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Abstract
We study the dynamics of barotropic currents at semidiurnal and diurnal frequency bands in the inner shelf and surf
zone off the west coast of India using moored velocity observations. In both the Inner shelf and the Surf zone, the
observed current exhibits significant semidiurnal and diurnal energy. The hourly climatology of residual currents exhibits
a strong diurnal variability in the barotropic currents in the both regions. A 2D hydrodynamic model, Delft3d, was
implemented, and sensitivity experiments were performed to understand the role of wind and wave in the tidal and
diurnal variability of barotropic currents in the region. Surf zone barotropic currents in diurnal band are strongly
modulated by the winds. However, wind has minimal influence on the barotropic current in the inner shelf. Sensitivity
experiments with and without waves show that, apart from wind, wave parameters have significant influence on the
diurnal variability of surf zone currents. Analysis further confirms that diurnal currents in the surf zone are primarily
wind-driven, while inner shelf currents are mostly tide-dominated. Overall, this study underscores the necessity of
incorporating wind, wave, and tidal forcing to realistically simulate nearshore currents in the inner shelf and surf zone
along the west coast of India.
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1. Introduction
The inner shelf serves as a transitional zone between the

surf zone and the mid-shelf (Lentz, 1994). The surf zone

extends from the shoreline to the outermost point of wave

breakingwithin the inner shelf and represents themost dy-

namic part of the nearshore environment (Holman, 1986;

Hamm, 1992). Both the inner shelf and surf zone are char-

acterized by complex physical processes, including rip cur-

rents, wind-driven currents, and tides that significantly

influence the transport and distribution of littorals (Basco,

1983). Tides generally propagate from the inner shelf into

the surf zone, whereas wind-induced currents primarily

affect the surface layer in the surf zone (Matsunaga et al.,

1996; Ren et al., 2015; Paniagua-Arroyave et al., 2019; Sous

et al., 2021). Additionally, the nearshore bathymetry mod-

ulates wave breaking and current propagation, creating a

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

gradient in currentmagnitude anddirection between these

regions (Inman and Quinn, 1951; Longuet-Higgins, 1970b;

Wright and Short, 1984; Port et al., 2011). Circulations in

the surf zone, which include longshore and cross-shore cur-

rents, wavebreaking, and associated sediment transport, is

particularly important for understanding coastal morphol-

ogy and its evolution (Basco, 1983; Pitman et al., 2016).

The studies show the complex nature of coastal zones and

emphasize the importance of integrated approaches for

their effective understanding and management (Sharples,

1997; Galparsoro et al., 2010; Delpey et al., 2021; Moulton

et al., 2021).

Tidal currents play a particularly important role in shal-

low coastal waters (Pugh, 1987; Dyer, 1997; Stow, 2017).

In these regions, tidal energy dissipation increases drasti-

cally, as tidal dissipation is proportional to the cube of the

current velocity (Müller, 2012; Alford et al., 2019). Under-

standing the dynamics and variability of tidal currents is

crucial for several reasons. They drive sediment transport,
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shaping patterns of coastal erosion and deposition, which

in turn influence shoreline stability and marine habitats,

transport and accumulation of floating micro plastics (An-

dutta et al., 2019; Pradhan et al., 2020; Sterl et al., 2020).

Tidal currents also affect maritime navigation, impacting

the safety and operational efficiency of ports and harbors

(Truong et al., 2021). In an open oceanmodeling study Hal-

sne et al. (2024) pointed out thatwave current interactions

aremore extremewhen thewind sea opposes the tidal cur-

rent. Moreover, detailed knowledge of these currents is

essential for environmental management, particularly in

evaluating the effects of anthropogenic activities and natu-

ral phenomena such as monsoons (Jiao et al., 2015).

The coastal region of Goa, located along the western

coast of India, is known for its rich marine biodiversity

and economically vital sectors such as tourism, fishing,

and shipping (Alvares, 1993). The inner shelf of Goa is

a dynamically complex region influenced by tides, winds,

waves, and a range of oceanographic processes (George

et al., 2020; Chaudhuri et al., 2021; Prakash et al., 2021).

This area plays a critical role in maintaining coastal water

quality, facilitating ecological connectivity, and governing

the transport of sediment and heat (Kumar et al., 2021).

Tidal currents are particularly important in this region,

contributing significantly to sediment transport, nutrient

mixing, and the overall health of marine habitats on the

inner shelf (Rivonker et al., 2018; Mazumdar, 2020; Mitra

et al., 2022). Their impact on sediment dynamics along the

Goa coast underscores the importance of accurate mea-

surement and modeling to predict changes in coastal mor-

phology (Kunte et al., 2002; Seelam et al., 2014).

Both low-frequency and high-frequency variability in

ocean currents have been extensively studied on the con-

tinental shelf and slope of the west coast of India using

observations and numerical models (for example, Shetye

et al., 2008; Amol et al., 2018). Numerous studies have also

focused on the characteristics of tidal currents in these re-

gions, employing in situ measurements and modeling ap-

proaches (Shenoi et al., 1992; Subeesh et al., 2013; Subeesh

and Unnikrishnan, 2016; Testut and Unnikrishnan, 2016;

Subeesh et al., 2021). However, to the best of our knowl-

edge, tidal current variability across the inner shelf and

surf zone regions along thewest coast of India has not been

examined in detail. Most existing research on tidal dynam-

ics in Indian coastal waters has focused on the continental

shelf, slope, or estuarine systems, leaving a notable gap

in understanding the tidal behavior across the surf zone

and inner shelf. Additionally, the inner shelf and adjacent

coastal region of the west coast of India may be strongly

influenced by land-sea breeze systems, which may signifi-

cantly affect current variability within the tidal frequency

band. Despite this, as far as our best knowledge no studies

to date have explored this influence in detail. In this study

we seek to address these gaps by providing a detailed anal-

ysis of the spatial and temporal variability of barotropic

currents in semidiurnal and diurnal bands in the inner

shelf region and surf zone, based on both observations and

numerical modeling.

The paper is organized as follows: Section 2 provides

an overview of the study area, velocity observations in

the surf zone and inner shelf, the model employed in this

research, and a detailed description of the methodology.

Section 3 presents the results, in which the first section

describes the observation of barotropic currents, winds,

and tides in the inner shelf and surf zone, and the sec-

ond section focuses on semidiurnal and diurnal bands of

barotropic currents. The model run and its sensitivity to

various parameters are discussed in the next section. The

model results are further utilised to examine the tidal char-

acteristics, diurnal variation in currents, and the effect of

wind on these semidiurnal and diurnal bands. Section 4

summarizes and concludes the paper.

2. Study area, observations and model
2.1 Study area
Goa has a coastline of about 105 km, composed of alter-

nately situated headlands, estuaries, bays, and world-

famous beaches situated on the central west coast of India.

Goa state covers a stretch of 7 km of beach between Sin-

querim/Candolim (15°30′37.00′′N; 73°45′51.00′′E)

beach in the south and Calangute (15°32′55.00′′N;

73°45′10.00′′E) and Baga beach in the north

(15°33′28.80′′N; 73°44′59.00′′E) (Figure 1a). The study

regions, off Calangute and Candolim, are of significant in-

terest due to its high incidence of surf zone injuries pri-

marily due to rip currents and its socio-economic and en-

vironmental impacts (Venkateswarlu et al., 2023). Goa

experiences a tropical, humid climate. It receives rainfall

from the southwest monsoon winds from June to Septem-

ber. The annual rainfall ranges from 250 to 300 cm. The

temperature in the region varies between 20° and 37°C.

2.2 ADCP and current meter observations
This studyuseddata from the inner shelf (P1 inFigure1) re-

gionoff Goa (15°32′08.5′′N,073°43′04.5′′E) fromabottom-

lookingTeledyneAcousticDoppler Current Profiler (ADCP)

operating at 614.4 kHz (Figure 1). The instrumentwas con-

figured to record current components at 1 m intervals for

depths ranging from 2 to 15 m. The measurements were

conducted continuously from11th January to 8th February

2017, in the inner shelf. The recorded datawere processed

using the WINADCP software after being internally stored

as a temporal average at 10-minute intervals. The accu-

racy and quality checks of the data were performed during

processing, such as evaluations of error velocity and the

proportion of good data. Based on that, data from depths

of 2–13 m were used in this study. The AANDERAA water

level recorder (WLR) was also positioned at a depth of

roughly 13 meters (P2 in Figure 1) close to ADCP during
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Figure 1. Topographic map of the study region with bathymetry contours at 5 m, 10 m, 12 m, 14 m, and 16 m (a).

Bathymetry is also represented by color shading. Mooring sites are marked with filled circles: ADCP at P1, WLR at P2,

and RCM9 at P3. Computational grid used in the DELFT3D model (b). The black line indicates the open boundary, the

red line indicates the closed boundary, and measurement points of currents are shown as yellow circles (P1: ADCP, P3:

RCM9).

this period. Additionally, at the inner surf zone (P3) of Can-

dolim (15°30′38.13′′N, 73°45′51.26′′E), an AANDERAA

Recording Current Meter-9 (RCM9) was also deployed at

a water depth of 1.2 m for a period of 5 days from 19 th

January to 25th January 2017. The ADCP measurement at

inner shelf location “P1” (off Calangute) was about 7 kilo-

meters northwest of the surf zone measurement location

“P3” at Candolim. Apart from this, sea level data from a

radar gauge installed by CSIR–NIO at Dona Paula Jetty, lo-

cated at the northward mouth of the Zuari Estuary in Goa,

India, were also utilized. The radar gauge data were aver-

aged over a 5-minute interval referenced to chart datum

(Mehra et al., 2013).

2.3 Numerical model Delft3D
In this study, a hydrodynamic model, Delft3D, developed

by Deltares, was used to simulate the barotropic currents.

Delft3D-Flow solves the Navier-Stokes equations for an

incompressible fluid under shallow water and the Boussi-

nesq assumptions (Stelling and Van Kester, 1994). The ver-

tical accelerations were neglected by assuming they were

small compared to the gravitational acceleration, there-

fore reducing the vertical momentum equation to the hy-

drostatic pressure equation. Delft3D-FLOW solves two-

dimensional (2DH, depth-averaged) and three-dimensional

(3D) unsteady flow and transport phenomena resulting

from tidal, wave-driven, and density-driven forces. In this

study, water was considered to be vertically homogeneous;

hence, a depth-averaged approach was implemented (Lui-

jendijk, 2001).

Themodel implemented for this studywas very similar

to the earlier setting by Yadhunath et al. (2022a), where

the model was forced with the tide, wind, and wave inputs.

A brief description of this environment is provided below.

The model domain extended within two promontories on

an 8 km long stretch of Goa beach between Sinquerim at

the south and Baga at the northern end (Figure 1a). The

structured rectangular grid were used to set the model

domain, as shown in Figure 1, with a uniform horizontal

grid resolution of 117 m (Figure 1b). The bathymetry for

themodel domain was taken from the NHO chart issued by

Goa Port Trust and themeasured bathymetry from the surf

zone and intertidal regions by Yadhunath et al. (2022a).

RFGRID and QUICKIN modules of Delft3D were used to

create the grid and bathymetry for the model domain.

We used the one-month tidal elevation data measured

from the Dona Paula Jetty (Figure 2b) to force the model

along the open boundaries. Prior to this, we compared

the tide at Dona Paula Jetty with the inner shelf tide and

found that the tidal amplitude varied a little between these

two locations (Supplementary Material). Hence, it was

sensible to use the tidal elevation from the shallow jetty

to force the boundary in the inner shelf. Measured wind

at P1 using AWS (Automatic Weather station) was used as

atmospheric forcing, and wave parameters at open bound-

aries were given from measurements at the inner shelf.

The coupled flow and wave module was used to incorpo-

rate waves in the model. The roughness formula used was

Chezy, and the roughness values for the cross-shore (V)
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Figure 2. Time series of measured wind speed at inner shelf (a). Measured current speed at inner shelf and surf zone

with tidal elevation (black line) at inner shelf (b). The scale of current speed is given in lhs and scale of tidal elevation is

given in rhs. Power spectral density of barotropic currents (c), wind speed at inner shelf (d). The eastward component

is represented by blue and the northward component is represented by red. Semidiurnal and diurnal frequencies are

marked as vertical dashed lines. Rose diagram of measured wind direction, current direction at P1, and current direction

at Surf zone (e).

and along-shore (U) components were taken as 30 ms−1/2.

A sensitivity study was undertaken to identify the role

of physical parameters and roughness on model perfor-

mance. Optimum settings were selected by comparing the

barotropic currents with that of the inner shelf and surf

zone. The details of sensitivity experiments are given in

section 3.2.1. Model performance was evaluated using sta-

tistical metrics including Index of Agreement (IA), bias,

RMSD, and R² for both velocity components.

2.4 Methods
Barotropic current at the inner shelf was computed by

vertical averaging of total currents (Subeesh et al., 2013).

This method was sensible, as the ADCP data covers more

than 70% of the water column here. Currents at the surf

zone are considered as barotropic. Barotropic currents

from the inner shelf and surf zone were then subjected

to harmonic analysis to extract tidal currents. The three

major semidiurnal components, M2, S2, and N2, as well as

the two diurnal components, K1 and O1, were extracted.

Higher harmonics are found negligible and not considered

for analysis. The relationship between the eastward and

northward components of tidal currents is described by

the tidal ellipse parameters. Additionally, harmonic anal-

ysis was carried out on WLR data and radar gauge data

installed at the Dona Paula Jetty to extract the tidal eleva-

tion.

3. Results
3.1 Observations
3.1.1 Wind, tides and barotropic currents
The time series data for wind, tides, and barotropic cur-

rents from the inner shelf and surf zone are presented.

Figure 2a shows the time series of wind measurements

from the inner shelf. Mostly wind speeds remain below

10 m/s, with a maximum recorded value of 15 m/s. The

temporal mean wind speed is 5 m/s. A gradual increase in



In
Pr
es
s

Semidiurnal and diurnal barotropic currents in the inner shelf and surf zone of the west coast of India ... 5/20

Figure 3. Time series of total barotropic and tidal current components measured at the inner shelf. Panels (a) and

(b) show the total barotropic U- and V-velocity components, respectively; (c) and (d) show the semi-diurnal U and V

components; and (e) and (f) show the diurnal U and V components.
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wind magnitude is observed from February 1st to Febru-

ary 6th. The rose diagram shows that the prevailing wind

direction is from the northeast (Figure 2e), likely reflect-

ing the climatological wind patterns associated with the

northeast monsoon in theregion.

Observations of barotropic currents from the inner

shelf and surf zone locations, along with the tidal elevation

at the inner shelf, are shown in Figure 2b. Tidal range is

lower than 2 m, and a clear spring-neap cycle is evident

in the observation. Detailed analysis of tides at the inner

shelf and Jetty are given in Supplementary Material. Com-

pared to the inner shelf, currents are relatively weaker in

the surf zone during this observation period. The average

speed observed at the surf zone was ∼4 cm/s, whereas

at the inner shelf it is ∼9 cm/s. The maximum current

speed at the surf zone is 19 cm/s, whereas at the inner

shelf it is 22 cm/s. The current speed in the surf zone

reaches its peak during the ebb phase, indicating that it

is significantly higher when the tidal range is at its max-

imum (Yadhunath et al., 2022b). On the inner shelf, al-

though stronger currents occurred during the low tidal

phase, there is no clear relationship between maximum

tidal range and peak current speed (Figure 2b). A rose

diagram of measured current at the inner shelf location

and surf zone is shown in Figure 2e. In the inner shelf

the currents are predominantly towards the southeast and

northwest directions, i.e., parallel to the isobath. The cross-

isobath component is relatively weak. In the surf zone, the

current direction is predominantly between the southwest

and northwest.

Figure 2c and 2d show the power spectra of both baro-

tropic currents and wind. At the inner shelf spectra were

computed using one-month data. Power spectral density

was estimated using the Welch method with 50% overlap-

ping with a Hamming window of 256 data points. Both

barotropic currents and wind show peaks in semidiurnal

and diurnal frequency bands. In barotropic current veloc-

ity spectra, semidiurnal frequency dominates over diurnal

frequency. In winds, diurnal frequency bands show higher

energy compared to semidiurnal bands. The dominance of

diurnal bands in wind may be due to the land-sea breeze

in the region. The diurnal and semidiurnal bands in the

currents will be discussed in section 3.1.2.

3.1.2 Barotropic tidal currents in the inner shelf
As a next step, we extracted barotropic currents in the tidal

band from the inner shelf ADCP observation. It is noted

that the eastward component of tidal current is stronger

compared to the northward component, indicating the

predominant cross-shelf flow of tides. Maximum eastward

velocity observed is approximately 9 cm/s. A spring-neap

cycle is observed in the currents, as noted in tidal elevation

(Figure 3).

Time series of barotropic tidal currents show that the

tides are mixed semidiurnal. Hence, we analyzed semidi-

urnal and diurnal barotropic tidal currents separately. To

extract semidiurnal (diurnal) tidal currents, the M2, S2,

and N2 (K1 and O1) constituents are retained, and har-

monic analysis were performed. The time series of both

bands are shown (Figure 3c–f). Semidiurnal barotropic

tides are relatively stronger compared to diurnal. In both

bands, the eastward component is larger compared to the

northward component. The spring-neap cycle is more evi-

dent in the semidiurnal band compared to the diurnal. The

spring-neap cycle follows a more or less similar phase in

both bands. In the semidiurnal band, the M2 constituent is

the largest over the inner shelf, followed by S2 and N2. In

the diurnal band, the largest constituent is K1, followed by

O1. The K1 and S2 amplitudes are in a nearly comparable

range, but O1 is the weakest constituent (Table 1).

Table 1. Barotropic tidal ellipse parameter for major tidal

constituents M2, S2, N2, K1, and O1.

Constituents Semi-major Semi-minor Angle Phase

[cm s−1] [cm s−1] [°] [°]

M2 2.55 0.78 34.47 35.94

S2 1.11 1.06 −1.18 90.11

N2 0.57 0.07 70.55 −20.84

K1 2.59 0.97 −54.47 137.52

O1 1.02 0.09 −38.73 −190.15

Tidal ellipse parameters were derived from the ampli-

tude and phase of the eastward and northward compo-

nents of the tidal constituents (Table 1). The semi-major

axes of the M2 and K1 constituents exhibit similar ampli-

tudes, with values of 2.55 cm/s and 2.59 cm/s, respectively.

Despite their comparable magnitudes, the orientation of

the tidal ellipses differs: semidiurnal tides (M2, N2) tend

to propagate more across-isobath, whereas diurnal tides

(K1, O1) are predominantly aligned along-isobath. The S2

constituent, the second most energetic semidiurnal com-

ponent, exhibits a more circular shape, characterized by

nearly equal semi-major and semi-minor axes.

3.1.3 Barotropic currents in diurnal and semidiurnal bands
in the surf zone

A five-day observation of currents at the depth of 1.2 m

during the neap phase of the tidal cycle was used to un-

derstand the barotropic currents in the semidiurnal and

diurnal band in the surf zone. Since the five-day time series

was insufficient to separate individual tidal components,

we used a second order band pass Butterworth filter to

separate the semidiurnal and diurnal current in the surf

zone. The eastward component exhibits amaximumampli-

tude of 2.8 cm/s, while the northward component reaches

a peak amplitude of 4.5 cm/s. And the northward compo-

nent predominates during the ebb tide, while the eastward

component follows the tidal oscillations, peaking during

the flood tide period.

In the semidiurnal band, the eastward current is stronger

than the northwardwith a peak amplitude of 1.7 cm/s (Fig-

ure 4c). Initially, the eastward current in the surf zone is
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Figure 4. Time series of total barotropic and tidal current componentsmeasured at the surf zone. Panels (a) and (b) show

the total barotropic U- and V-velocity components, respectively; (c) and (d) shows the semi-diurnal U and V components;

and (e) and (f) show the diurnal U and V components.

weaker than that on the inner shelf for a few tidal phases,

but its strength increases over time, and amplitudes even-

tually aligns with inner shelf currents. However, the north-

ward current is much stronger in the surf zone initially for

a few tidal cycles, while its amplitude decreases compared

to the inner shelf (Figure 4d).

On the other hand, the diurnal variability at the surf

zone inferred that the eastward component is almost as

strong as the inner shelf, with an amplitude of 1.30 cm/s

(Figure 4d). The northward component is relatively strong

during the initial tidal phases, with amplitudes up to 2.0

cm/s, but later weakens as the inner shelf currents be-
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Figure 5. Observed hourly climatology of wind speed (a), wind direction (b), and current speed (c) in the inner shelf,

along with hourly climatology of residual current speed in the Surf zone (d).

come dominant. In this meso-tidal region, the currents

are considerably stronger than expected from tidal forc-

ing alone, suggesting additional influence from local wind

and wave effects. In the semidiurnal band, a reduction in

tidal current amplitude is observes between 22 and 24

January, coinciding with a similar decline in the prevailing

wind components. The role of wind forcing in modulating

semidiurnal and diurnal barotropic currents in the surf

zone is examined in detail through numerical model simu-

lations (section 3.2).



In
Pr
es
s

Semidiurnal and diurnal barotropic currents in the inner shelf and surf zone of the west coast of India ... 9/20

Ta
bl

e
2.

M
o
d
e
l
se
n
si
ti
v
it
y
e
x
p
e
ri
m
e
n
t
w
it
h
d
if
fe
re
n
t
m
o
d
e
l
se
n
si
ti
v
it
y
p
a
ra
m
e
te
rs
.

P
a
ra
m
e
te
r

S
u
b
p
a
ra
m
e
te
r

R
1

R
2

R
3

R
4

R
5

R
6

R
7

R
8

R
9

R
1
0

R
o
u
g
h
n
e
ss

fo
rm

u
la
e

C
h
e
zy

3
0
/
3
0

4
0
/
4
0

3
0
/
3
0

3
0
/
3
0

6
5
/
6
5

S
p
a
ti
a
ll
y
v
a
ry
in
g

S
p
a
ti
a
ll
y
v
a
ry
in
g

S
p
a
ti
a
ll
y
v
a
ry
in
g

S
p
a
ti
a
ll
y
v
a
ry
in
g

S
p
a
ti
a
ll
y
v
a
ry
in
g

P
h
y
si
ca
l
p
ro
ce
ss
e
s

W
a
v
e

N
N

N
N

Y
N

N
Y

N
N

W
in
d

Y
Y

Y
Y

Y
Y

Y
Y

N
Y

W
in
d
d
ra
g
co
e
ff
ic
ie
n
ts

A
0
.0
0
4
5

0
.0
0
4
5

0
.0
0
0
6

0
.0
0
0
6

0
.0
0
0
6

0
.0
0
0
6

0
.0
0
0
6

0
.0
0
0
6

N
0
.0
0
0
6

B
0
.0
0
5
5

0
.0
0
5
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

N
0
.0
0
1
5

C
0
.0
0
5
5

0
.0
0
5
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

0
.0
0
1
5

N
0
.0
0
1
5

O
p
e
n
b
o
u
n
d
a
ry

co
n
d
it
io
n
s

N
o
rt
h

W
L

W
L

W
L

N
e
u
m
a
n
n

N
e
u
m
a
n
n

N
e
u
m
a
n
n

N
e
u
m
a
n
n

N
e
u
m
a
n
n

N
e
u
m
a
n
n

N

S
o
u
th

W
L

W
L

W
L

W
L

W
L

N
e
u
m
a
n
n

W
L

W
L

W
L

N

W
e
st

W
L

W
L

W
L

W
L

W
L

W
L

W
L

W
L

W
L

N

In
d
e
x
o
f
a
g
re
e
m
e
n
t
(I
A
)

U
0
.6
5

0
.6
5

0
.7

0
.7
6

0
.6
6

0
.7
6

0
.7
7

0
.7
9

0
.7
1

0
.1
2

V
0
.4
0

0
.5
3

0
.3
8

0
.6
3

0
.5
8

0
.4
7

0
.6
9

0
.6
6

0
.3
8

0
.1
4

b
ia
s

U
0
.2
4

0
.2
2

0
.2
5

0
.2
1

0
.1
1

0
.2
7

0
.1
7

0
.1
8

0
.2
5

0
.2
5

V
−
0
.3
5

−
0
.3
4

−
0
.4
1

−
0
.3
1

−
0
.1
3

−
0
.4
1

−
0
.2
6

−
0
.2
7

−
0
.4
3

−
0
.4
3

R
M
S
D

U
1
.8
2

1
.6
3

1
.5
1

1
.0
7

1
.5
2

0
.9
6

0
.9
6

0
.9
2

1
.1
1

2
.1
5

V
2
.4
8

2
.0
9

2
.4
4

1
.2
5

1
.7
1

1
.5
8

1
.1
3

1
.2

1
.6
5

2
.1
7

R
2

U
0
.8
5

0
.8
2

0
.8
8

0
.8
8

0
.7
8

0
.9
0

0
.9
0

0
.9
1

0
.8
7

−
0
.5
5

V
0
.2
2

0
.4
8

0
.1
7

0
.8
2

0
.6
5

0
.7
4

0
.8
6

0
.8
4

0
.8
1

−
0
.3
7

3.1.4 Diurnal variability of barotropic currents
To examine diurnal variability of barotropic currents, an

hourly climatology was computed using one-month ve-

locity data on the inner shelf. The tidal component was

removed from the time series before computing climatol-

ogy. Results show that average current speeds are notably

higher at nighttime compared to daytime (Figure 5a). Mea-

surements of wind speed reveal that winds are generally

stronger (5.5 m/s) at night than they are during the day

(Figure 5d), indicating the possible role of strong winds

on strong currents during nighttime.

We next analyse the hourly climatology of surf zone

currents. Results show that, unlike on the inner shelf, day-

time currents are stronger than night time currents in the

surf zone, even in the presence of strong night time winds.

The wave parameters, beach slope, and local bathymetry

are the potential factors that control the current’s speed

in the surf zone (Basco, 1983). To understand the role

of wave parameters in the diurnal variation of surf zone

currents, the hourly climatology of measured significant

wave height (Hs) and wave direction from the surf zone

during this period is analysed. The Hs shows significant

variability with higher amplitudes at nighttime. The in-

crease in the nighttime wind may be the reason for the

high amplitude of waves during this period. However, this

relation is not clear during the morning time, when the

Hs is large even when the winds are weak, indicating the

presence of remotely forced waves.

The relationship between surf zone currents and Hs

is not direct. Hourly climatology reveals that surf zone

currents peak between 09:00 and 15:00 hours. Although

Hs exhibits an increasing trend during this period, the

maxima of current velocity and Hs do not coincide (Fig-

ure 4). Instead, a distinct shift in wave propagation angle

is observed during the peak current period, with waves

approachingmore obliquely from the southwest. This com-

bination of elevated Hs and a change in wave direction is

likely a contributing factor to the daytime intensification

of surf zone currents. It should be noted that the clima-

tology is based on a 5-day dataset, which may not fully

capture the variability of surf zone currents in the region.

To further investigate the influence of wave parameters

on surf zone currents, we will utilize model simulations in

section 3.2.5.

3.2 Numerical modelling Delft3D
3.2.1 Model sensitivity
Various sensitivity experiments (Table 1) were carried out

to identify the optimum setting for the model to repro-

duce barotropic currents in the inner shelf and surf zone.

Statistical parameters, including Index of Agreement (IA),

bias, RMSD, and R2 for both the U and V barotropic ve-

locity at mooring locations, are computed for each exper-

iment (Table 2). The simulation of barotropic currents

showed sensitivity to Chezy roughness, boundary condi-
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Figure 6. Time series comparison between modelled and observed currents at tidal bands in the inner shelf. Panels (a)

and (b) present the total barotropic tidal currents for U and V components; (c) and (d) depict the semidiurnal U and V

components; and (e) and (f) depict the diurnal U and V components.

Figure 7. Time series comparison of model and measured total barotropic and tidal current components at the Surf

zone. Panels (a) and (b) show the total barotropic U- and V-velocity components, respectively; (c) and (d) show the

semi-diurnal U and V components; and (e) and (f) show the diurnal U and V components.

tions, and forcing parameters. Using a uniform Chezy of

30 m s−1/2 yielded poor performance, particularly for the

v-component (RMSD=2.48 cm s−1). Increasing Chezy

to 40 m s−1/2 improved correlation, but RMSD remained

high. Implementing low wind drag coefficients and Neu-

mann boundaries (R4–R5) enhanced correlations, while

wave forcing with high Chezy overdamped currents. Intro-

ducing spatially varying Chezy with appropriate northern

and southern boundary conditions (R6–R7) substantially

improved correlations (U=0.90, V=0.74), but improve-

ments are needed in RMSD and bias. To achieve a phys-

ically realistic representation of coastal currents, wave

forcing was incorporated, which further reduced RMSD

and enhanced correlation (U=0.91, V=0.84). Sensitiv-

ity experiments confirmed that spatially varying rough-

ness and combined wave-wind forcing are critical for accu-

rately simulating barotropic currents in this region, while

proper boundary specification is essential for model sta-
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Table 3. Comparison between amplitudes and phases of barotropic U and V components measured from P1 using ADCP

with the model.

Amplitude [cm/s] Phase [°]

U components Measured Modelled Measured Modelled Amplitude Diff. Phase Diff.

[°]

M2 2.15 2.33 238.00 258.00 −0.18 −20

S2 1.11 0.83 306.00 301.00 0.28 5

N2 0.20 0.48 198.00 230.00 −0.28 −32

K1 1.70 1.72 046.10 027.30 −0.02 −18.8

O1 0.80 0.12 324.00 244.00 0.68 80

Amplitude [cm/s] Phase [°]

V components Measured Modelled Measured Modelled Amplitude Diff. Phase Diff.

[°]

M2 1.58 0.94 202.00 188.00 0.64 14

S2 1.06 0.24 215.00 168.00 0.82 47

N2 0.54 0.40 219.00 163.00 0.14 56

K1 2.18 1.59 269.00 247.00 0.59 22

O1 0.64 0.54 154.00 58.00 0.10 96.

bility. Based on these findings, subsequent analyses focus

on the R8 configuration with wave, wind, and water level

forcing.

3.2.2 Model comparison in the inner shelf and surf zone
We next compare the simulated tidal currents at the in-

ner shelf with observations. The eastward and northward

components of barotropic tidal currents from both obser-

vation and model are shown in Figure 6. The model shows

a good correlation with observation in the eastward com-

ponent with a value of 0.91 and 0.84 for the northward

component. The RMSD is relatively small for the eastward

component (approximately 0.92 cm/s) and 1.2 cm/s for

northward, despite the bias being positive for the eastward

component (0.18) and negative for the northward compo-

nent (−0.27). The high correlation and low RMSD indicate

that the model captures the tidal currents quite well, es-

pecially in the eastward direction. The small bias in each

component indicates a minor error (slight overestimation

in eastward, slight underestimation in northward), but this

is modest relative to the overall error magnitude.

Harmonic analysis of model-simulated eastward cur-

rents shows that the M2 tidal constituent has the largest

amplitude, followed by K1 and S2 (Table 3). O1 is theweak-

est tidal constituent in the eastward component. This is

similar to the observations. The amplitude difference be-

tween themeasured constituents and themodelwas found

to be within the range of 0.7 cm/s differences. The phase

difference of O1 is somewhat high when compared to the

results of the remaining constituents, which are nearly in

phase with the measurements. In the case of the north-

ward component, the model predicted that the weakest

constituent is S2 and the strongest is the diurnal compo-

nent K1, followed by M2, O1, and N2. When comparing the

model and measurements, the phase difference is signif-

icantly larger, especially for the N2 and O1 components,

even though the amplitude differences of these compo-

nents are less than 0.2 cm/s (Table 3).

Barotropic currents extracted from the model simu-

lation were compared with surf zone observations. The

model fails to reproduce currents in the tidal band more

accurately, like the inner shelf in the surf zone, where its

performance is relatively poor. To evaluate the model’s

ability to simulate the semidiurnal and diurnal bands, the

simulated currents were compared with observations at

these frequencies. In the surf zone, the model predicted

barotropic currentswith a correlation of 0.48 and anRMSD

of 1.24 cm/s for the eastward component and a correlation

of 0.46 with an RMSD of 1.3 cm/s for the northward com-

ponent (Figure 7a,b). In both the semidiurnal and diurnal

bands, the model slightly overestimated the current ampli-

tudes, and a noticeable phase shift was observed relative

to the measurements.

3.2.3 Spatial characteristics of tidal currents
Ellipse parameters estimated from the model and obser-

vation at the inner shelf is first compared (Table 4). The

model successfully predicts the direction of propagation

of tidal currents in the inner shelf region, closely aligning

with the measured components. The model slightly under-

estimates the semi-major axis of the M2 constituent (2.35

cm/s) compared to the measured value (2.55 cm/s) and

overestimates the semi-minor axis (0.88 cm/s modeled vs.

0.78 cm/s measured), while exhibiting a significant phase

shift of 35°. For the K1 component, the model also slightly

underestimates the semi-major axis (2.20 cm/s modeled

vs. 2.59 cm/s measured) but shows a closer alignment in

phase (140.22° modeled vs. 137.52° measured).

Figure 8 shows the spatial distribution of M2 and K1

ellipses in the inner shelf. The M2 ellipse of the tidal cur-

rent shows that the current propagate in the cross-isobath

direction. Whereas the diurnal component K1 propagates
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Table 4. Barotropic tidal ellipse parameter comparison with model for major tidal constituents M2, S2, N2, K1, and O1.

Location: Semi  Major Semi Minor Angle Phase

Inner shelf [cm s−1] [cm s−1] [°] [°]

Components Measured Model Measured Model Measured Model Measured Model

M2 2.55 2.35 0.78 0.88 34.47 9.13 35.94 70.10

S2 1.11 0.85 1.06 0.17 −1.18 −11.36 90.11 −227.19

N2 0.57 0.53 0.07 0.33 70.55 32.50 −20.84 −293.26

K1 2.59 2.20 0.97 0.79 −54.47 −41.91 137.52 140.22

O1 1.02 0.55 0.09 0.01 −38.73 −77.47 −190.15 −173.98

Figure 8. The spatial distribution of a) semi-diurnal (M2) and b) diurnal (K1) barotropic tidal ellipse (blue circle) from

the model. The red circles represent the measured ellipse at P1.

along isobaths at the inner shelf. However, in the surf zone,

both constituents show similar directions of propagation.

But the magnitude of the semidiurnal component is only

2.55 cm/s, which is half of the observed magnitude at the

continental shelf by Subeesh et al. (2013), and diurnal

component K1 exhibits a magnitude of 2.59 cm/s.

3.2.4 Role of winds in semidiurnal and diurnal barotropic
currents

Two model sensitivity experiments-one with tides only

and another with winds only-were conducted to examine

the influence of wind on barotropic currents in the semidi-

urnal and diurnal bands over the inner shelf and surf zone.

Power spectra were calculated at each grid point using

one-month model output from the two simulations. Fig-

ure 9 presents the spectra of the eastward and northward

velocity components in the inner shelf and surf zone moor-

ing locations. On the inner shelf, the tide-only run exhibits

well-defined peaks in both semidiurnal and diurnal fre-

quency bands (Figure 9a). In contrast, the wind-only run

shows elevated energy in the diurnal band of the north-

ward component, but without a distinct peak. These re-

sults suggest that winds play only aminimal role in driving

semidiurnal and diurnal barotropic currents on the inner

shelf. Within the surf zone, the tide-only simulation shows

elevated spectral peaks in the semidiurnal band compared

to the wind-only case (Figure 9b). Nevertheless, the pres-

ence of non-negligible energy in the semidiurnal band of

the wind-only run points to the contribution of semidi-

urnal winds in driving semidiurnal barotropic currents.

In the diurnal band, however, the wind-only simulation

exhibits markedly higher energy than the tide-only run,

highlighting the dominant influence of winds on diurnal
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Figure 9. Power spectral density of the barotropic current components modelled at the (a) inner shelf and (b) surf zone

with forcing wind alone and tide alone.

barotropic currents in the surf zone. To investigate the

influence of wind on semidiurnal and diurnal barotropic

currents within the model domain, the spatial distribution

of band-averaged spectral energy from two simulations

is presented in Figure 10. In the wind-only simulation,

diurnal-band energy is broadly distributed across the surf

zone (Figure 10c), whereas semidiurnal-band energy ap-

pears more localized, confined to discrete patches (Fig-

ure 10d). On the inner shelf, wind has a comparatively

weaker effect on both semidiurnal and diurnal barotropic

currents. To further quantify wind and current interac-

tion, band-pass filtered time series were extracted for di-

urnal and semidiurnal frequency bands, and correlation

coefficients and variance contribution rates were com-

puted separately for the inner shelf and surf zone. On

the inner shelf, correlations between diurnal wind and

current components are moderate (r = 0.44 for U and

r=−0.61 for V),while correlations for semidiurnal U andV

are ranged from r=0.46 to 0.64. These correspond to vari-

ance contributions of approximately 19–41%, indicating

thatwind exerts a secondary, modulating influence on tidal

currents, with astronomical tides remaining the dominant

forcing. Whereas at surf-zone currents exhibit markedly

stronger wind-current coupling. The v-component shows
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Figure 10. Power spectral density of the eastward barotropic current showing diurnal and semi-diurnal frequency bands

under different forcing scenarios. Panels (a) and (b) correspond to spectra when the model is forced only by tide, while

(c) and (d) correspond to spectra when forced only by wind.

very high correlations with wind at both diurnal (r= 0.97)

and semidiurnal (r = 0.93) frequencies, explaining over

85% of the variance. The u-component displays weaker

and partly anti-phase correlations, particularly at semidi-

urnal frequencies (r=−0.52).

3.2.5 Influence of waves in diurnal variability in surf zone

Observations indicate pronounced diurnal variability in

surf zone currents, with maximum current speeds occur-

ring during daytime hours. This variability is closely asso-

ciated with changes in wave direction and wave amplitude
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Figure 11. Hourly climatology of significant wave height (a) and mean wave direction (b) measured in the Surf zone,

along with mean wind speed (c) and mean wind direction (d) during 19–25 January 2017.

(Figure 11a,b). To investigate the diurnal variability of

barotropic currents in the surf zone and assess the roles of

significant wave height and wave direction in this variabil-

ity, hourly climatology from the model simulations at the

surf zone location were analyzed. The model results show

that wave height gradually increased from 00:00 to 12:00

hours, peaked around 15:00 hours, and subsequently de-

clined. A similar diurnal pattern was evident in the resid-

ual current climatology, with current speeds increasing

alongside wave height, reaching a maximum of 6.5 cm/s

near midday, and decreasing thereafter. This daytime in-

tensification of currents is well captured by the model and

is consistent with observations. However, observations

suggest that surf zone current variability is more strongly

correlated with wave direction than with wave amplitude.

In the model this relation is not well evident, as the wave

direction is more or less similar in the model, which is

coming from the southwest direction. Further, a sensitivity

experiment with and without wave forcing was performed

to understand the role of wave parameters in surf zone cur-

rents. A marked reduction in current magnitude is noted

in the surf zone currents without wave forcing (Figure 12),

indicating the importance of wave parameters in determin-

ing surf zone currents.

4. Discussion and conclusion
This study presents a comprehensive analysis of mooring

observations of currents, winds, and tides in the shallow

coastal waters off Goa. Spectral analysis reveals signifi-

cant energy in both the semidiurnal and diurnal frequency

bands for winds and currents in the inner shelf. The pro-

nounced diurnal peak in the wind spectrum is likely asso-

ciated with the land-sea breeze system, consistent with

previous studies (Allouche et al., 2023). While the semidi-

urnal and diurnal peaks in barotropic currents are typically

attributed to tidal forcing, the concurrent presence of wind

energy in these bands highlights the need for a detailed

examination of the influence of winds in these two bands.

Understanding the relative contributions of tidal and wind

forcing in these frequency bands is essential for accurately

characterizing coastal dynamics in this region.

Tidal components of the currents in the inner shelf

were extracted using harmonic analysis. Among the con-

stituents, M2 and K1 were found to be the most energetic

in the region, with amplitudes of approximately 2.5 cm/s

on the inner shelf. The M2 amplitude is lower than values

previously reported on the shelf off Goa (∼5 cm/s; Subeesh

et al., 2013). In contrast, the K1 constituent is stronger

on the inner shelf than at the shelf off Goa (∼1.5 cm/s;

Subeesh et al., 2013). Tides in both bands propagate pre-

dominantly across isobaths, similar to those on the shelf

(Subeesh et al. 2013). However, in the surf zone, currents

in the tidal band propagate primarily along isobaths.

The hourly climatology of inner-shelf residual currents

and wind speed indicates that both intensify during night-

time. Likewise, the hourly climatology of wave height in

the surf zone also intensifies at night. A previous study

by Aboobacker et al. (2014), based on wave modeling

and measurements during May 2005, reported that sea

breeze is strong along the Goa coast within ∼45 km and

plays a major role in generating wind waves. However, our

measurements indicate that strong land breezes signifi-

cantly influence both barotropic currents and wave height.

Regarding the diurnal cycle, Vethamony et al. (2011) re-

ported that the sea breeze reaches its maximum between

15:00 and 18:00 hrs in the northwest direction, but our ob-

servations in January show that during this period, the sea
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Figure 12. Hourly climatology of predicted surf-zone currents and associated forcing. The plots show the hourly

climatology under two model configurations: with waves (red line) and without waves (black line) (a). Second panel

shows the hourly climatology of the significant wave height (b) and the third mean wave direction (c).
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breeze is predominantly directed towards the southeast.

The Delft3D hydrodynamic model, forced with tide,

wave, andwind, is implemented for the inner shelf and surf

zone to simulate barotropic currents in semidiurnal and di-

urnal bands. Various sensitivity analyses are performed to

obtain optimummodel settings to capture these currents.

Sensitivity analysis of the Delft3D model extensively stud-

ied the effect of varying drag coefficients and roughness

formulae and boundary conditions on prediction of tidal

currents (RahmanandVenugopal, 2017; Pasmaet al., 2024;

Okon et al., 2025). Similarly, sensitivity analyses in this

study revealed that small changes in bottom roughness,

wind drag coefficients, and boundary conditions can sig-

nificantly impact the performance of the model, especially

when we considered spatially varying bottom roughness.

Including wave forcing improved model realism, show-

ing the importance of wave-current coupledmodels to rep-

resent the shallow water dynamics in this region. Numer-

ous researchwere discussed this interaction before: Allard

et al. (2008), studied the Portuguese coast; Uchiyama et al.

(2010), the California coast; Hopkins et al. (2016), south-

ern shoreline of Martha’s Vineyard; Song et al. (2020),

southwestern Bohai Bay, China.

Sensitivity experiments with and without wind forcing

showed the significant impact of winds on semidiurnal

and diurnal currents in the surf zone. However, this effect

is minimal in the inner shelf barotropic currents in these

bands. Therefore, for accurate prediction of currents in

the surf zone, it is essential to consider wind parameters

in addition to wave and tidal forcing. Rafiq et al. (2020)

also studied the effect of land-sea breeze on surface cur-

rent in the southwest coast of Australia, where the surface

currents near the coast show better correlation with wind.

This studyalsohighlights the critical role ofwaveheight

and direction in driving currents within the surf zone. Ob-

servations indicate that daytimepeaks in current speed are

primarily associated with the prevailing wave approach

angle and, to a lesser extent, wave height. However, as

these findings are based on only five days’ of fieldmeasure-

ments, they cannot be considered conclusive. However,

model simulation data from the surf zone indicates that

wave height and direction have a significant influence on

current speed, with stronger currents being produced by

obliquely incident waves and increases in wave height dur-

ing the day. Prakash et al. (2021) stated that nearshore

currents in the north Goa region were influenced by pre-

vailing wave and tide characteristics. And the influence of

wave direction on longshore currents and sediment trans-

port along the east coast of India was also reported by

Balaji et al. (2019).

Overall, the study highlights the importance of includ-

ing wind, and tide in addition to other forcing parameters

when modeling the circulation in surf zone regions. It

might be highly advantageous to use the Delft3D model

to more precisely forecast how tidal currents will spread

from the inner shelf to the coastal dynamics of the surf

zone. As future work, a 3D baroclinic tidal model has to

incorporate more consistent measurements from the surf

zone to gain more understanding of cross-shore interac-

tions and the dynamic exchange between the inner shelf

and the surf zone. The complex interactions among tides,

winds, and waves in shallow coastal regions necessitate

detailed monitoring through comprehensive observations

and high-resolution coastal modeling to ensure environ-

mental sustainability.
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