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Abstract
This study presents the initial findings from analyzing the ocean surface current observations during 2018 from the recently 
installed high-frequency (HF) radars in the Gulf of Khambhat in the northeastern Arabian Sea, India. The research is struc-
tured into two main sections: firstly, the extraction of the major (M2, S2, N2, K1, and O1) and shallow-water (M4, MS4, 
M6, and M8) tidal currents in the gulf, and secondly, understanding the impact of seasonal riverine freshwater influxes on 
the M2 tidal currents. The HF radars accurately captured strongest currents of ~2.0 m/s within the gulf. Additionally, the 
circulation pattern in the western gulf is mostly characterized by zonal currents, in contrast to the eastern gulf, where meridi-
onal currents prevail. Based on the findings of the higher harmonic analysis, it is apparent that the M2 tidal currents exhibit 
the highest magnitude, followed by other semi-daily constituents such as S2 and N2, as well as diurnal tidal constituents 
including K1 and O1. The M4 tidal currents, which are one of the shallow-water tidal components, exhibit strengths that 
span from 3.15 to 16.50 cm/s. The enhancement of tidal currents in the nearshore areas (within approximately 50 m) can be 
attributed to their interaction with the bottom bathymetry and the general coastline geometry of the gulf. Notably, higher 
values of Richardson number ( R

i
 ) and Brunt-Väisälä frequency ( N2 ) indicated the presence of highly stratified upper layers, 

particularly during September. The signatures of higher stratification during September contribute to the highest amplitude 
(>1.50 m/s) of M2 tidal currents.
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1 Introduction

The Gulf of Khambhat (GoKh), alternatively referred to as 
the Gulf of Cambay, is a bay with a distinctive trumpet-
like shape bay situated on the western coastline of India. 
It is positioned between the Saurashtra Peninsula and the 
mainland of Gujarat, along the northeastern region of the 
Arabian Sea within India (Fig. 1a). The gulf is an inlet of the 
Arabian Sea (AS) and is named after the town of Khambhat 
(formerly known as Cambay) situated on its eastern shore. 
The GoKh has very shallow (<40 m) and complex bathym-
etry with strong tidal flats (Unnikrishnan et al. 1999a; Nayak 
and Shetye 2003; Sil et al. 2022). During the boreal summer, 

also known as the southwest monsoon season, significant 
river discharge is primarily attributed to major rivers such 
as the Narmada, Tapi, and Sabarmati. Moreover, the gulf 
has a rich mangrove ecosystem along the west coast, which 
makes the region well-adapted to several extreme oceanic 
conditions influenced by tides, waves, freshwater influxes, 
and the nature of substratum (Bhatt and Shah 2009; Ajai 
et al. 2013; Singh 2020). The GoKh exhibits a wide range 
of morphological characteristics, ecological attributes, and 
geological features, rendering it a subject of considerable 
interest for the investigation and comprehension of diverse 
coastal oceanic processes across different spatial and tempo-
ral scales. This knowledge is crucial for supporting various 
ongoing industrial activities such as navigation and the oil 
and gas industry, as well as proposed developmental projects 
including freshwater impoundment and the harnessing tidal 
and thermal energy, etc.

The gulf is one of the highly energetic macro-tidal 
regimes and is well-known for its tidal range, which is 
one of the highest in the world. The tidal phenomenon, 
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known as the “Khambhat” or “Cambay Tidal Bore” occurs 
when the incoming high tide forms a wave that travels 
upstream against the flow of rivers mostly attributed to 
the strong tidal flats (Nayak and Sahai 1985; Kumar and 
Balaji 2015). Earlier studies in the AS using the coarser 
resolution barotropic tidal models have shown the domi-
nance of M2 tides, followed by K1, S2, O1, and N2 along 
the west (east) coast of India (Unnikrishnan et al. 1999b; 
Nayak et al. 2015; Testut and Unnikrishnan 2016). The 
western coast of India exhibits a varied tidal pattern, pri-
marily characterized by semi-diurnal tides with an F-ratio 
ranging from 0.25 to 1.5. The GoKh also follows the same 
tidal regime (Nayak et al. 2015; Mandal et al. 2020a). The 
gulf has robust tidal currents that play a significant role in 
sediment transport together with their deposition, as well 
as contributing to coastal erosion within the region (Nayak 
and Sahai 1985; Unnikrishnan et al. 1999b; Kumar and 
Balaji 2015; Nayak et al. 2015; Testut and Unnikrishnan 
2016; Mandal et  al. 2020a). The tidal range can vary 
between 2 and 10 m, making it one of the highest tidal 
ranges (hyper-tidal) in the world. Using observed data-
sets from current profilers, Kumar and Kumar (2010) have 
conducted a study investigating the coastal ocean hydro-
dynamics inside the gulf, but for shorter time periods at a 
few locations outside and within the gulf. The tides in the 
gulf generate strong tidal currents that influence the move-
ment of water. In recent times, Mandal et al. (2020a) have 
investigated the nature of flow-velocity tidal asymmetry 
in the GoKh using the higher-resolution high-frequency 
(HF) radar-derived surface currents during May 2012. 
Both studies have reported maximum flood and ebb cur-
rents within the range of 2.25–3.30 m/s of which flood 
currents have higher amplitudes (Kumar and Kumar 2010; 
Mandal et al. 2020a). The currents play a very crucial role 
in sediment transport and nutrient exchange within the 
region. Using the currents from location-specific acoustic 
Doppler current profilers (ADCP) off the gulf, character-
istics of both the barotropic and baroclinic tidal currents 
have been quantified during different seasons off Jaigarh 
(Subeesh and Unnikrishnan 2016). The researchers have 

successfully evidenced internal tides within the shelf-slope 
regions within the vicinity of Jaigarh located on the central 
west coast of India. The Narmada, Tapi, Mahi, and Sabar-
mati are the key rivers, which contribute significantly to 
the freshwater runoff during the monsoon season. During 
the post-monsoon season, Rao et al. (2009) reported low 
salinity plumes off the gulf due to river discharges from 
multiple rivers, which remains trapped in the gulf until the 
withdrawal of monsoonal winds. These rivers discharge 
a lot of suspended silt (>1000 mg/L/day) leading to sub-
stantial sediment deposits in the GoKh. During monsoonal 
floods, the Narmada and Tapi rivers, which are the main 
rivers, discharge between 10,000 and 60,000  m3/s. Also, 
a few studies have reported high tidal ranges and strong 
tidal current amplitudes in these regions, characterizing 
the domain as a hotspot for the extraction of tidal energy. 
This rapidly developing technology represents one of the 
highly efficient and potential sources of the marine renew-
able energy in the present time (Kumar and Balaji 2016).

All these earlier studies along the northeastern AS are 
either based on short-term observed datasets or coarser reso-
lution numerical models, but reported about the wind-driven 
currents with preliminary insights into tidal currents and 
associated mixing within the continental shelf regions along 
the northeastern AS. Here are some key areas of research 
related to the GoKh:

1. Hydrodynamics: Understanding the tidal dynamics in 
terms of currents and sea level is very essential. Also, 
the presence of haline stratification modulates the inter-
nal tides and barotropic tidal currents within the conti-
nental shelf-slope zones, which can play crucial roles 
in controlling sediment transport and vertical mixing 
throughout the domain.

2. Sediment dynamics: It is very much needed to under-
stand the sediment transport and deposition patterns in 
the gulf, coastal erosion, and shoreline changes to under-
stand the geological evolution of the gulf.

3. Coastal processes and water quality: The surface circula-
tion patterns, specifically the residual circulation pattern 

Fig. 1  a The study domain 
(blue box) with respect to the 
Arabian Sea. b Data coverage 
(shaded) in percentage (%) 
along the northeastern Arabian 
Sea during 2018. The red dots 
denote the HF radar stations 
at Jegri and Wasi. The black 
triangle indicates the tide gauge 
station at Adani Hazira (AH). 
The black contour indicates the 
−200 m isobath from ETOPO2
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can lead to complex mixing processes. Hence, efforts in 
assessing the water quality will help to understand water 
pollution and contamination studies within the gulf.

In recent times, five pairs of long-range HF radars (4.4 
MHz) have been installed along the Indian coastline as 
part of the Indian Coastal Ocean Radar Network (ICORN) 
to monitor the coastal northern Indian ocean. These HF 
radars can cover ~200 km from the coastline and measure 
the surface currents every hour at ~6-km spatial resolu-
tion, which makes these datasets well-suited for observing 
coastal ocean surface circulation at comparable spatial and 
temporal scales (Fig. 1b). Based on the length of hourly 
data availability, the tidal currents have been mapped in 
many regions round the world, downstream of Hawaii 
(Chavanne et al. 2010), in Gulf of Farallones, California 
(Gough et al. 2010), in Monterey Bay (Paduan and Cook 
1997; Rosenfeld et  al., 2009), and along the northern 
Carolina shelf (Cook and Shay 2002), where researchers 
have investigated the role of complex bathymetry, seasonal 
stratification, surface winds, and mean circulation pattern 
on the tidal currents. Moreover, Kosro (2005) and Gough 
et al. (2010) have investigated the sub-tidal currents during 
the upwelling season using the HF radar surface currents 
off the Oregon coast and along the Gulf of Farallones, 
California. The HF radar surface currents datasets from the 
ICORN have been used at multiple spatio-temporal scales 
to understand the tidal current hydrodynamics (Mandal 
et al. 2018a; 2020b; 2021), to understand the evolution 
of mesoscale and sub-mesoscale lee eddies along the dif-
ferent coastlines (Arunraj et al. 2018; Mandal et al. 2019; 
2022) and monitoring of the tropical cyclones (Mandal 
et al. 2018b).

The HF radar surface current observations are one of the 
first observations in the GoKh that can provide unpredicted 
insights into the spatial as well as temporal variability of 
the tides and associated dynamics within the gulf (Fig. 1b). 
The objective of this paper is to first validate these surface 
currents during different seasons and quantify the seasonal 
spatio-temporal variability of the major (M2, S2, N2, K1, 
and O1) and shallow-water (M4, MS4, M6, and M8) tidal 
currents in the GoKh. Further, the factors responsible for 
such seasonality will be investigated. The structure of this 
article is mentioned below. Section 2 provides a concise 
overview of the morphological and seasonal hydrodynamic 
characteristics of the study region, along with insights into 
the utilized datasets and adopted methodology. In Section 3, 
an in-depth examination of the validation and analysis of HF 
radar surface currents within the GoKh is presented. This 
analysis delves into the spatial and temporal fluctuations 
of significant (M2 and K1) and shallow-water (M4) tidal 
currents. The physical processes and dynamics involved in 
the dependence of these tidal currents on bathymetry and 

stratification are discussed in Section 4. Finally, the conclu-
sions and the future scopes of this study are presented in 
Section 5.

2  Materials and methods

This section briefly describes the details of datasets used in 
this study with the specifications and technical description 
of the HF radar surface currents in Section 2.1 and other 
datasets in Section 2.2. The methodology adopted for this 
study with the analysis procedure is described in Section 2.3.

2.1  HF radar data

A network of five land-based, long-ranging (∼4.45 MHz), 
and direction-finding HF radars (SeaSonde Systems) is 
operational in the northern Indian Ocean, which covers the 
western BoB, Andaman Sea, and GoKh (Jena et al., 2019; 
Mandal et al. 2018b). Specifically, a pair of these HF radars 
has been strategically positioned at Jegri and Wasi Borsi 
lighthouses on opposite sides of the gulf to monitor sur-
face currents, with a typical range of approximately 200 km 
from the coastline (Fig. 1b). These HF radars are classified 
as direction-finding radars, which are equipped with both 
receiving and transmitting antennae. The antennae pattern 
type demonstrates an optimal configuration, exhibiting a 
threshold radial velocity of 2.55 m/s at both Jegri and Wasi 
Borsi locations. The HF radars are utilized to ascertain the 
velocity components near the surface in the radial direction, 
indicating movement either towards or away from the radar. 
These radial measurements are primarily derived from the 
motion of surface gravity waves that possess a wavelength 
approximately half that of the radar signal. After that, the 
least-squares fitting method is applied to these radial meas-
urements taken from the two specific sites to estimate the 
total surface current vectors on a 6-km Cartesian grid. This 
fitting process is performed within a search radius of 10 
km, limited to a specific region defined by the coordinates 
19.40–22.70°N and 70.45–72.85°E. In order to uphold the 
integrity and quality of the obtained total surface currents, 
specific thresholds are implemented, which include a maxi-
mum total speed threshold and a maximum geometric dilu-
tion of precision (GDOP) threshold. The GDOP, acting as a 
scalar quantity, quantifies the influence of radial geometry 
on the level of uncertainty in velocity at a specific grid point.

Along the GoKh, the HF radars operate with a GDOP 
of 10, with the total velocity threshold capped at 2.50 m/s. 
These radars measure surface currents at a spatial resolution 
of approximately 6 km every hour and cover nearly 200 km 
from the coastline. It is emphasized that the hourly datasets 
undergo thorough quality assessment (QA) and quality con-
trol (QC) processes, following specific methods outlined in 
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the QA/QC manual, the details of which are also accessible 
at https:// www. niot. res. in/ docum ents/ HFR_ QAQC_ doc. 
pdf. In addition, the configurations and specifications of the 
installed HF radar systems are listed in Table 1.

Although the range is approximately ~200 km, the data 
coverage may experience a decrease due to several fac-
tors, including diurnal ionospheric variations, atmospheric 
interferences, radio frequency interferences, and power-line 
disturbances (Rubio et al., 2017; Jena et al., 2019). Addi-
tionally, the coverage is diminished due to the removal of 
grid points over land and in close proximity to the coast, 
within a range of 1–2 km (Jena et al., 2019). It is important 
to note that the analysis conducted to quantify spatial vari-
ability was limited to HF radar grids that had a data coverage 
of more than 70% in terms of both space and time during 
January–December 2018. These higher-resolution hourly 
HF radar-observed surface currents, available at approxi-
mately 6-km intervals, are extensively utilized to examine 
the spatio-temporal characteristics of tidal currents during 
the pre-monsoon (April–May) and post-monsoon (Septem-
ber) seasons in 2018.

2.2  Other datasets

Owing to the absence of any other contemporary current 
dataset within the domain, the hourly sea-level anomaly 
obtained from a tide gauge located at Adani Hazira (AH) 
are extensively utilized concurrent with the duration of the 
HF radar surface currents (April–May 2018) are used for 
comparison and validation. The study utilized the daily 
ocean surface wind datasets, remotely sensed at 10 m by 
the Advanced Scatterometer (ASCAT), to examine the spa-
tial distribution of seasonally varying winds in the GoKh in 
2018. To gain insights into the salinity distribution in the 
gulf, the study utilizes remotely sensed sea surface salinity 
(SSS) datasets obtained from the Soil Moisture Active Pas-
sive (SMAP) satellite. These datasets are available monthly 

and provide information at a spatial resolution of 0.25° × 
0.25°. Furthermore, the study analyzes the seasonal vari-
ability of temperature distribution in the GoKh using daily-
gridded sea surface temperature (SST) datasets (1/12°) 
obtained from the Group for High-Resolution Sea Surface 
Temperature (GHRSST). The GoKh is a region with limited 
data availability, known for its shallow waters and promi-
nent tidal flats. Since there were no other datasets containing 
information about the subsurface temperature and salinity, 
the study relied on monthly climatological datasets (1° × 1°) 
provided by the National Institute of Oceanography, India, 
to elucidate the seasonal variations in hydrography within 
the gulf (Chatterjee et al. 2012). This data has been used in 
many other studies. The climatological river discharge data 
for the major rivers (Narmada and Tapi) averaged over the 
30 years are utilized to distinguish between seasons. Last 
but not the least, the study utilized the ETOPO2 bathym-
etry dataset, which provides information about the Earth’s 
topography at a spatial resolution of approximately 3 km. 
This dataset was utilized to examine the dynamics that occur 
because of the interaction between tidal currents and the 
underwater topography.

2.3  Methodology

The first step involves analyzing the spatial distribution 
of various physical parameters, such as SSS, SST, surface 
winds, sub-tidal currents, and river discharges, to character-
ize the gulf in terms of its hydrology. The sub-tidal currents 
are defined as the low-pass filtered currents at a cut-off fre-
quency of 30 h, i.e., the high-frequency variations due to 
the semi-diurnal and diurnal tidal constituents have been 
excluded from the HF radar surface currents. Based on these 
physical characteristics, two seasons are identified to carry 
out the entire analysis. In 2018, during these distinct sea-
sons, the hourly surface currents (both zonal and meridional 
components) are subjected to statistical analysis, specifically 
focusing on their standard deviation, to identify areas within 
the domain that exhibit higher variability. In order to con-
duct a more comprehensive analysis, a comparison is made 
between the surface currents obtained from HF radar and the 
sea-level anomaly data obtained from the tide gauge located 
at Adani Hazira over the period of April–May 2018. The 
basis for this comparison relies on the order of amplitudes 
of the tidal constituents derived from both the datasets by 
classical higher harmonic analysis, as outlined in Pawlow-
icz et al. (2002) and Mandal et al. (2018a). Subsequently, 
the spatio-temporal characteristics of the major (M2, S2, 
N2, K1, and O1) and shallow-water (M4, MS4, M6, and 
M8) tidal constituents are studied in this domain. Further, 
a detailed investigation is carried out to examine the sea-
sonal variability of these major and shallow tidal constitu-
ents. Lastly, the reasons behind the seasonal variability of 

Table 1  Specifications of the high-frequency (HF) radars in the Gulf 
of Khambhat (GoKh) along the northeastern Arabian Sea

Operating frequency 4.4 MHz

Signal form Frequency modulated inter-
rupted continuous wave 
(FMICW)

Duty cycle 50%
Band width 25 kHz
Radar wavelength (λ) 68 m
Ocean wavelength (Λ) 34 m
Ocean waveperiod (T) 4.66 s
Maximum range 200 km
Range resolution 6 km
Temporal resolution 1 hr

https://www.niot.res.in/documents/HFR_QAQC_doc.pdf
https://www.niot.res.in/documents/HFR_QAQC_doc.pdf
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tidal currents are studied, considering the interactions with 
bottom bathymetry and the impact of haline stratification 
resulting from freshwater influxes in terms of Brunt-Väisälä 
frequency ( N2 ) and Richardson’s number ( R

i
 ). The N2 and 

R
i
 have been calculated as:

where “ � ” stands for density of seawater, “ g ” stands for 
acceleration due to gravity, “ u ” is the current speed, and 
“ z ” is the depth along the water column. In general, higher 
values of N2 indicate higher stratification and highly sta-
ble water column. Moreover, R

i
 is a turbulence parameter 

that represents the balance between buoyancy-induced 
turbulence ( N2 ) and velocity shear-induced turbulence 
( S2 = (�u∕�z)2 ). To interpret, whenever R

i
 < 0.25, the 

velocity shear overcomes the tendency of a stratified fluid 
to remain stratified, and some mixing happens. On the other 
hand, whenever R

i
 is on the higher end (>1), the turbulent 

mixing across the stratified layers is suppressed.

3  Results

This section discusses the study area in terms of hydrogra-
phy and seasonal variability of the physical parameters in 
Section 3.1, followed by the statistical analysis of the hourly 
HF radar surface currents, comparison, and validation of 
these surface currents against the hourly sea levels in Sec-
tion 3.2. The spatio-temporal variability of the major and 
shallow-water tidal currents is discussed in Section 3.3.

3.1  Geographical setting of study area

The GoKh is an important coastal region with unique mor-
phology and hydrodynamics, which extends to 200 km 
(approx.) from its northernmost to the southernmost point 
(Fig. 1b). The gulf has a broad mouth that widens towards 
the south and opens into the AS. It is a relatively shallow 
domain, with an average depth ranging between 20 and 40 
m. The bathymetry of the gulf is relatively flat and gen-
tly sloping seabed. Near the mouth of the gulf, the depth 
gradually increases as it transitions into the deeper AS. The 
GoKh is often considered an estuary, which is formed by 
the confluence of several rivers, most notably the Narmada 
and Tapi.

The GoKh experiences the influence of both tidal currents 
and wind-driven currents (Nayak et al. 2015; Mandal et al. 
2020a; Sil et al. 2022). The wind-driven currents are affected 

N
2 = −

g

�

��

�z

R
i
=

N
2

(�u∕�z)2

by the monsoonal winds, where southwest winds dominate 
during the southwest monsoon and northeast winds prevail 
during the northeast monsoon. For this study, two specific 
seasons have been chosen: April–May (pre-monsoon season) 
and September (post-monsoon season). The hydrography of 
the northeastern AS shows significant seasonal variations of 
surface winds, SST, SSS, and sub-tidal currents as depicted 
in Fig. 2. Throughout both the seasons, the northeastern AS 
is primarily influenced by westerlies, with wind speeds rang-
ing from 7.5 to 8.5 m/s in the pre-monsoon (April–May) and 
5 to 6 m/s in the post-monsoon (September) (Fig. 2a and 
d). Comparing the pre-monsoon and post-monsoon seasons, 
the gulf exhibits higher SST and higher SSS during the pre-
monsoon season, with gradients of approximately 1.5 °C 
and 1 psu, respectively (Fig. 2a–f). It is worth noting that 
the advection of colder waters from the south of Gujarat 
coast outside the gulf is consistently observed regardless of 
the season (Fig. 2a and d). The weak south-eastward sub-
tidal currents (~11 cm/s) suffice this advection phenome-
non, potentially driven by westerlies (Fig. 2c). In contrast, 
significant signatures of huge freshwater river influxes are 
observed during the post-monsoon season from the surface 
salinity maps, which are well supported by the strong sub-
tidal currents (~26 cm/s) at the head and along the eastern 
gulf (Fig. 2e and f). Moreover, the climatological data on 
river influx from the two major rivers (Tapi and Narmada) 
in the GoKh indicate the highest (lowest) discharge occur-
ring during August–September (March–April), which aligns 
with the spatial distribution of SSS and sub-tidal circulation 
pattern during the seasons (Fig. 2g). This results in strong 
density gradients signifying the prevailing influence of the 
buoyancy-driven currents during September. Thus, it can 
be concluded that the sub-tidal circulation pattern off the 
gulf is predominantly characterized by wind-driven currents, 
whereas the buoyancy-driven currents exert a strong influ-
ence along the head regions. The strong spatial gradients 
observed from the SST and SSS suggests that strong tidal 
mixing (either horizontal or vertical) could occur, and the 
associated tidal currents may significantly impact the coast-
line’s formation and the transportation of sediment along 
the coast.

3.2  Quantification of tidal heights and tidal 
currents

The spatial maps of standard deviation of zonal and meridi-
onal components of the HF radar surface currents during 
the year 2018 are individually represented in Fig. 3a and 
b. It is interesting to note that the higher standard devia-
tion is observed for either component, albeit limited to 
specific regions. In case of zonal currents, higher standard 
deviation values are observed along the western side of the 
GoKh, indicating increased variability and strengthened 
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Fig. 2  The spatial distribution 
of sea surface temperature (SST, 
in °C), sea surface salinity 
(SSS, in psu) overlaid with wind 
vectors (black arrows), and sub-
tidal currents (in cm/s) during 
a, b, and c April–May and d, 
e, and f September in 2018, 
respectively. g Climatological 
river discharges of two major 
rivers, namely, Tapi and Nar-
mada, in the Gulf of Khamb-
hat, Arabian Sea. The blue 
arrow indicates the freshwater 
discharge from the Tapi river. 
The red dots denote the HF 
radar stations at Jegri (J) and 
Wasi (W). The black triangle 
indicates the tide gauge station 
at Adani Hazira (A). The black 
contour indicates the −200 m 
isobath from ETOPO2

Fig. 3  The spatial maps of 
standard deviation of hourly a 
zonal currents (u-component) 
and b meridional currents 
(v-component) during 2018. c 
The temporal variability of HF 
radar-derived surface current 
speed (in m/s on the left y-axis) 
and sea-level anomaly (in m on 
the right y-axis) from the tide 
gauge at Adani Hazira (A) dur-
ing April–May 2018
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east-west movement of waters (Fig. 3a). On the other hand, 
significantly higher values are observed for the meridional 
component along the eastern side of gulf, which indicates 
prominent north-south movement of waters (Fig. 3b). It can 
be concluded that the meridional currents dominate most of 
the gulf, while a small area off Jegri is primarily influenced 
by the zonal currents, which can be attributed to the trumpet-
shaped coastal geometry of the GoKh.

Due to the unavailability of any other surface cur-
rent datasets (whether in situ or satellite-measured) in the 
domain, a comparison has been performed between surface 
currents derived from the HF radars and the tide gauge 
observed sea-level anomalies. Based on the data density 
and region of higher standard deviation, location “B” has 
been chosen near to the tide gauge station at AH for analysis 
(Fig. 3a, b). Also, two common periods during April–May 
and September in 2018 are chosen considering the minimal 
temporal gaps (Fig. 3c). During April–May, both the data-
sets indicate the occurrence of two spring-neap tidal cycles 
which coincide without any phase lag. The surface currents 
are observed to flow with a maximum speed of 2.11 m/s 
and attained maximum kinetic energy of 2.22  m2/s2 during 
the flood phase of a spring tide along with the highest tidal 
range of ~7.50 m. On the contrary, the least surface current 
speeds and least kinetic energies are observed during the 
neap phases of the tidal cycle, where the tidal range is also 
the least (Fig. 3c). It is interesting to note that the mean cur-
rent speed and mean kinetic energy are 0.75 m/s and 0.37 
 m2/s2, respectively, indicating higher standard deviation in 
both the surface currents and sea-level anomaly (1.78 m), 
well supported by the standard deviation maps of zonal 
and meridional components of HF radar surface currents in 
Fig. 3a and b. For comparison and validation, the tidal con-
stituent amplitudes have been quantified for both the datasets 
using the classical higher harmonic analysis technique. The 
amplitudes of the semi-major axes obtained from the surface 
currents are compared with those derived from the sea-level 
anomaly. This comparison is done individually for the major 
and shallow-water tidal constituents. The methodology fol-
lowed here for comparison and validation is well established 
and justified in earlier studies (Mandal et al. 2018a; 2020a; 
Jena et al. 2020).

The tidal analysis of these two datasets suggests high-
est influence of the tidal constituent, M2, with maximum 
amplitudes of 110.03 cm/s and 226.91 cm for the surface 
currents (represented as u+iv) and sea-level anomaly, 
respectively (Fig. 4a). Except these, other notable semi-
diurnal tidal constituents demonstrating considerable 
amplitudes are S2 (39.42 cm/s, 81.52 cm) and N2 (22.78 
cm/s, 46.25 cm). The major diurnal tidal constituents 
are K1 (19.33 cm/s, 56.58 cm) and O1 (7.50 cm/s, 20.75 
cm), respectively, for HF radar surface currents and sea-
level anomaly at AH (Fig. 4a). Additionally, noteworthy 

amplitudes are noted for the shallow-water (M4: 4.73 cm/s 
and 13.08 cm) and fortnight (MSF: 3.35 cm/s and 1.63 cm) 
tidal constituents. The M2 tidal constituent prevails over 
other the tidal components. Here, the total tidal variance 
for HF radar surface currents (97.2%) is slightly lower than 
that of the sea-level anomaly data (99.5%).

The major tidal constituents (M2, S2, N2, K1, and 
O1) exhibit a higher correlation of 0.99 compared to the 
minor tidal constituents (MK3, SK3, M4, MS4, S4, 2MK5, 
2SK5, 2MN6, M6, 2MS6, 2SM6, M8, and others) with a 
correlation coefficient (CC) of 0.90 (Fig. 4b and c). Similar 
results are observed in September, with M2 and S2 tidal 
constituents displaying the highest amplitudes. Addition-
ally, notable correlations (CC > 0.85) are evident for these 
distinct set of tidal constituents in September (figure not 
shown). Table 2 presents the amplitudes of the semi-major 
and semi-minor axes for all tidal constituents observed 
throughout each of the time periods. The outcomes from 
higher harmonic analyses during these time periods have 
been collated in Table 2, prominently highlighting the 
prevalence of M2 and S2 tides.

Figure 4d–f provide insights into the total tidal vari-
ance and percentage variances specifically for the M2 and 
M4 tidal constituents. The range of tidal variance across 
the entire domain is between 20 and 95%, as depicted in 
Fig. 4d. Within this range, the southern side of 21°N, i.e., 
the mouth of the gulf, exhibits a significant prevalence of 
M2 tides, accounting to higher variance (70–85%) com-
pared to the head region (10–50%) (Fig. 4e). Furthermore, 
it is worth noting that the M4 tides accounted for a signifi-
cant portion, specifically 45%, of the overall tidal variance 
in the head region, as depicted in Fig. 4f. However, other 
factors, such as wind-driven currents, may also contribute 
to the overall tidal variance (Gough et al. 2010; Cosoli 
et al. 2013; Mandal et al. 2020b; Sil et al. 2022). Promi-
nent signatures of tidal variance in the GoKh hint that 
the tidal currents, especially driven by M2 tides, play a 
significant role in driving the total surface currents within 
the gulf compared to the wind-driven currents. Depending 
on the tidal current amplitudes, M2 exhibits the highest 
amplitudes, followed by S2, N2, K1, and O1, indicating a 
semi-diurnal tidal regime in the domain (tidal form factor, 
F-ratio is 0.17 at location “B”). Furthermore, the spatial 
distribution of the F-ratio (less than 0.25) confirms the 
prevalence of a semi-diurnal tidal regime across the GoKh 
as a whole. In conclusion, the tidal constituents derived 
from HF radar surface currents at location “B” align well 
with those obtained from sea-level anomalies measured 
by the tide gauge at AH, both in terms of their order and 
amplitudes. It is worth noting that the amplitude of the 
semi-diurnal tidal currents, M2, exceeds those of K1 by 
more than fivefold.
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Fig. 4  a The amplitudes of 
semi-major axes corresponding 
to the tidal constituents derived 
from the HF radar surface cur-
rents (in cm/s) at point “B” and 
sea-level anomalies from tide 
gauge at Adani Hazira (in cm). 
The left (right) y-axis represents 
the black (gray) bars, which 
indicate the semi-major axes 
(tidal height) amplitudes from 
HF radars (tide gauge). The 
scatter plots for the comparison 
of the b major and c minor tidal 
constituents. d The spatial map 
of total tidal variance encom-
passing all tidal components (in 
%). The percentage tidal vari-
ance specifically attributed to 
the e M2 and f M4 tidal currents

Table 2  Amplitudes of semi-
major axes (in cm/s), semi-
minor axes (in cm/s), and 
tidal phase of the major and 
shallow-water tidal constituents 
from the HF radar currents at 
location “B” during April–May 
and September in 2018

The constituents quantified in the table have signal-to-noise (SNR) ≥ 2
Negative minor axis means clockwise circulation

Tidal const. April–May September

Semi-major (cm/s) Semi-
minor 
(cm/s)

Phase (°) Semi-major (cm/s) Semi-
minor 
(cm/s)

Phase (°)

O1 7.50 −0.42 203.80 10.78 −2.54 131.41
K1 19.33 1.76 341.29 10.30 0.50 177.37
N2 22.78 3.30 296.40 34.93 2.93 60.58
M2 110.03 10.54 218.73 126.12 8.48 337.55
S2 39.42 4.78 262.35 52.11 6.74 209.68
M4 4.73 1.68 341.30 5.73 1.74 188.57
MS4 2.17 1.37 101.25 4.09 1.97 68.31
M6 2.82 0.26 159.31 2.73 0.19 157.14
M8 0.58 −0.02 253.22 1.39 −0.07 304.29
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3.3  Seasonal variability of tidal currents

This portion emphasizes particularly on examining the 
temporal variation of major and shallow-water tidal cur-
rents in the gulf, which are quantified and extracted follow-
ing the same higher harmonic analysis technique during 
April–May and September in 2018. The selection of these 
months was based on the seasonal changes of temperature 
and salinity patterns. Significant seasonal variabilities in 
both the major and shallow-water tidal constituents have 
been observed (Table 2). In September, the major semi-
diurnal tidal constituents, M2 and S2, exhibited stronger 
amplitudes (with semi-major amplitudes of 126.12 cm/s 
and 52.11 cm/s) compared to April–May (with semi-major 
amplitudes of 110.03 cm/s and 39.42 cm/s). On the con-
trary, the tidal currents attributed to the major diurnal 
tidal constituent, K1, showed a significant decrease in 
September (10.30 cm/s) compared to 19.33 cm/s during 
April–May. In a comparable manner, the tidal constitu-
ents M4 and MS4 exhibited notable amplifications in the 
shallow-water region during the post-monsoon period in 
September.

Unlike earlier studies, the next section focuses on tak-
ing the advantage of higher-resolution (~6 km) HF radar 
surface currents to investigate and understand the spatial 
variability of the M2, K1, and M4 tidal ellipses in Sec-
tion 3.4 during the above two seasons from HF radar data-
sets over a region of ~200 km from the coast.

3.4  Spatio‑temporal variability of tidal currents

3.4.1  Variability of major tidal constituents (M2 and K1)

Tidal currents are commonly illustrated using a tidal ellipse, 
which captures the elliptical motion formed by vector com-
ponents rotating in opposite directions and maintaining con-
sistent amplitudes and phases. The interpretation of tidal 
ellipses typically relies on four important parameters: the 
semi-major axis, which denotes the direction of maximum 
current velocity, the semi-minor axes, the inclination angle, 
and the tidal phase angle indicating the phase lag (Prandle 
1982; Maas and Van Haren 1987; Mandal et al 2020c).

Figure 5a and b depict the spatial maps of M2 tidal ellip-
ses and tidal current amplitudes (semi-major axes) during 
the April–May and September in 2018. During the pre-mon-
soon period (April–May), substantial amplitudes of M2 tidal 
ellipses are detected, exhibiting anti-clockwise orientations 
that are prevalent across the whole domain (Fig. 5a). Nev-
ertheless, a limited region in close proximity to the Jegri 
lighthouse has a prevalence of clockwise ellipses (Fig. 5a). 
It is important to understand that these observed M2 ellipses 
are almost rectilinear and in approximate alignment with the 
20–50 m isobaths, so providing strong evidence flooding 
and ebbing of tidal currents. The uniformity of the orienta-
tion of these tidal ellipses within the continental shelf and 
slope areas across the entire region implies the presence of 
stronger surface currents influenced by M2 tides. Further-
more, the amplitudes of the M2 semi-major axes increase 

Fig. 5  The tidal ellipses associ-
ated to M2 (a and b) and K1 
(c and d), as observed from 
the HF radar surface currents. 
The semi-major axes of the 
tidal ellipses are represented 
by the shaded background (in 
m/s), while the black contours 
illustrate the isobaths at −20 
m and −50 m depths. The blue 
ellipses indicate clockwise 
rotation, while the red ellipses 
represent anti-clockwise rota-
tion. The blue arrow indicates 
the freshwater discharge from 
the Tapi river
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from the open ocean until 21°N and subsequently decrease 
towards the head, well supported by tidal variance maps in 
Fig. 4e. Notably, the highest M2 tidal current amplitudes, 
reaching nearly 1.32 m/s, are observed near the Wasi area. 
Interestingly, the same M2 tidal currents are observed to 
intensify significantly during the post-monsoon season in 
September (Fig. 5b). These tidal currents exhibit amplitudes 
exceeding 1.54 m/s near Wasi and cover a larger area. How-
ever, the intensities are approximately 0.30 m/s at the head 
of the gulf. The orientation of the M2 tidal ellipses dur-
ing September is almost identical to that observed during 
April–May.

The diurnal tidal constituent, K1, in the gulf also exhib-
its pronounced seasonality (Fig. 5c and d). In April–May, 
the corresponding tidal ellipses are almost rectilinear and 
parallel to the −20 m and −50 m isobaths, like the observed 
pattern for M2. However, the K1-driven tidal currents (semi-
major axes) have considerably smaller amplitudes compared 
to M2, ranging between 5.20 and 21.78 cm/s. Notably, a 
significant decrease of tidal current amplitudes is observed 
near the head gulf (Fig. 5c). Furthermore, the orientation 
of the K1 tidal ellipses significantly varies on either side 
of the gulf, i.e., a band of highly concentrated clockwise 
ellipses dominate the eastern GoKh, while the western part 
is characterized by anti-clockwise ellipses. On the other 
hand, in September, the spatial distribution of K1 ellipses is 
more variable in terms of both tidal current amplitudes and 
their orientation (Fig. 5d). A substantial reduction in the K1 
tidal current amplitudes is evident, with the semi-major axis 
mostly varying between 2.10 and 10.78 cm/s throughout the 
domain, except a few patches on the western gulf. The M2 
tidal currents exhibit a clear dominance and are nearly 4.5 
times greater than the diurnal constituents across the whole 
domain in terms of amplitudes.

3.4.2  Variability of shallow‑water tidal constituent (M4)

Tides are essentially long waves that originate in the open 
ocean and eventually reach shallow waters like continental 
shelves, bays, and estuaries. These tidal waves undergo mod-
ulation and distortion due to various hydrodynamic factors 
(mainly the bathymetry and channel geometry), resulting 
in the formation of shallow-water tidal constituents. These 
aforementioned aspects exert an influence on the tidal waves, 
resulting in modulations of both the amplitude and phase 
of these astronomical tidal constituents. Consequently, this 
leads to fluctuations in the tidal ranges as well. Simulta-
neously, multiple sub-harmonics are generated, which are 
known as overtides (M4, S4, M6, etc.) or compound tides 
(MK3, MS4, 2MS6, etc.). Understanding the shallow-water 
tides holds significant importance in the assessment of influ-
ence of tides and tidal currents on various coastal ocean 
phenomena. Despite this significance, there is a huge lacuna 

of studies round the world coasts on the shallow-water tidal 
constituents, which could be mainly attributed to their sig-
nificant presence with minor amplitudes compared to other 
dominating ones and the prominent hydrodynamic forcings.

In the GoKh, multiple shallow-water tidal constituents 
(M4, MS4, M6, M8, etc.) are identified with significant 
amplitudes extensively utilizing the higher-resolution HF 
radar surface currents as well as the sea level anomalies 
from the tide gauge at AH. This section primarily empha-
sizes the spatial variability of the most dominant shallow-
water tidal constituent, M4 (>12 cm/s) during April–May 
and September in 2018 (Fig.  6). The tidal ellipses are 
slightly more intensified in September than March–April 
in the gulf. However, irrespective of the seasons, extremely 
dense anti-clockwise tidal ellipses are observed across the 
domain except a few small patches of clockwise ellipses in 
the nearshore regions (i.e., within −50 m isobath) and head 
gulf (Fig. 6a and b). Moreover, the ellipses within the −50 
m isobath are more intensified comparable to those near the 
mouth of the gulf. In terms of the amplitudes of these tidal 
currents, a gradual increase of the semi-major axes of M4 
tides is observed from the offshore (1.65–4.66 cm/s) to the 
head gulf and shallow-water regions (7.64–20.54 cm/s), 
clearly indicating a notable rise in the amplitudes of tidal 
current amplitudes (Fig. 6c and d). A track has been chosen 
across the domain to examine the role of bathymetry on the 
M4 tidal current amplitudes, i.e., the fractional relationship 
between the semi-major axes and bottom bathymetry along 
the trajectory from south to north (indicated in Fig. 6e). 
The ratio clearly indicates linearity in the offshore regions 
(beyond −50 m isobath), whereas the non-linearity increases 
significantly within the shallower regions (i.e., at depths less 
than −50 m). These M4 tidal currents have the most the sig-
nificant intensifications in the proximity to the gulf’s head, 
where the corresponding amplitudes are almost half of those 
for M2 tides.

4  Discussion

First results on the seasonal variability of M2 tidal currents 
have been reported in this paper from the available higher-
resolution (~6 km) and higher-frequency (hourly) HF radar 
surface currents in the GoKh. The M2 tidal currents are 
stronger (>1.53 m/s) during September and comparatively 
weak during April–May (1.25 m/s). This section discusses 
the fundamental results and henceforth the dynamics of the 
GoKh.

The spatial maps of ratio of M2 semi-major axes to bot-
tom bathymetry and along the two transects are shown in 
the top panel of Fig. 7 (Fig. 7a, b). Along the transect to 
the western gulf (dotted line), the ratio shows significantly 
higher values within the nearshore regions (bathymetry 
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more than −50 m), indicating strong non-linear tidal inter-
actions irrespective of the seasons along the western and 
eastern gulf (Fig. 7c). On the contrary, the variations are 
almost negligible along the transect towards the head gulf 
(solid line), indicating reduced interaction between M2 
tidal currents and bathymetry at the head gulf. It can be 
concluded that bathymetry plays a significant role in the 
intensification of M2 tidal currents along the western and 
eastern coasts, and the same is responsible for the intensi-
fication of M4 tidal currents at the head gulf.

Secondly, a significant amplification of the M2 tidal 
currents is observed during the post-monsoon season in 
the gulf. The temperature and salinity profiles show that 
the upper layers (10–20 m) have strong stratification, with 
higher values of Brunt-Väisälä frequency ( N2 ) and well 
supported by post-monsoonal strong riverine freshwater 
influxes (Fig. 7d). Moreover, this season also sees a shal-
low mixed layer depth (~7 m) implying less mixing. Since 
prominent signatures of both stratification and less mixing 

are noted in the gulf, so, the variations in Richardson num-
ber ( R

i
 ) are examined (Table 3).

In the gulf region, changes in the behavior of M2 tidal 
currents occur notably within the pycnocline due to water 
column stabilization in a stratified ocean environment. 
The typically higher eddy viscosity observed during the 
well-mixed conditions experiences a decrease as water 
column becomes more stratified. This increasing stratifi-
cation enhances the stability of the water column, leading 
to the suppression of vertical mixing and consequently 
reducing the eddy viscosity within the pycnocline. This 
phenomenon, as documented by Maas and Van Haren 
(1987), Visser et al. (1994), Souza and Simpson (1996), 
and Müller et al. (2014), results in a diminished dissipation 
of tidal kinetic energy into turbulent ocean processes dur-
ing September. Furthermore, a higher R

i
 (1.62) is evident 

in September compared to April–May (0.03), indicating 
constrained vertical mixing across the highly stratified lay-
ers, also indicated by Turner (1973). This phenomenon 

Fig. 6  The M4 tidal ellipses 
during a April–May and b 
September, as observed from 
the HF radar surface currents. 
The corresponding semi-major 
axes are shaded in c and d, 
respectively. The black contours 
denote the isobaths at −20 m 
and −50 m depths. The blue 
ellipses indicate clockwise 
rotation, while the red ellipses 
represent anti-clockwise rota-
tion. e The ratio of semi-major 
axes and bathymetry during the 
two seasons along 72.25°N
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results in limited vertical displacements within the depths 
of the pycnocline, resulting in the separation of surface 
and subsurface strata. Consequently, the presence of such 
dissociated layers lowers down the friction between these 
layers. In simpler terms, increased stratification will ulti-
mately decrease the eddy viscosity in the vicinity of the 
pycnocline, leading to an inhibition of turbulence within 
and thereby impeding the energy exchange. As a result, 
the M2 tidal current amplitudes with higher amplitudes 
are noticeable in September. In contrast, April–May expe-
rience well-mixed conditions with a deeper mixed layer 
(~30 m) and lower values of both N2 and R

i
 (Fig. 7d). In 

these well-mixed conditions, the stabilizing effect exerted 
on these M2 tidal currents is inconsequential besides 
insignificant, resulting in a significantly less manifestation 
of surface tides due to the greater dissipation of energy in 
turbulent phenomena (Table 3).

It can be concluded that both bathymetry and stratifi-
cation are major reasons for significant spatio-temporal 
variations in the M2 and M4 tidal currents. The higher 
amplitudes of the M2 tidal currents during September in 
the gulf can be attributed to the higher stratification due 
to the post-monsoonal freshwater influxes.

Fig. 7  The ratio of semi-major 
axes of M2 tidal constituent 
to bottom bathymetry in a 
April–May and b September in 
2018. The blue arrow indicates 
the freshwater discharge from 
the Tapi river. c Along-track 
variation (as indicated in the 
top row) of the ratio of M2 tidal 
current amplitudes to bottom 
bathymetry during April–May 
(in blue) and September (in 
red). d The time-depth variation 
of climatological Brunt-Väisälä 
frequency (N2) with the yellow-
contoured mixed layer depth 
(in m) in the Gulf of Khambhat 
(GoKh), India

Table 3  Variation of the 
ocean physical and dynamical 
parameters with tidal currents

Mixed ocean (April–May) Stratified ocean (September)

Stratification ( N2) Low (1.49 ×  10−5) High (80.45 ×  10−5)
MLD (m) ~30 m ~5 m
Eddy viscosity High Low
Loss due to turbulence Increased Reduced
Tidal current (cm/s) Low (2.5–5) High (>6.5)
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5  Conclusions

This study investigates the spatio-temporal variability of 
M2 and M4 tidal currents using the first surface current 
observations from the HF radars installed along the GoKh 
during pre-monsoon (April–May) and post-monsoon (Sep-
tember) seasons in 2018. The main results are as follows:

• The gulf experiences seasonal variability of tem-
perature, salinity, and sub-tidal currents, with higher 
(lower) temperature and salinity conditions, well 
supported by minimum (maximum) freshwater river 
influxes during the pre-monsoon (post-monsoon) sea-
son in 2018.

• The findings from the statistical analysis of the HF radar 
surface currents indicate that zonal currents prevail on 
the western side of the gulf’s mouth, whereas meridional 
currents dominate the eastern region of the gulf.

• The comparison of HF radar surface currents with sea 
level anomaly from tide gauge at Adani Hazira (in terms 
of amplitude and order) revealed that major tidal con-
stituent, M2, is followed by S2, N2, K1, and O1 during 
both the seasons. The M2 tidal currents are nearly 5 times 
the amplitudes of the diurnal constituents. Among the 
shallow-water tidal constituents, M4 and MS4 are domi-
nant ones in the shallow-water regions.

• The gulf is dominated by tidal currents with total vari-
ance of 95% throughout the domain, of which M2 tidal 
currents has variance of 70–85% except at the head, 
where the M4 tidal currents dominate with a variance 
of nearly 45%.

• The bathymetry of nearshore locations exerts a sub-
stantial influence on the strengthening of semi-diurnal 
and shallow-water tidal currents with the exception 
being observed near the head, where the tidal currents 
undergo rapid distortions due to the dominance of M4 
tidal current amplitudes, irrespective of any season.

• The M2 tidal currents have the highest amplitudes (>1.53 
m/s) during September in comparison to 1.25 m/s dur-
ing April–May. The primary cause of the interseasonal 
variability in M2 tidal currents can be attributed to the 
significant perturbation occurring at the subsurface. This 
perturbation is primarily influenced by the higher stabil-
ity of the water column during September, resulting in 
increased stratification, as well as lower levels of eddy 
viscosity. The inherent stability of this system results in a 
decrease in the dissipation of tidal kinetic energy, leading 
to the notable amplification of M2 tidal currents through-
out the month of September.

To conclude, this article is a humble submission to inves-
tigate the higher-resolution (~6 km) and higher-frequency 

(1 h) surface circulation features from the HF radars in 
the GoKh along the northeastern Arabian Sea. Owing to 
the lack of any other current observations either on the 
surface or subsurface, the HF radars in this domain could 
provide a spatio-temporal variation of tidal currents for the 
first time quite efficiently. In this work, the low-frequency 
tidal constituents, Mf and MSf (fortnightly), are observed 
with significant amplitudes (Ray and Susanto 2016). Inves-
tigations will be carried out in the near future to unveil 
the dynamics of tidal mixing in the gulf and efforts will 
be made to identify the tidal fronts to relate those to the 
marine productivity utilizing some observational datasets 
and three-dimensional hydrodynamic models (Munandar 
et al. 2023). Further, there exist a few spatio-temporal gaps 
within the HF radar surface currents, which needs to be 
filled up considering both space and time, so that the gap 
filled higher-resolution datasets can be further utilized for 
the identification of tidal energy hotspots.
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