from SST, all on daily scale. The
mathematical formulation of the same is as follows.

Using complex notation, the tidal current U is given
by: U(x, y, z, t) =u+iv and V = 9/dx + 9/9y, the
basic equations are as follows:

if

U= (1/p) Vp +AU,,

(1/p)p. = —g+ Vo,

where p denotes the pressure, f denotes the Coriolis par-
ameter, p, is the vertical derivative of pressure and 0 is
the temperature, with —H < z < 0, and subject to the
following boundary conditions:

Uz = 0) = 7/A,
U,(z=—-H) =0,

A denotes the eddy viscosity coefficient which describes
the process of vertical turbulent mixing is uniform
with depth. The vertical shear U, reaches zero at a con-
stant scaling depth of z=—H. The acceleration due to
gravity is ¢ = 9.8 m/s> and the characteristic density is

p=1025kg/m’. The coefficient of thermal expansion
Xr=3x10"*K". The vector field 7= 7, + iT, rep-
resents the surface wind stress divided by p, whereas
7, and 7, are the zonal and meridional components of .

The detailed mathematical formulation for the above
methodology is described in Bonjean and Lagerloef
(2002), who used this algorithm for validation of surface
currents in the tropical Pacific Ocean. Note that, for this
study, the hourly observations of HFR are averaged on
daily scale to compare with ADC as presented in Section
4.1 later.

The Advanced Scatterometer (ASCAT) satellite winds
at 0.25°x 0.25° resolution (Bentamy et al. 2012) are
used for the ADC computation. SSHA from satellite alti-
metry at a spatial resolution of 0.25° x 0.25° are produced
by Ssalto/Duacs and distributed by Aviso, with support
from Cnes, http://www.aviso.altimetry.fr/duacs/. SST
datasets are obtained from the Group of High Resolution
Sea Surface Temperature (GHRSST) with spatial resol-
ution of 1/12°x 1/12° (source: ftp://podaac.jpl.nasa.gov/
allData/). For the validation purpose, all three datasets
have been interpolated to a uniform spatial resolution of
0.25°x 0.25° (same grid of AVISO & ASCAT); grid points
are shown by black dots in Figure 1. To understand the
dominant tidal constituents in this region, tide gauge
observations have been used at hourly scale at Paradip
and Vizag (Figure 1) which are close to HFR domain.

Since spatial coverage for the HFR data is not hom-
ogenous, an offshore location ‘O’ (86.19°E, 19.17°N)
have been identified for the validation which is also
close to the grid of AVISO & ASCAT (Figure 1). To ana-
lyse the tidal variability of the currents from the HFR, the
longest continuous time span of a month in 2010 (Janu-
ary) with minimum data-gaps is selected. An additional
location close to shore ‘N’ (85.81°E, 19.55°N) is also cho-
sen for the tidal analysis. Both locations (‘O’ and ‘N’)
have HFR data availability of more than 90% for the
time span of 31 days in January 2010. Choosing offshore
and nearshore locations help to compare the tidal
characteristics for the corresponding locations. Then, a
full tidal harmonic analysis has been implemented for
the same time period using T_Tide toolbox (Pawlowicz
et al.,, 2002) in order to separate out the tidal constituents
at both locations and for both components indepen-
dently. The same toolbox is used using the complex vari-
able (u +iv) (Gough et al. 2010; Subeesh et al. 2013) to
characterise the tidal ellipses spatially associated with
semi-diurnal and shallow water tidal-driven currents.

4, Results

In this section, the variability on daily time-scale is pre-
sented first (Section 4.1) and the harmonic analysis
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which determine the tidal variability is presented next
(Section 4.2). A comparison of the daily-averaged cur-
rent field from operational HFR datasets against ADC
is presented in Section 4.1.1. In addition, how the
daily-averaged synoptic HFR velocity vectors might be
used to describe the circulation patterns in this region
is discussed in Section 4.1.2. This is followed by the har-
monic analysis of hourly surface currents in Section 4.2.
The shallow water constituents and the associated
dynamics are separately discussed in Section 4.3.

4.1. Variability on daily scale

A comparison of the daily-averaged HFR current data is
carried out against the ADC using various statistical
metrics, which is then followed by an example of under-
standing the seasonal variability in the circulation pat-
terns using the daily-averaged HFR data set selected
for different days over different months/seasons.

4.1.1. Comparison of daily-averaged HFR velocity
with ADC

The HFR datasets are usually affected by false signals
from radio frequency interferences, distortions in the
antennae pattern or many other environmental noises
(Kohut and Glenn 2003). To evaluate the accuracy of
the HFR technology, comparison has been made using
the radial component as well as total currents with the
in-situ observations like drifters (Ohlmann et al. 2007;
Molcard et al. 2009; Shadden et al. 2009), ship-based sen-
sors, Acoustic Doppler Current Profilers (ADCPs)
(Chapman et al. 1997; Kaplan et al. 2005; Cosoli et al.
2010) and pointwise current meters (Emery et al. 2004;
Paduan et al. 2006). The correlation coefficients and
root mean square errors (RMSEs) have been found to
be within the range 0.64-0.85 and 0.04-0.06 m/s for
the drifters, respectively. For the current meters, the
same parameters lay within the ranges 0.39-0.77 and
0.07-0.1 m/s, whereas in case of the ADCPs the ranges
are 0.7-0.9 and 0.3-0.19 m/s, respectively. In this con-
text, many validation studies have been performed pre-
viously using the in-situ datasets. Unfortunately, such
observational datasets in the coastal regions of northwes-
tern Bay are still not available and is a critical need.

In lieu of adequate direct observations, the satellite-
derived composite ADC, as discussed in the method-
ology section, has been adopted to compare, contrast
and validate the daily-averaged HFR-derived surface
current. It was earlier used for comparison of the derived
products with OSCAR and in-situ datasets in the Pacific
Ocean (Johnson et al. 2007) and Indian Ocean (Sikha-
kolli et al. 2013). In this study, validation has been
done at the offshore point O, to avoid the discrepancy
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of satellite data very near to the coast. The comparison
of the ADC and HFR-derived current for 2010 shows
reasonable agreement between the two datasets in realis-
ing the seasonal variability of the circulation pattern, i.e.
the northward propagating WBC during February to
April and the southward propagating EICC during Octo-
ber and November (Figure 2). The amplitudes for the
daily zonal (u) and meridional (v) components for the
whole year are compared separately to obtain the corre-
lations, the root mean square differences and the
regression relation (Figure 3). The match between the
two daily currents is quite well with strong correlations
of 0.90 for the u-component (Figure 3(a)) and 0.69 for
the v-component (Figure 3(b)), which satisfy the range
as obtained from the previous studies. The respective
RMSEs are 0.27 and 0.31 m/s, which are in the range
of the RMSEs reported in the earlier studies described
above. From the regression analysis, the best linear fit
lines show the slopes with values 0.83 and 0.90 with
intercepts of 0.17 and 0.11 respectively for the u- and
v-components (Figure 3). In addition, the correlation
maps (Figure 3(c,d)) and the RMSE maps (Figure 3(e,
f)) for both of the components show lower correlations
(<0.50) and higher RMSEs (~0.40 m/s) along the coast-
line, whereas higher correlations (>0.85) and lower
RMSEs (<0.10 m/s) in the offshore region. The ‘+
signs indicate the points with significance level more
than 95%. The significance level is calculated from the
t-value obtained from their correlation coefficients and
degrees of freedom (Hsin 2016; Yang et al. 2016). The
poor results along the coastline are partially due to inade-
quacy of satellite datasets very near to the coast with sig-
nificance level below 95%. Note that the correlation and
RMSEs are comparatively lesser for the meridional com-
ponent than those for the zonal components in the
offshore regions where the results are more significant.

4.1.2. Circulation variability

Next, an example of how the daily average HFR data can
be used to infer circulation variability of the northwes-
tern Bay is presented. Both HFR daily-averaged vectors
are used for a selected set of days (20 January, 6
March, 16 April, 19 October, 20 November and 20
December) in 2010, overlaid with SSHA fields in Figure
4. Several circulation features are identified and
described in the light of known seasonal circulation of
the region.

The southward flow is usually observed during the
month of January, but in 2010 the surface currents are
weak with magnitude of around 0.5 m/s and it is
~100 km away from the coastline (Figure 4(a)). A
small cyclonic eddy off Gopalpur coast was visible for
about 15 days (9th-25th January 2010), and propagated
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Figure 2. The current direction and magnitude in m/s (Sticks) for (a) HFR in upper panel and (b) ADC in lower panel at location ‘O’ for

the year 2010.

along the coast before finally being dispersed. In the
meantime, a northward flow on the western side associ-
ated with an anticyclonic eddy centred at 85.75°E, 18.50°
N with radius of ~50 km is observed, which is probably
forced by the northeasterly winds (Figure 4(a)). The eddy
observed along the coastline is due to the bathymetry
induced continental shelf waves (Gough et al. 2010).
During February-March, the southwesterly winds dom-
inate along the coast with comparatively highly inten-
sified WBC than in January, because the anticyclonic
eddy gets intensified and dominates along the Odisha
coast (Figure 4(b)). A strong meander follows the coast-
line along the bathymetry and reveals the presence of a
clockwise eddy with positive SSHA, of which some part
has been captured (Shetye et al., 1993; Somayajulu et al.
2003). The fully intensified WBC dominates the whole
study region during March-April. However, during the
end of March and beginning of April, the same meander-
ing pattern continues, but an increase in current magni-
tude is observed from nearshore (0.5 m/s) to the offshore
(1.8 m/s) (Mandal and Sil 2017). During this pre-mon-
soon period, the southwesterly winds dominate the
whole coast, which results in increased upwelling along
the coast during March-April (Figure 4(c)) (Note the
near-coastal vectors are seaward and intensified). In
April 2010, the currents have become slower and it is
associated with anticyclonic eddy just above 18°N

which is also confirmed by the satellite altimetry (Figure
4(c)). Also a cyclonic eddy is observed along the eastern
part of the domain associated with the separation of the
WBC along 18°N, a known feature of the springtime
meandering (Figure 4(c)) (Gangopadhyay et al. 2013).
Unfortunately, lack of datasets from late April to Sep-
tember restricts our study regarding the spring time
variability.

During October-November, the northeasterly winds
dominate the bay and as a result the reversal WBC
(EICC) intensifies (Figure 4(d)). However, a part of the
mesoscale cyclonic eddy is captured along the eastern
side of the HFR coverage (Figure 4(e)) (Sil and Chakra-
borty 2011), which propagated southward along the
highly intensified EICC during December. Another
cyclonic eddy adjacent to the former is observed nearby
Gopalpur coast centred at 85.10°E, 18.90°N which
evolved on 1st December and persisted till 7th Decem-
ber, got dispersed in the open ocean while moving south-
wards which may be again due to the interaction with
bathymetry and coastal trapped waves (Figure 4(f))
(McCreary et al. 1996). Since the circulation pattern
becomes very unstable, a strong meander has developed
along the southward flow with the formation of a cyclo-
nic (anticyclonic) eddy in the southeastern (southwes-
tern) part of the data coverage. However, the
anticyclonic eddy got dispersed along the coast as the
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cyclonic eddy (centred at 85.85°E, 18.6°N) dominated
the whole region, revealing the passage of an upwelling
eddy through the same region (Figure 4(f)). Significant
downwelling features are observed all along the coastline
which is expected to persist, as the corresponding year is
La-Nina year (Dandapat and Chakraborty 2016). A
southward flow with the flow speed of about 1.2 m/s is
observed along the Odisha coastline (October-Decem-
ber). Note that the HFR currents follow the gradients
of the SSHA field well in the slope region (>200 m) indi-
cating dominance of geostrophic regime offshore. How-
ever, the complexity of the circulation in the shelf region
is apparent in the observed mismatch of the HFR cur-
rents with the underlying SSHA field. The possible fac-
tors could be a combination of the dominance of
Kelvin and Continental shelf waves (Noble et al. 1987;
Gough et al. 2010) on the shelf, accentuated by the
increased error in the near-coastal altimeter track data.

4.2. Tidal variability on hourly scale

It has been now shown that the HFR currents averaged
over daily period was able to match the ADC and that
these fields could be used to understand the regional circu-
lation behaviour. As mentioned in Section 1, one of our
major goals in this study was to determine the shallow

water constituents of the tidal variability from the hourly
HFR data. However, since hourly datasets of the surface
currents are not available for comparison with HFR-
derived surface currents, a detailed harmonic analysis of
the HFR currents was first presented to compare and con-
trast the presence of 28 constituents time-scales against
those obtained from independent tide gauge datasets
from two nearby coastal stations (Paradip and Vizag).
Specifically, the diurnal (K1 and O1) and the semi-diurnal
(M2, N2 and S2) constituents with significant amplitudes
as observed from HFR currents (Figure 5) are compared
against those obtained from tide gauge datasets (Figure 6).
This comparison is discussed in Section 4.2.1. Next, the
shallow water constituents (SK3, MS4, M4, S4, etc.) with
significant amplitudes (from both HFR and tide gauges)
are presented in Figure 7 and compared, contrasted and
validated in Section 4.2.2.

4.2.1. Semi-diurnal variability comparison

(M2, N2, S2)

The tidal harmonics have been analysed previously in the
BoB from tide gauge observations and tidal model
(Murty and Henry, 1983; Sindhu and Unnikrishnan
2013). It has been identified that the semi-diurnal signals
(M2, S2 and N2) are dominant in the northwestern BoB
from the previous studies. The present section represents
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Figure 5. The bars indicate the magnitude of tidally driven current (in cm/s) from HFR current data for 28 constituents at location (a) ‘N’
and (b) ‘O’ for January 2010, derived by using harmonic analysis for u-component (gray) and v-component (black).

the harmonic analysis using T_Tide toolbox in different
ways. In the first part, the harmonic analysis has been
performed with T_Tide toolbox individually for u- and
v-components of HFR-derived ocean surface currents
at both nearshore and offshore locations. The magnitude
of the 28 constituents, based on the time span of the
datasets (Foreman 1978a, 1978b; Pawlowicz et al.
2002), for u- and v-components at N and O location
are shown in Figure 5. The semi-diurnal and diurnal
constituents whose SNRs are greater than 1 are con-
sidered as significant and discussed in this section. In
the second part, the same T_Tide toolbox is used with
complex variable (1 +iv) at the above locations to get
the ellipse parameters and nature of different tidal con-
stituents (Gough et al. 2010; Subeesh et al. 2013). The
results are tabulated in Tables 1 and 2. This is extended
to obtain the spatial distribution of tidal ellipses for two
major tides M2 and MS4 as discussed later.

The M2 tidal constituent at the nearshore location has
the maximum amplitude 6.79 and 4 cm/s for u- and v-
components, respectively (Figure 5(a)). The second highest
amplitudes are observed for N2 (4.67, 2.11 cm/s) and K1
(2.76, 3.22 cm/s) respectively for u- and v-components.
The other common semi-diurnal tidal constituents at the
nearshore location are S2, ETA2 and the diurnal constitu-
ents are NO1, Ol and Q1 (Figure 5a). The variance for the

v-component (14.4%) is higher than that of u-component
(6.8%) at the near shore location. The similar analysis for
the offshore location also shows the M2 constituent to
have a maximum amplitude (6.01 cm/s) for the u-com-
ponent, whereas K1 (3.29 cm/s) for the v-component. At
this offshore location, the other significant semi-diurnal
constituents are N2 and S2 and the diurnal components
are NOI, O1, Q1 and 2Q1 (Figure 5(b)) for both u- and
v-components. These are mainly the derived tidal currents
from the major tidal constituents, evolving as a result of
interaction between the complex near-shelf bathymetry
and other coastal processes (Foreman 1978a, 1978b;
Pugh 1987). Tides have been also characterised in terms
of form number ratio (F ratio) of tides (Defant 1961),
which indicates that the tidal regime is of mixed type but
predominantly semi-diurnal (F = 0.6) at both locations.
The tidal ellipses are the best way to represent the
variability of the tidally driven currents and thus describ-
ing the relationship between u- and v-components (Sun-
dar and Shetye 2005; Subeesh et al. 2013). Their study in
the west coast of India reported that the maximum value
of the semi-major axis is 8 cm/s on the shelf off Mumbai,
whereas it is around 5 cm/s on the shelf off Goa. So, an
effort has been made to study the ellipses corresponding
to K1 and M2 tidal constituents in this domain of our
study. At the nearshore location, the major tidal
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enabling further high-frequency analysis.

constituents M2, N2 and K1 tides are mainly clockwise
in nature (negative minor axis) with semi-major axis
amplitudes of values 7.16, 4.70 and 4.02 cm/s, respect-
ively (Table 1). The other significant diurnal tidal con-
stituents are NO1 and 2Q1 with the value of semi-
major axis 2.74 and 2.43 cm/s and with clockwise orien-
tation in nature. M2 is dominant followed by N2 agrees
with the previous results (Murty and Henry 1983;
Sindhu and Unnikrishnan 2013). Similarly, at the
offshore location M2 is dominant with highest semi-
major axis of value 6.14 cm/s but with counter-clockwise
orientation. The following tidal constituent is NO1 with
4.64 cm/s semi-major axis also has counter-clockwise
orientation. At this location, the other major semi-diur-
nal constituent is S2 and diurnal constituents are K1, O1
and Q1. The tidal properties of all significant constitu-
ents are listed in Table 2. A total tidal variance of 8.1%
was observed for the nearshore location, whereas 6.5%
for the offshore location (Tables 1 and 2).

The amplitudes of the M2 tidal ellipses are relatively
low and are a combination of clockwise and counter-
clockwise orientations (Figure 8(a)). The patterns cor-
responding to M2 tidal ellipse clearly indicate a switch
over of the rotational direction from clockwise along
the coastal region to counter-clockwise towards the

open sea. This spatial variability indicates a significant
presence of the strong semi-diurnal internal tides in
this region due to barotropic forcing in the cross-iso-
baths direction (Jithin et al. 2017). Other possible
reasons are stratification and bottom friction (Bravo
et al. 2013; Subeesh and Unnikrishnan 2016). The
tidal ellipses change their orientations to being perpen-
dicular to the bathymetry at depths shallower than
1500 m. This indicates that the M2-driven currents
are perpendicular to the coast and get enhanced by
their non-linear interaction with topography. It is to
be noted that the M2 tide tends to propagate north-
westward towards the head of the bay (Figure 8(a)),
which can be well validated with the earlier studies
(Murty and Henry 1983; Sindhu and Unnikrishnan
2013, Jithin et al. 2017).

4.2.2. Shallow water tidal constituents (M4, S4, MS4,
etc.)

The shallow water tidal constituents obtained from the
tidal analysis are described in the present section for u-
and v-components individually and also with complex
form (u+iv), at both the nearshore and offshore
locations. Only the significant shallow water constituents
with SNRs greater than 1 are discussed here.
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At the nearshore location, the results reveal that for the (resultant of M2 and S2) and S4 (resultant of S2)
u-component, the third diurnal constituents, MO3 (resul-  are having amplitudes within the range 1-2 cm/s (Figure
tant of M2 and O1), the fourth diurnal constituents MS4 7(a)). The tidal constituents 2MK5 and 2MS6 are having
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Table 1. Ellipse characteristics from harmonic tidal analysis of currents (u + iv) at the location ‘N’ for January 2010.

Tidal Constituents® Time period (in h.) Major axis (cm/s) Minor axis (cm/s) Inclination (deg) Phase (deg) SNR
M2 12.25 7.16 -2.92 159.74 133.33 38
N2 1240 471 -2.03 171.82 296.59 1.9
K1 23.56 4.02 -1.35 50.40 190.13 35
NO1 24.50 2.74 —-1.42 121.93 183.65 20
201 28.00 244 —0.38 8.75 326.30 1.2
S4 6.00 1.59 0.02 158.83 12.56 29
MS4 6.06 1.51 0.30 163.43 49.15 2.8
M3 8.17 1.23 —0.05 168.40 127.19 1.0
2MK5 4.56 0.83 —0.09 157.83 234.24 1.8
2MS6 4.06 0.64 0.01 170.79 2443 1.3

Notes: Percent total variance predicted/variance original = 8.1%. Negative minor axis means clockwise circulation.

Only constituents with SNRs > 1 are listed.

amplitudes less than 1 cm/s. For the v-component, the only
significant shallow water tidal constituent observed is the
third diurnal constituent SK3 (resultant of S2 and K1)
with amplitude ~1 cm/s (Figure 5(b)). At the offshore
location, the most dominating and significant ones are
SK3, M4 and 2SM6 with amplitudes of about 1-2 cm/s
for the u-component. Whereas, for the v-component, the
magnitude of shallow water constituents is comparatively
less than u-component from this analysis (Figure 7(b)).
The above-mentioned shallow water constituents are also
observed in the tide gauge observations (Figure 7(c,d)),
thus validating the time-scale content in the hourly HFR
data and its applicability for further analysis to identify
the shallow water constituents. It is to be noted that the
amplitudes of shallow water constituents for the two tide
gauges are different; possible reasons could be a mix of
their different geographical positions, tidal interactions
with complex bathymetry and other coastal circulation
processes (Foreman 1978a, 1978b; Pugh 1987).

The analysis, combining both components as a complex
variable (u + iv), indicates that at the nearshore location,
the third diurnal constituents M3 and fourth diurnal
MS4 and S4 with semi-major axis amplitudes about
1-2 cm/s (Table 1). Also, 2MK5 and 2MS6 are other shal-
low water tidal constituents having amplitudes less than
1 cm/s. At the offshore location, the M4, M6 and 2SM6
are significant with amplitudes 1.97, 0.99 and 1.56 cm/s,

respectively (Table 2). It is to be noted here that, the
tidal analyses of u-component and complex unit show
similar results at both the locations. Generally, in a semi-
diurnal tidal regime, the amplitudes corresponding to
the higher order odd shallow water harmonic constituents
are usually very small, which clearly satisfies the results
from our analysis (Pugh 1987).

The major axes of tidal ellipses for MS4, which is
compound tide of two dominating tidal constituents
M2 and S2, indicate that the amplitudes are increasing
in the region of steep bathymetry while propagating
towards the coast. The orientations of the ellipses reveal
that the maximum currents due to tides are oriented par-
allel to isobaths in the offshore region and perpendicular
to the bathymetry (Figure 8(b)) as one nears the coast.

5. Summary and conclusions

This paper presents first results for application of the
operational HFR-derived ocean current for identifying
shallow water constituents through sequential and sys-
tematic validation and the tidal analysis along Odisha
coast in the northwestern BoB. The validation was car-
ried out in two distinct steps: (i) first, by comparing
daily average HFR current against satellite-derived
ADC and (ii) second, by comparing and contrasting
time-scales of 28 tidal constituents in the HFR data

Table 2. Ellipse characteristics from harmonic tidal analysis of currents (u + iv) at the location ‘O’ for January 2010.

Tidal Constituents® Time period (in h.) Major axis (cm/s) Minor axis (cm/s) Inclination (deg) Phase (deg) SNR
M2 12.25 6.14 1.78 11.85 168.07 48
NO1 24.50 4.64 0.17 17.80 190.84 39
n 23.06 3.95 —0.38 152.12 0.59 2.8
S2 12.00 3.77 -0.99 411 289.77 13
201 28.00 3.46 —-0.26 47.28 87.04 2.8
K1 23.56 3.30 -2.04 92.95 207.57 2.9
01 25.49 2.47 -0.14 44.62 114.14 1.5
Q1 26.52 2.22 —0.58 48.10 353.62 1.1

M4 6.13 1.97 -0.36 21.84 205.23 2.2
25M6 4.03 1.56 —-0.07 34.27 23631 2.1

M6 4.08 0.98 0.09 50.60 201.15 1.0

Notes: Percent total variance predicted/variance original = 6.5%. Negative minor axis means clockwise circulation.

Only constituents with SNRs > 1 are listed.
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against independent tide gauge data from two nearby
coastal stations. A diagnostic algorithm has been
designed following Bonjean and Lagerloef (2002) for
estimation of the daily surface currents (ADC) combin-
ing wind-driven current, geostrophic current and buoy-
ancy driven current, which are derived from satellite
products of wind, SSHA and SST, respectively. Both
the HFR-derived ocean surface currents and the ADC
are analysed statistically. From the analysis, a higher cor-
relation for the zonal component along with moderate
correlation for the meridional component has been
observed with less RMSE which are in the range of
HER validation in the other coastal region. The north-
ward current during spring and its reversal in the
autumn are well captured from the current pattern and
it also quantified the magnitude of the current. The
higher correlation and ability to identify the broad
scale features gave us the confidence for higher analysis,
namely spectral analysis and higher harmonic analysis.
Next, a detailed harmonic analysis of the HFR currents
is presented to compare and contrast the existence of 28
constituents time-scales against those obtained from inde-
pendent tide gauge datasets from two nearby coastal
stations (Paradip and Vizag). Tidal harmonic analyses of
the individual u- and v-components and with complex
form have been performed on surface currents over Janu-
ary 2010 when a time-series of HFR data is available with
minimum gaps for a month period. The result points out
that the amplitudes of the M2 and N2 tidal components
are dominating both for u- and v-components at the near-
shore location. At both nearshore and offshore locations,
the amplitude for M2 tidal constituent for u-component is

more than the v-component. But in case of K1, the ampli-
tude is higher for v-component at both locations. Near-
shore region showed greater tidal variance compared to
the offshore region. A quantitative regression analysis
was carried out to compare the major and minor tidal
constituent amplitudes obtained from HFR surface cur-
rents and those from the tide gauge sea level data at Para-
dip. Since the tides are aligned in the zonal direction the
tidal elevations constituents are indeed well-correlated
with those of the zonal component of the HFR current
(Figure 9). For the major constituents (mainly M2, K1,
O1), the sea level amplitudes have larger correlation
(0.99) with the zonal currents at the offshore location
‘O’ compared to location N’ (0.68). For most of the
minor constituents, the sea level amplitudes are signifi-
cantly correlated to the zonal currents from HFR at N
point (r=0.61), while they are uncorrelated at the O
point. This indicates the low-frequency tidal constituents
(semi-diurnal and diurnal) of the currents match well with
the sea level variations observed at the tide gauges. The
fact that the correlation at ‘N’ is less than at ‘O’ implies
that the shallow bathymetry plays a role on the modulat-
ing the amplitudes of the major constituents and energy
might be cascading to higher frequency components. It
is evident from the high significance of low-frequency
constituents at both locations and the progressive increase
of correlation from O to N for the high-frequency com-
ponents, both major and shallow water constituents are
being resolved by the HFR currents near the coast. This
points to the possible utility of the HFR data for under-
standing near-coastal processes along the Indian Coast.
Furthermore, at the nearshore location, the major tidal
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Figure 9. The correlations between the major (left panel) and minor (right panel) tidal constituents (in terms of amplitude) obtained
from HFR (y axis in cm/s) derived zonal component at N (top) and O (bottom) locations with tide gauge at Paradip (x axis in cm).

constituents M2, N2 and K1 tides are mainly clockwise in
nature (negative minor axis) and the offshore location M2
is dominant but with counter-clockwise orientation. At
the offshore location, the other identified major constitu-
ents are semi-diurnal constituent S2 and diurnal constitu-
ent K1. The higher variability for the tidal ellipses of M2 is
observed in amplitude, rotational orientation, inclination
and eccentricity. At the offshore location, semi-diurnal
clockwise and counter-clockwise ellipses are more domi-
nating than the diurnal (Figure 8).

Finally, besides the prominent tidal semi-diurnal and
diurnal constituents, our study then identified the shal-
low water constituents from the harmonic analysis
with u- and v-components individually and also by com-
bining them. The significant shallow water constituents
S4, MS4 and M3 (M4, 2SM6 and M6) with amplitudes
of semi-major axis of about 1 to 2 cm/s are identified
at nearshore (offshore) location. The distribution and
orientations of the ellipses of the MS4 tides (Figure 8
(b)) clearly indicate that the shallow water constituents
are due to complex and non-linear tidal interaction
with the bathymetry. Identifying different interaction
factors (bottom bathymetric slope, bottom friction,

curvature of the coastline, etc.) would be of future inter-
est, which could be done by setting up careful and sys-
tematic numerical modelling experiments with target
sensitivity studies to understand the complexity and par-
titioning the impacts of such forcing/interaction set ups.

To conclude, it is a humble submission that the first
analysis of tidal components identifiable from HFR
data for the northwestern BoB has been presented,
which will help develop further assimilation method-
ologies of HFR data on tidal-time-scales as was done
for operational models for coastal waters of New York
and New Jersey by Gopalakrishnan and Blumberg
(2012). It is noted in passing that long-term sustenance
of such HFR observational sites is critical for obtaining
the barotropic tides in this region, which will also help
in future numerical modelling and understanding
internal tides due to prevalent regional topographic fea-
tures. The earlier studies for the BoB have reproduced
the basic semi-diurnal and diurnal tidal constituents
quite well. To our knowledge, this is the first study in
which the high-frequency components from HFR cur-
rents and the shallow water tides are also adequately
resolved for this region.
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