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The dynamic coastal environment comprising of near-shore zone and beach continuously undergoes
substantial morphological changes due to man-made and natural processes. These processes are always
mutually dependent and therefore understanding their physical mechanisms is complicated. In this study,
an attempt has been made to understand the physical interactions between the waves, tides and currents in
the near-shore regions of four major tourist beaches of Goa using Beld measurements and numerical modelling. The state-of-the-art instruments were deployed at 6 m water depth, for a fortnight at each beach for
two seasons in 2018. In-situ depth data were collected along the 8 km stretch covering Baga to Sinquerim
using a mechanised boat equipped with an Echo sounder and a differential global positioning system. A
coupled Delft3D model was set up with the model domain created using in-situ bathymetry soundings, beach
proBles’ elevation and naval hydrographic chart data. Model simulations were performed for two seasons
(Jan–Feb) for calibration and (Oct–Nov) for validation by forcing the FLOW and WAVE models with timevarying water levels obtained from the TOPEX/POSEIDON global tide model, wave parameters from
European Centre for Medium-range Weather Forecasting data and the measured wind data. The model
results were validated by comparing the significant wave height, current speed and water level with the insitu data. From these experiments, it has been observed that near-shore parameters change significantly
with the season and are mutually interactive. Especially, the near-shore currents are varying according to
the wave heights and water level variations (due to tides). The Delft3D model is capable of addressing the
near-shore processes with a good level of accuracy. However, Bne-tuning the model parameters with more
seasonal data would help in addressing several coastal processes for any future datasets and therefore could
be utilised for investigating and forecasting near-shore processes.
Keywords. Near-shore processes; delft3D; currents; waves; tides; beach changes.
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1. Introduction
Since ancient times, coastal and near-shore areas
have been used by man for many activities such as
Bshing, navigation, transportation, mineral exploration, entertainment, etc. Dynamic coastal environments are frequently aAected by anthropogenic
processes, coastal exploitation and climate changes
(Zarzuelo et al. 2015; Dai et al. 2016; Xu et al.
2016). The potential impact on the coast due to
these local and global forces include coastal erosion, Cooding, storm surge, sea level and temperature rise, altering coastal biodiversity, etc. (Feagin
et al. 2005; Parab et al. 2011; Sydeman et al. 2014;
Klingbeil et al. 2018). The coastline is naturally
acted upon by the waves, tides, currents and winds;
thereby undergoing continuous changes. Coastal
physical processes are related to several factors
aAecting near-shore hydro and morphodynamics
(Carter 1988). Wave propagation and transformation in the near-shore region generate waveinduced currents and the associated sediment Cuxes,
which in turn produce a speciBc response of coastal
morphology (Horikawa 1988; Short 1992; Wolf and
Prandle 1999; R
oz_ y
nski, et al. 2001; Treffers 2008).
The near-shore currents are of particular interest in
coastal engineering as they are the primary transport mechanisms of materials in the coastal environment (Sasaki and Horikawa 1978; Basco 1983;
Karambas and Samaras 2017). These processes are
always mutually dependent and constitute a
sophisticated system of non-linear interactions.
Accurate monitoring and management require
repetitive data collection. Long-term measured data
on any one of the above driving forces is rarely
available oAshore or near the coast. The traditional
surveying techniques may not be optimal in coastal
environments because the instruments used are
typically constrained by sea state, logistic restrictions and operating costs (Leu and Chang 2005).
Therefore, to understand the accurate physical
mechanisms, one should employ combined eAorts of
Beld observations and numerical modelling.
Numerical models oAer an in-depth analysis of
coastal hydrodynamics, morphological changes due
to waves, currents and other oceanic processes with
the input of sufBcient and accurate data collected
from Beld measurements (Ji 2008; Zalesny et al.
2016; Belibassakis and Karathanasi 2017; George
and Kumar 2019). It also acts as an eAective tool
to reconstruct past events and capable to forecast
the dynamic coastal and near-shore states
(Klingbeil et al. 2018). A complete coastal dynamic
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characterisation and future conditions assessment
could be achieved through results from numerical
models (Iglesias et al. 2019). Numerical modelling
suites can simulate several physical processes such
as bathymetry, tidal dynamics, current velocity,
bed friction, river discharge, sediment transport,
etc. Hydrodynamic models can accurately reproduce water levels and current velocity (Ren et al.
2015; Rueda et al. 2020a; Iglesias et al. 2019) and
are able to study the shoreline response on sandbar
dynamics (Bouvier et al. 2017). Small-scale coastal
models are extensively used in the simulation of
coastal processes, including waves, currents, water
level changes in addition to the regional circulations that involve the interaction of ocean current
with the irregular bathymetry and complex
boundaries (Fringer et al. 2006).
This study aims to understand the physical
interactions of various near-shore processes and
simulate the hydrodynamic environment of the
near-shore region of the North Goa coast, using
Delft3D software. Many researchers worldwide
have successfully implemented Delft3D to study
various coastal processes (Elias et al. 2001; Luijendijk 2001; Van Rijn and Walstra 2003; Treffers
2008; Rueda et al. 2020a, 2020b). The wave, tidal
and current information are equally useful in
designing various coastal development including
recreational activities, construction of coastal protection measures, etc. (Mishra et al. 2014; Chitrakar et al. 2020). This research also aims to
compare the in-situ measurements with the results
from Delft-3D FLOW and WAVE models.

2. Study area and climate
The state of Goa is located in south-western India
between the states of Karnataka and Maharashtra
encompassing an area of 3702 km2. It lies between
the latitudes 14°530 5400 –15°400 0000 N and longitudes
73°400 3300 –74°200 1300 E. The coast hosts some of the
Bnest beaches in India attracting many tourists
worldwide mainly from European countries. Most
people visit beaches during November–March. It is
bordered by the Western Ghats on the east and the
Arabian Sea on the west. The 165 km coast trends in
the NNW–SSE direction and consists of sandy beaches interrupted by rocky headlands and river
mouths of Zuari and Mandovi (Wagle 1995; Chandramohan et al. 1997). These rivers are fed by the
southwest monsoon rain and their basin covers 69%
of the state’s geographical area.
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The study area contains four beaches from Baga
on the north and Sinquerim on the south lying
between 15°330 5000 –73°440 5100 N and 15°290 2600 –
73°460 1100 E stretching around 7.5 km (Bgure 1).
This coastal stretch is exposed to high-energy
ocean swells approaching from 230°to 270°with the
variation of significant wave height between 0.8
and 5 m (mean = 1.8 m) (Kumar et al. 2000;
Vethamony et al. 2011). During the southwest
monsoon, wave heights exceed 2.5 m at Candolim,
whereas at other beaches it is around 1.5 m
(Chandramohan et al. 1992b, 1997). In general, the
beach foreshore is wide and steep at its extreme
ends. It is backed by well-developed dunes at some
places. The beach width varies between 50 and
180 m and trimmed with 110 m high dunes
(Mascarenhas 1998; Wilson et al. 2014). Candolim
beach has a well-developed backshore with a
prominent berm than Calangute beach. The dunes
at Calangute beach vary in length from 0.5 to 10 m
height. The foreshore width of Calangute ranges
around 4060 m, whereas Baga beach is relatively

narrow with a backshore of few meters wide and
moderately steep foreshore (Veerayya and Varadachari 1975; Murty et al. 1982; Tripati 2002).
Earlier studies reveal the existence of prominent
rip current occurrence along this stretch (Antony
1976; Kumar et al. 1989; Chandramohan et al.
1992a, b, 1997). The region experiences mixed
semi-diurnal tides in the meso-tidal range of 2.3 m
(Veerayya et al. 1981). The tidal range varies
between 2 and 3 m. The coastline is almost straight
with sediment ranging from Bne to gravel sized in
Calangute and Bne to silty sand up to 7.5 m water
depth in Baga (Ansari and Ingole 2002). As the
entire 7 km stretch is popular for water sport
activities recreation, and many beach resorts, it is
ideal to study the surf zone dynamics as a concern
for public safety.
3. Field measurements
A systematic collection of hydrodynamics data
over different locations of the coast of different
seasons is a critical element in any study, since
the information on the hydrodynamic forcing
factors such as waves, currents, etc., plays an
important role in evaluating the present condition. The understanding of near-shore dynamics
yet remains limited, partly because synoptic
coverage for a long duration is still tedious and
expensive. This section presents the details of the
extensive Beld measurements undertaken along
North Goa beaches.
3.1 Waves, currents and tide data

Figure 1. Goa study region with red circles showing the beach
locations; the shaded region shows the gridded in-situ
bathymetry collected during the Beld campaign. The locations
of the instrument moorings at 6 m depth are shown in crossed
green circles. The background image is the RGB composite of
Sentinel-2 data.

All the near-shore parameters such as waves, tides,
currents were measured for 15 days in each season at
each beach station during the two phases by
employing various sophisticated instruments. An
InterOceanÒ S4ADW Directional wave and current
meter (hereafter S4) and SeabirdÒ SBE26 wave and
tide recorder (hereafter WTG) were used to measure
waves, currents and tides (water level). They use
high-precision pressure sensors to measure the water
surface elevations. These water surface elevations
are then subjected to spectral analysis to obtain the
wave parameters. Wave parameters (significant
wave height, mean wave period and wave direction)
were recorded at 30 min intervals. In addition to S4
instrument, currents were also measured using
AanderaaÒ Recording Current Meter 9 (hereafter
RCM) at 10 min intervals. Tides were measured
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Table 1. Deployment strategy of several instruments at Baga, Calangute, Candolim and Sinquerim beaches in two seasons of
2018.
Instrument
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM
S4
WTG
RCM

Nearest
station
Baga
Baga
Baga
Calangute
Calangute
Calangute
Candolim
Candolim
Candolim
Sinquerim
Sinquerim
Sinquerim
Baga
Baga
Baga
Calangute
Calangute
Calangute
Candolim
Candolim
Candolim
Sinquerim
Sinquerim
Sinquerim

Latitude
0

00

15°33 13.1 N
15°330 13.100 N
15°330 13.000 N
15°330 13.100 N
15°320 29.600 N
15°320 28.400 N
15°300 43.600 N
15°300 43.600 N
15°300 39.100 N
15°300 08.400 N
15°300 17.200 N
15°300 09.800 N
15°330 14.400 N
15°330 35.800 N
15°330 35.800 N
15°320 31.300 N
15°320 29.100 N
15°320 29.100 N
15°300 43.800 N
15°310 0.300 N
15°300 46.500 N
15°300 14.400 N
15°300 16.800 N
15°300 16.800 N

Deployed on
(UTC)

Longitude
0

00

73°44 51.8 E
73°440 51.800 E
73°440 51.000 E
73°440 51.800 E
73°450 4.900 E
73°450 02.800 E
73°450 39.900 E
73°450 39.900 E
73°450 38.100 E
73°450 50.800 E
73°450 57.700 E
73°450 48.100 E
73°440 53.900 E
73°440 58.300 E
73°440 58.300 E
73°450 05.200 E
73°440 59.500 E
73°440 59.500 E
73°450 37.200 E
73°450 45.800 E
73°450 32.300 E
73°450 46.100 E
73°450 58.100 E
73°450 58.100 E

2/7/2018 09:21
2/7/2018 09:21
2/7/2018 09:44
2/7/2018 09:21
1/31/2018 14:30
1/31/2018 14:34
1/24/2018 10:30
1/24/2018 10:20
1/24/2018 10:09
1/16/2018 17:00
1/17/2018 16:49
1/16/2018 17:14
11/7/2018 10:00
11/7/2018 10:20
11/7/2018 10:09
10/30/2018 10:30
10/30/2018 10:20
10/30/2018 10:03
10/23/2018 10:23
10/23/2018 10:30
10/23/2018 11:04
10/15/2018 11:50
10/15/2018 12:00
10/15/2018 12:10

using WTG at 10 min intervals. The WTG has a
standard Quartzonix pressure sensor and a temperature sensor that can accurately record data by
continuously integrating the pressure samples to
obtain the water level measurements unaffected by
the wave action. The details of instruments used,
deployment locations and time periods are provided
in table 1. Instruments being ready just before
the deployment are shown in Bgure 2. All the
instruments were tested and calibrated before each
deployment.
The instruments were deployed simultaneously at
the same location at 6 m water depth, with spacing
around 1000 m in the alongshore direction, for a
fortnight oA Sinquerim–Candolim beach stretch and
another fortnight oA Calangute–Baga beach stretch
(totalling 30 days Beld measurements per season).
These measurements were carried over two different
seasons, i.e., Jan–Feb 2018 and Oct–Nov 2018. As
the west coast is extremely vulnerable during the
monsoon season (June–September) (Chandramohan et al. 1997), Beld measurements were not carried
out during the season. One month of Beld observations is enough to understand the physical interactions of various coastal and near-shore processes in

Retrieved on
(UTC)
2/15/2018 10:00
2/15/2018 10:20
2/15/2018 09:58
2/15/2018 10:00
2/7/2018 08:55
2/7/2018 08:44
1/31/2018 08:30
1/31/2018 12:30
1/31/2018 13:29
1/24/2018 09:00
1/24/2018 13:30
1/24/2018 08:59
11/14/2018 10:35
11/14/2018 09:40
11/14/2018 9:40
11/7/2018 08:30
11/7/2018 09:30
11/7/2018 8:48
10/30/2018 9:31
10/30/2018 08:40
10/30/2018 9:12
10/23/2018 9:44
10/23/2018 9:30
10/23/2018 9:50

Waves Tides Currents
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–

–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–
–
X
–

–
–
X
–
–
X
X
–
X
X
–
X
X
–
X
X
–
X
X
–
X
X
–
X

any beach. To obtain information about these processes for other seasons, a well-calibrated numerical
model can be used.
3.2 Beach and near-shore morphology
Beach proBles were taken along few selected transects within the study region, at a monthly interval
to study the beach dynamics. These proBles were
monitored using a surveyor’s dumpy level
(Theodolite) mounted on a tripod stand and a staA
system covering the berm, beach face, shore face
and intertidal zones of the beach, by establishing
permanent benchmarks at each beach and by
measuring the height of the beach level at every
2 m in the cross-sectional direction. When the
beach is relatively Cat, cross-sectional measurements were taken at 5–10 m intervals. Around Bve
beach proBles were monitored at each beach to
reconstruct the beach morphology. A hand-held
global positioning system (GPS) was used to
occupy the same benchmark every time during Beld
campaigns.
Near-shore morphology (bathymetry) was measured during the high-tide period in January 2018
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Paula, which is nearly 20 km away from the study
site. The data are available from January 2017 to
March 2019 at 10 min intervals. AWS also gives air
temperature (°C), relative humidity (%), atmospheric pressure (hPa), solar radiation (mW/
sq.cm) and rainfall (mm). However, only wind
speed and direction data were used in this study for
the modelling analysis.

4. Numerical modelling
4.1 Model description and setup

Figure 2. (a) InterOceanÒ S4DW for measuring waves and
currents, (b) AanderaÒ RCM9 for measuring currents, and
(c) SeabirdÒ WTG inside a frame for measuring waves and
tides before deployment.

and November 2018 using a CEESCOPEÒ system,
which contains a differential GPS (DGPS) and an
echo sounder. The vertical accuracy of the echo
sounder is 1 cm ± 0.1% of depth; the horizontal
accuracy of position from DGPS is around ± 1 m.
The echo sounder is equipped with an inertial
motion unit (IMU) sensor to record the threedimensional motion. This sensor oAers an accuracy
of ±0.1°in roll and pitch over 360°, 1 degree in
heading and ± 5 cm in heave. The impact of waves
has been accounted for by correcting the echosounder depths using the heave data from the IMU
sensor following the procedure adopted by Dugan
et al. (2001). The tidal oAset correction in depth
was carried out by using nearby tide gauge data at
Mormugao Port (15.375°N, 73.839°E). The measurements of beach proBles and near-shore depths
were taken simultaneously during the wave and
current instrument deployment periods.

3.3 Wind data
Wind speed and direction were obtained from an
Automated Weather Station (AWS) installed at
the National Institute of Oceanography, Dona

The Delft3D modelling suite was developed by
Deltares for multi-disciplinary and multi-dimensional computation of estuarine, coastal and river
areas (Deltares 2016). Delft3D is a sophisticated
three-dimensional modelling system with an integrated depth option (2D) capable of providing
wave, current and sediment transport depictions
(Dykes et al. 2003; Hsu et al. 2006; Gerritsen et al.
2007). Delft3D is a modular build numerical
modelling program in which different modules
interact with each other. Each module focuses on
a different process, i.e., the Cow of water, waves,
sediment transport, morphological behaviour and
ecology and water quality. As the focus of the
present study is to predict the hydrodynamic
parameters within the near-shore region, FLOW
and WAVE modules were used in this study in
online coupling mode. This mode enables the twoway interaction between the FLOW and WAVE
modules at a speciBc interval. The online
coupling is important since these processes are the
consequence or enhanced by the wavecurrent
interaction.
The model grid was set up in a spherical coordinate system and prepared using the RGFGRID
tool of Delft3D. The grid was spatially discretised
with grid size varying dx = 85 m, dy = 191 m in the
oAshore region, dx = 81 m, and dy = 81 m in the
near-shore. It covers 453 grid points in the M
direction (i.e., eastward) and 201 grid points in the
N direction (i.e., northward) totalling an area of
11.48 km916.64 km. The bathymetry of the study
area was obtained by merging the near-shore
measured bathymetry data (up to 10 m depth),
beach elevation data (all land points) and a digitised naval hydrographic chart no. 2020 as shown
in Bgure 3. This was generated using the QUICKIN
tool. In this study, the maximum depth is limited
to 35 m.
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Figure 3. Model domain prepared using in-situ depth data, beach elevation data and NHO chart data covering the study region.
Depth data are referenced to chart datum.

Figure 4. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Baga during February 2018. Highlighted portions are the periods, where a stronger relationship
between waves, tides and currents observed.

The ultimate goal was to run the FLOW and
WAVE model for the SinquerimBaga stretch in
the North Goa region, which would simulate water

level, currents and waves spatially and temporally.
The western part of the model domain was treated
as an open boundary, with water level and zero
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Table 2. Statistics of measured wave, current and water level (tide) parameters at 4 locations during Jan–Feb 2018.
Baga

Parameter
Min.

Max.

Hs (m)
0.15
0.68
Tz (s)
6.57 11.99
Dir (deg.)
224.7 276.4
Current speed
0.0
0.32
(m/s)
0.35 359.6
Current
direction
(deg.)
u-velocity
 0.14
0.20
(m/s)
v-velocity
 0.26
0.17
(m/s)
Water level (m)
0.45
2.07

Calangute
Mean/
Stdev
0.38
9.67
262.1
0.05
189.0

Candolim

Max.

Mean/
Stdev

0.08
0.77
7.19 13.06
196.5 270.9
0.0
0.24

Min.

0.0

359.7

Sinquerim

Max.

Mean/
Stdev

0.38
10.13
247.6
0.06

0.32
1.13
4.23
7.90
5.56 356.6
0.0
0.31

205.2

0.0

Min.

359.7

Max.

Mean/
Stdev

0.52
5.70
255.0
0.08

0.26
0.86
4.05
8.19
8.7 357.5
0.0
0.20

0.45
5.75
256.5
0.05

177.8

0.0

160.5

Min.

359.7

0.03

 0.24

0.11

0.02

 0.22

0.19

0.03

 0.14

0.17

0.02

0.05

 0.10

0.19

0.04

 0.20

0.27

0.08

 0.19

0.17

0.05

0.06

2.31

–

0.08

2.23

–

0.32

2.16

–

–

Table 3. Statistics of measured wave, current and water level (tide) parameters at 4 locations during Oct–Nov 2018.
Baga

Parameter
Min.

Max.

Hs (m)
0.28
0.55
Tz (s)
4.5
8.8
Dir (deg.)
58.8 284.4
Current speed
0.0
0.17
(m/s)
0.0 359.3
Current
direction
(deg.)
u-velocity
 0.12
0.12
(m/s)
v-velocity
 0.16
0.10
(m/s)
Water level (m)
0.13
2.18

Calangute

Candolim

Sinquerim

Mean/
Stdev

Min.

Max.

Mean/
Stdev

Min.

Max.

Mean/
Stdev

0.40
6.09
253.8
0.04

0.24
0.74
4.2
9.6
42.4 355.9
0.0
0.23

0.43
6.99
258.5
0.06

0.01
0.98
4.4
10.4
42.8 348.7
0.0
0.21

198.5

0.0

359.7

198.2

0.0

359.68

Max.

Mean/
Stdev

0.56
7.49
249.4
0.07

0.30
0.97
5.1
9.1
146.8 268.5
0.0
0.18

0.51
6.91
237.8
0.05

175.2

0.28 359.9

161.1

Min.

0.02

 0.12

0.11

0.03

 0.14

0.10

0.03

 0.11

0.06

0.02

0.03

 0.19

0.22

0.07

 0.17

0.21

0.07

 0.13

0.18

0.06

0.26

2.11

–

0.13

2.20

0.62

1.94

–

reCection parameters as inputs. Hydrodynamic
forcing type was taken as time-series input for the
Cow module. The time-series water level data were
obtained from TPXO global tide model and used to
force the FLOW model boundary.
Only one layer in the vertical direction was
selected to make the model a true shallow water
equation model. The Earth’s acceleration due to
gravity was set to 9.81 m/s2 and the water density
was set at 1024 kg/m3. The processes of wind,
waves and sediments that inCuence the hydrodynamic simulations were activated. Non-cohesive

sediment with a mean diameter (D50) of 200 lm
and a speciBc density of 2650 kg/m3 were used in
the morphological simulations. The eAect of wind
for the study region was activated by giving timeseries wind data (wind speed and direction)
obtained from the NIO AWS at 10-min intervals.
The roughness formula used was Chezy’s formula
with uniform U and V components having a value
equal to 120. Stress formulations due to wave
forces were calculated as per Bijker, and wall
roughness was taken as the free-slip condition.
Background horizontal eddy viscosity and
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diffusivity were set to 1 and 10 m2/sec, respectively. The mean sediment diameter (D50) was set
at 200 lm, and the initial sediment layer thickness
at bed was taken as 5 m. The wind drag coefBcients
at three breakpoints were set to 0.0025.
The wave module was coupled with the Cow
module, to allow transferring information from Cow
and morphology modules to the wave module and
back again. Wave data were obtained from the
European Centre for Medium-Range Weather
Forecasting (ECMWF) that include significant
wave height, mean wave period, mean wave
direction and directional spreading; given as the
wave boundary condition in a wavecon Ble of
Delft3D. Hydrodynamic Cow results of water level,
currents, bathymetry and the wind were used in
the wave domain and vice versa. The model was
recursively calibrated for various physical processes to match the computed data with the measured waves, water level and currents data with
Bnal constants discussed above. The model was
calibrated from January to February 2018; while
the model was validated from October 2018 to
November 2018 based on the new set of the wave,
current and tide data (Bgure 4).

J. Earth Syst. Sci. (2021)130:242
4.2 Statistical evaluation
The performance of the model with respect to the
measured data was assessed by computing Bve
statistical parameters, i.e., bias, root mean square
error (RMSE), mean absolute error (MAE), mean
normalised bias (MNB) and difference median
(DM) (Brando et al. 2009).
Bias ¼ meanðxm Þ  meanðxo Þ;
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
i¼1 ðxm  xo Þ
;
RMSE ¼
n
MAE ¼

n
1X
jxm  xo j;
n i¼1

ð1Þ

ð2Þ

ð3Þ

Pn xm xo 
MNB ¼

i¼1

xo

n

;

DM ¼ medianðxm Þ  medianðxo Þ:

ð4Þ
ð5Þ

Here xm represents the model variable and xo represents the observed variable. The above parameters were derived for each model and observed

Figure 5. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Sinquerim during January 2018.
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Figure 6. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Baga during November 2018.

variables, i.e., wave height, water level and current
velocity. This method permits for a better understanding of the performance of the model that
contributes more to the model’s uncertainty.
5. Results and discussion
5.1 Field observations
The statistics of each physical parameter, i.e., tidal
water level, current velocity vectors, significant
wave height, mean wave period and mean wave
direction at all the four locations during Jan–Feb
2018 and Oct–Nov 2018 are given in tables 2 and 3.
The time series of the same parameters at Baga
and Sinquerim locations are shown in Bgures 4–8.
During JanFeb 2018, most of the waves approached the coast with mean wave direction ranging
between 247°and 262°, having mean wave height
between 0.38 and 0.52 m and mean wave period
between 5.7 and 10.1 s. Candolim recorded the
highest wave height of 1.13 m, where Calangute
recorded the highest wave period of 13.06 s during
this period. The mean current velocity ranges
between 0.05 and 0.08 m/s with the highest

recorded in Baga of around 0.32 m/s. The tidal
range varies between 1.6 and 2.2 m. The highest
tidal range of more than 2 m was observed at all
stations during spring tide, while the range was less
than 1 m during neap tide. The mixed semidiurnal
tide is observed at all the stations, which is typical
along this coast. During Oct–Nov 2018, waves are
approaching predominantly from 250°, with mean
wave heights higher than the previous period
ranging between 0.4 and 0.6 m, highest at Candolim. The mean wave period ranges between 6
and 7 s, shorter than the previous period.
During Jan–Feb, the current with higher
intensity Cow (current [0.2 m/s) towards the
southeast direction (positive u-current and negative v-current) during spring tide shows the
inCuence of tides, strong waves (wave height
[0.8 m) at Baga (Bgures 5 and 6). In particular,
a strong relationship between wave height and
the tide has been observed on 8th, 11th, 12th and
13th February, where u and v currents are
stronger than the remaining period, which were
under the inCuence of stronger wave heights and
water level change as shown in highlighted
regions in the Bgure. At Sinquerim, the inCuence
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Figure 7. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Sinquerim during October 2018.

of tides is seen stronger than the waves (Bgure 5),
where the v-currents are exactly following the
patterns of the risingfalling tidal levels. Stronger currents [ 0.5 m/s were observed as a result
of tides. For larger-scale current variations, the
observed modiBcations of the sea state are mostly
explained by refraction of waves over the nearsurface current (Ardhuin et al. 2012). When the
wave height becomes [0.5 m, its inCuence on the
current pattern is felt. For example, a stronger
positive v-current was observed as a result of the
stronger wave with height [0.9 m on 24th Jan at
Sinquerim. Waves occur in a range of directions
from 190°to 315°at all the stations (Bgure 6),
with higher wave heights recorded at Baga and
Calangute and lower wave heights at Candolim
and Sinquerim during this period.
Similarly, during the Oct–Nov period, stronger
currents were noticed from 7th to 9th Nov at
Baga (Bgure 7), however, wave heights were
\0.4 m. These strong currents might have been
produced due to a stronger tidal level as the
period is closest to the spring tidal phase. During
this period, the wave direction is predominantly
from the same direction (h = 250°) along the

entire stretch excepting Calangute (Bgure 9),
where waves propagate along the coast from the
SSE direction. This could be due to some local
eAects. However, at all the remaining stations,
waves were mostly directed from the SSW
direction with the almost same intensity in wave
energy. The waves are predominantly coming
from 250°and the currents Cow towards
south–southeast direction during the Oct–Nov
period as compared to the Jan–Feb period. These
observations are consistent with the earlier
studies along this coast (Yadhunath et al. 2014).
The intensity and direction of the sea swell and
wind might be the factors that govern near-shore
wave propagation (Kumar et al. 2019). This
proves that the near-shore region is so dynamic
with all the physical parameters that inCuence
each other to form a systematic circulation.

5.2 Beach processes
Due to the combined action of waves, currents and
tides, the beach gets aAected sometimes positively
leading to deposition and negatively leading to
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Figure 8. Wave height rose plots at four locations during (a–d) Jan–Feb 2018 and (e–h) Oct–Nov 2018.
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Figure 9. Cross-sectional beach proBles measured at Baga, Calangute, Candolim and Sinquerim beaches between January and
November 2018. Horizontal distance is measured from a permanent benchmark at each station and the vertical height of the
beach is referenced to the mean sea level.

erosion and shoreline recession. It can be better
noticed when the cross-sectional beach proBles at any
place are considered over at least two-time frames.
Figure 9 shows the beach proBles observed at four
locations along the study region in January and
November 2018. It can be observed that the beach is
relatively stable along the berm region at Baga but
eroding in the foreshore. The shoreline was shifted
around 60 m landward during the study period.
Calangute beach seems relatively stable than the
other beaches. On the other hand, the beach at
Candolim shows deposition from the berm to the
shoreface, whereas Sinquerim shows erosion in the
foreshore region and deposition in the berm. The
shoreline was also shifted landward, however, at a
less distance of around 30 m. This beach elevation
data were used to generate the model domain for
simulations.
5.3 Model results
The Delft3D FLOW and WAVE modules were
recursively calibrated for various physical processes to match the computed results with the
observed wave height, water level and current
data. The Bnal coefBcients or constants used to

calibrate the wave and hydrodynamic models are
discussed in section 4.1. The model was calibrated
from January to February 2018 and validated from
October to November 2018. Time-series waves,
currents and tidal water level data were extracted
at mooring locations (refer table 1) from the model
results and used for calibration and validation
purposes.
The simulated and measured wave heights at
stations Baga, Calangute, Candolim and Sinquerim
are shown in Bgure 10 during the calibration phase
and are shown in Bgure 11 for the validation phase.
The RMSE in wave height during the calibration
phase ranges between 0.04 and 0.13 m, while it
ranges between 0.02 and 0.05 m during the validation phase (table 4). Lower absolute values of
RMSE indicate less residual variance between
model and observation. Very negligible bias
between model and observed wave heights was
observed. The correlation coefBcient varies from
0.72 to 0.99 during the calibration phase. The wave
model performed well with the values very close to
the observations at all the stations with an exception to the Calangute (Bgure 11b) during the calibration phase. The model predicted slightly higher
waves as compared to the observed ones before 3rd
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Figure 10. Time-series and scatter plots of significant wave height at (a) Baga, (b) Calangute, (c) Candolim, and (d) Sinquerim
during model calibration phase (Jan–Feb 2018).

Feb and after 5th Feb at this location. This could
be due to any local phenomenon. The same is also
observed in different current patterns at Calangute (not shown). The relationship between the
modelled and measured wave heights can also be
observed in the scatter plots, where the scatter at
Calangute is broad as compared to the other
scatters. At Baga, the model is slightly underestimating the wave heights for heights above 0.4 m
(Bgure 11a). During the validation phase, the
model has performed excellently with the least
RMSE of 0.02 m observed at three locations, and
correlation coefBcient [ 0.98. The other statistical parameters like bias, MAE, MNB, DM also
show that the model results are consistent with
the observations. Figure 11 shows the time series
of wave heights between observed and modelled
results during the validation phase. It can be
observed that the model has performed excellently during this phase at all the locations under
study. Instantaneous spatial maps of significant

wave height derived from the model are shown in
Bgure 12.
The modelled and observed tidal water levels at
all four locations during the calibration and validation phases are shown in Bgures 13 and 14. The
resulting discrepancies were checked using the
RMSE and coefBcient of determination (R2). It has
been observed that at all the stations, a good
agreement between the simulated and observed
water level was found, with a similar trend of
waxing and waning oscillation; and with RMSE of
less than 0.07 m and R2 greater than 0.95 during
both calibration and validation phases of the
model.
For comparison with the model currents, the
measured currents have been smoothed at the
hourly interval by taking a running average. Since
the model is calibrated well for waves and water
level, currents have been compared at Baga and
Sinquerim locations and shown in Bgure 15. The
magnitudes of the currents time series show a close
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Figure 11. Time-series and scatter plots of significant wave height at (a) Baga, (b) Calangute, (c) Candolim, and (d) Sinquerim
during model validation (Oct–Nov 2018).

agreement between the model results and the
measurements at these stations. Ardhuin et al.
(2012) observed that introducing currents in wave
models can reduce the errors on significant wave
heights by more than 30% in some macrotidal
environments. Despite some discrepancies, the
trend of Cuctuations between the modelled and
measured currents matched. Also, it is to be noted
that we have considered depth-averaged current
velocities for the comparison, which may be different
from the currents at actual depth. Current output at
a particular depth is possible from the Delft3D
model in three-dimensional space, which would be
attempted in future studies. The RMSE of the current velocity at the Baga station was less than
0.15 m/s and the correlation coefBcient is around
0.7. Similarly, the RMSE at Sinquerim was around
0.25 m/s with a correlation coefBcient of around
0.72. Fine tuning the model parameters with more
data are necessary to get accurate results. However,
the model showed a satisfactory agreement between

the simulated and observed current velocities and
highly accurate performance in wave heights and
water levels during the validation period.
6. Conclusions
The wave, tidal and current characteristics in the
near-shore region of North Goa, India were studied
using Beld measurements and Delft3D numerical
model. Field measurements exhibited a mixed
semidiurnal tide, with a tidal range of around 2 m
during the spring tide and 1 m during the neap tide
in the study area. The near-shore currents were
found to be inCuenced by waves and tides, and the
dominance is persistent throughout the study. The
highest wave height recorded was approximately
1.1 m with a wave period of around 11 s. The waves
are predominantly coming from 250°and the currents Cow towards south–southeast direction during the OctNov period as compared to the
Jan–Feb period. These observations are consistent
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Figure 12. Spatial maps of modelled significant wave height (m) over the study region on (a) 31 October 2018 and (b) 15
November 2018.

Figure 13. Observed and modelled tidal water level for the coastal model during calibration phase at four stations.

with the earlier studies along this coast. The
coupled Delft3D WAVE and FLOW models have
been used to simulate the hydrodynamics along
this coastal stretch. The boundary conditions from

ECMWF were imposed on the model domain with
measured winds and TPXO tide data. Modelled
simulations were carried out in two phases, i.e.,
calibration and validation. The measured data on
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Figure 14. Observed and modelled tidal water level for the coastal model during validation phase at four stations.

Figure 15. Validation of modelled currents with respect to measured currents at 6 m depth oA Baga and Sinquerim.

waves and tides were used to calibrate the model to
get satisfactory results and then implemented on
the model to validate with new measured datasets.
The calibration and validation of the model simulations showed an excellent agreement with the
observed waves (RMSE \ 0.02 m; R2 [ 0.98) and

observed tidal water level (RMSE \ 0.07 m;
R2 [ 0.95); and satisfactory agreement with the
current measurements (RMSE \ 0.25 m/s). The
comparison of model results with the measured
data showed that Delft3D is capable of reproducing
the hydrodynamics quite accurately. Combining
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Table 4. Statistics of measured and modelled significant wave height (Hs) during Jan–Feb (calibration) and Oct–Nov 2018
(validation).
Jan–Feb 2018

Parameter
Correlation coefBcient
R2
Bias (m)
RMSE (m)
MAE (m)
MNB (m)
DM (m)

Oct–Nov 2018

Baga

Calangute

Candolim

Sinquerim

Baga

Calangute

Candolim

Sinquerim

0.99
0.98
 0.01
0.04
0.03
 0.02
 0.01

0.72
0.52
0.07
0.13
0.11
0.31
0.09

0.92
0.85
 0.01
0.06
0.04
 0.02
0.00

0.79
0.62
0.01
0.05
0.04
0.05
0.01

0.94
0.89
 0.02
0.02
0.01
 0.04
 0.02

0.98
0.96
0.00
0.02
0.01
0.00
0.00

0.99
0.99
 0.05
0.05
0.05
 0.08
 0.05

0.99
0.98
0.00
0.02
0.02
0.01
0.00

a numerical model and Beld observations can further be used to enrich the knowledge related to the
surf zone and near-shore coastal processes. The
calibrated and validated numerical-model data can
be used for experimental prediction of near-shore
surf zone processes.
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