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ARTICLE INFO ABSTRACT

Keywords: Rip currents are powerful, narrow currents that flow from the shore out to sea, originating within the surf zone
XBeach due to the intricate interplay of waves, tides, currents, and the nearshore bathymetry. These currents pose sig-
Rip currents nificant danger, swiftly transporting swimmers and surfers offshore, resulting in numerous drownings globally.
Eﬁn]:::iccl;l modelling RK Beach in Visakhapatnam has reported a high number of rip current related drowning incidents. This study
Drifters uses the 2D hydrostatic, phase-averaged, surf beat non-stationary mode of the XBeach model to simulate rip

currents under diverse wave and tidal conditions. The primary inputs for the model consist of surveyed beach
profile, nearshore bathymetry, wave fields from a nearby offshore wave rider buoy, and water levels from a tide
gauge. Under nearly shore-normal wave incidence, particularly during the pre- and post-monsoon periods,
intense velocities ranging from 0.5 to ~1.2m/s were observed in the rip neck region, gradually decreasing to-
ward the rip head. The model simulated rip current locations closely match the channels depicted in nearshore
bathymetry, a pattern also observed in high-resolution satellite images, suggesting bathymetrically controlled rip
currents. Model simulations conducted under diverse seasonal hydrodynamic conditions showed close agreement
with field observations, indicating high model reliability in simulating rip current dynamics, with RMSE values of
0.1 m for significant wave height, 0.03 m for water level, 5-10° for peak wave direction, and 0.15 m/s for current
velocity. This is further supported by the strong agreement between the modelled patterns and the observed
drifter velocities, Rhodamine-B dye dispersion, dimensionless fall velocity parameter () and satellite imagery.
This study provides a basis for future simulations with variable nearshore bathymetry derived from satellite or
video sources and accurately predicted hydrodynamics from suitable nearshore models toward developing an
operational rip current forecasting framework.

And satellite images

1. Introduction beyond the surf zone. Rip currents are a leading cause of drowning

worldwide and are responsible for thousands of rescues every year

Rip currents are intense, narrow water flows that transport water
from the shore to offshore regions, typically forming in the surf zone due
to alongshore variations in wave height and resultant radiation stress
(Bowen and Douglas Inman, 1969; Longuet-Higgins and Stewart, 1964).
These variations generate diverse circulation patterns, ranging from
stable closed-loop systems to strong offshore-directed jets extending

(Brander, 2015; Surisetty and Prasad, 2014; Lushine, 1991). These
currents pose a serious risk to beachgoers, as they can quickly drag
swimmers of all skill levels out to deeper waters, leading to panic and
exhaustion that often results in fatalities (Brander and MacMahan, 2011;
Drozdzewski et al., 2012; Drozdzewski et al., 2015). These currents can
reach velocities of 0.3-1 m/s and, under certain conditions, may exceed
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2.5m/s (B. (Castelle et al., 2016); (MacMahan et al., 2006). Rip currents
are often short-lived but can persist for minutes to hours or days or even
months, depending on environmental conditions (Lippmann and Hol-
man, 1989; Sasaki and Horikawa, 1978). Their movement and structure
are strongly influenced by wave height, water levels, coastal bathyme-
try, and prevailing currents, making their behavior complex and difficult
to predict (Brander and MacMahan, 2011).

The foundational theory of rip current dynamics, initially described
by Longuet-Higgins, Stewart (Longuet-Higgins and Stewart, 1964), links
their formation to variations in wave forcing caused by changes in wave
height and the distribution of radiation stress. Bowen, Douglas Inman
(Bowen and Douglas Inman, 1969) expanded on this, proposing that
alongshore variations in wave forcing generate offshore-directed flows.
Dalrymple and Lozano, (Dalrymple and Lozano, 1978) further advanced
the theory, suggesting that rip currents are sustained through
wave-current interactions, where incoming waves refract towards the
currents, altering alongshore radiation stress and driving offshore cir-
culation. Subsequent studies have confirmed that rip currents can
develop due to spatial variations in onshore-directed wave forces, in-
dependent of external influences such as edge waves or pre-existing
wave-current interactions (Caballeria et al., 2002; Kennedy and
Zhang, 2008; Long and Ozkan-Haller, 2016; Suanda and Feddersen,
2015; Yu and Slinn, 2003). These findings challenge earlier models that
focused primarily on wave-driven flows, with more recent work by Long
and Ozkan-Haller, (Long and Ozkan-Haller, 2016), (Castelle et al.,
2016), and (Houser et al., 2011) emphasizing the role of alongshore
variations in onshore wave forces as the primary mechanism for rip
current generation.

Recent advancements in rip-current modeling include high-
resolution simulations and hazard tools. XBeach is widely used for
simulating nearshore dynamics, swimmer escape strategies (McCarroll
et al., 2015), coastal dynamics (Castelle et al., 2014), swimmer safety
(Sembiring et al., 2016), and for rip-current and shore-break hazard
forecasting (Castelle et al., 2014). Other models, such as SWAN (Kumar
etal., 2011) and FUNWAVE (Choi and Roh, 2021; Ji et al., 2023; Jiet al.,
2025; Yuan et al., 2023), porous media models (Ji et al., 2025; Ji et al.,
2025) are applied for wave dynamics and rip-current interactions.
Delft3D (Reniers et al., 2010) models rip currents and coastal processes
in detailed 3D settings, while NOAA’s hazard model (Casper et al., 2024)
provides real-time hazard predictions. These models collectively
enhance rip-current safety and hazard prediction.

To reduce the risks associated with rip currents and improve coastal
safety and recreational management, it is important to predict their
occurrence and variability accurately. Numerical modeling serves as an
effective approach to simulate rip current dynamics and their response
to changing hydrodynamic conditions. To investigate rip current dy-
namics in the surf zone, this study used the XBeach model, which was
originally developed by Deltares and Delft University of Technology in
the Netherlands to simulate beach responses to extreme storm condi-
tions (McCarroll et al., 2015). The model has been extensively applied to
examine hydrodynamic processes within the surf zone, including wave
propagation, currents, sediment transport, and bed changes (Scott et al.,
2016). Its unsteady, directionally resolved wave driver captures the
collective motion of wave groups critical for rip current generation
(MacMahan et al., 2004). XBeach surpasses conventional
phase-averaged models by resolving infragravity (IG) motions and
low-frequency vortical currents induced by wave groups (Yuan et al.,
2023), while incorporating wave breaking, radiation stress, and variable
coastal bathymetry. The 2D, hydrostatic, phase-averaged surf-beat mode
has been extensively validated for simulating surf-zone circulation and
rip currents across diverse coastal settings (Castelle et al., 2014;
McCarroll et al., 2015; Roelvink et al., 2009; Vousdoukas et al., 2011).
The hydrostatic approximation remains appropriate for shallow surf
zones where non-hydrostatic effects are secondary (MacMahan et al.,
2006). Leveraging this established reliability, the present study applies
the XBeach model at RK Beach to examine rip current variability under
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different wave and tidal conditions and to support the development of
an operational forecasting framework. The compilation of rip current
drowning incidents at major recreational beaches in Visakhapatnam, as
presented in Table 1, was derived from multiple sources, including the
concerned local police stations that maintain records of such incidents,
published research articles, collaborations with organizations such as
Reliance Foundation and Matsyakara Samkshema Samiti (MSS), and
reports from prominent national and regional media outlets such as The
Hindu and The Times of India. Among all the beaches, RK Beach in
Visakhapatnam has been the most severely affected by rip
current-related fatalities (Surisetty and Prasad, 2014; Surisetty et al.,
2023). This alarming statistic underscores the need for effective rip
current forecasting in the area. To address this, the study uses the
XBeach model, the first of its kind in India for studying rip currents, to
simulate and validate field-observed rip currents and their behavior
under varying wave and tidal/water level conditions across seasons,
with the aim of developing an operational forecast system capable of
issuing timely alerts to lifeguards, enhancing beach safety, and reducing
drowning risks.

2. Materials and methods
2.1. Study area

Ramakrishna Beach (hereafter RK Beach) in Visakhapatnam is a
well-known coastal stretch along the eastern seaboard of India,
extending approximately 2.5-3.0 km in a northeast-southwest direction,
as depicted in Fig. 1. It features sandy shores, dunes, and wave-cut
platforms (Raju and Vaidyanadhan, 1978). The beach has a steep fore-
shore with sand grains between 0.45 and 0.5 mm (Surisetty, 2012) and
experiences semidiurnal tides with spring and neap ranges of 1.43 m and
0.54 m, respectively (Kumar et al., 2001). Alongshore currents flow
northeast from March to September and southwest from November to
February, with speeds ranging from 0.02 to 0.3 m per second (Kumar
et al.,, 2006). Waves approach from the southeast during monsoon
months and from the east to southeast in other seasons (Kumar et al.,
2001; Kumar et al., 2004; Reddy et al., 1984). The region receives an
annual rainfall of about 975 mm, influenced by the Indian Monsoon.
Littoral drift transports 0.5-0.7 million cubic meters of sand per year
toward the northeast (Kumar et al., 2001; Panigrahi et al., 2010). Strong
hydrodynamic forces cause erosion and hazardous rip currents, making
RK Beach the most dangerous in Visakhapatnam, with more than 500 rip
current-related fatalities since 2006 (Sivaiah B. et al., 2022; Surisetty
et al., 2023).

2.2. Field data

Field data were collected during field surveys conducted at RK Beach
on May 15 and October 25, 2018. The data included drifter velocities
and rhodamine B dye trajectories, which provided detailed observations
of rip current behavior and offshore flow patterns (Surisetty et al.,
2021). These observations were essential for validating the performance
of the XBeach model. Additionally, satellite imagery from Google Earth
(0.5-1.0 m) and Sentinel-2 (10 m), acquired near the fieldwork period,
offered complementary insights by capturing rip channel features
through gaps in wave breaking patterns. The collected data on rip
current-related drownings at major beaches in Visakhapatnam indicate
an increasing trend, particularly during the decade from 2010 to 2020,
with the majority of incidents reported at RK Beach, Rushikonda, Yar-
ada, Bheemili, and Jodugullapalem, followed by other beaches, as
shown in Table 1. A total of 529 incidents were recorded from 2000 to
2023, however additional drowning cases may have gone unreported.

Wave and water level data for the entire year 2018 were obtained
from a nearby coastal wave rider buoy and a tide gauge station operated
by INCOIS (Indian National Centre for Ocean Information Services,
https://www.incois.gov.in). The year-round data were plotted to
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Table 1
Annual number of rip current-related drowning incidents reported at different beaches in Visakhapatnam from 2000 to 2023.
Year RK Beach Rushikonda Beach Yarada Beach Bheemili Beach Jodugulla Sagar Nagar Beach Other Total
Palem Beach Beaches

2000 4 9 3 1 2 1 3 23
2001 10 10 3 2 1 0 1 27
2002 8 3 0 0 0 2 2 15
2003 4 2 1 2 3 0 2 14
2004 2 1 1 0 1 1 1 07
2005 13 5 1 5 0 0 2 26
2006 4 6 3 3 0 0 0 16
2007 13 3 3 0 0 1 3 23
2008 18 2 1 2 1 2 4 30
2009 10 4 4 0 3 1 6 28
2010 7 8 3 4 4 0 1 27
2011 15 5 7 1 0 0 4 32
2012 4 12 3 3 3 2 3 30
2013 10 0 1 0 1 0 7 19
2014 11 2 4 0 2 0 2 21
2015 12 1 1 1 1 0 2 18
2016 14 2 5 3 2 1 6 33
2017 12 3 4 3 1 2 7 32
2018 7 2 0 4 1 1 2 17
2019 6 3 1 5 0 0 1 16
2020 0 0 4 7 0 1 3 15
2021 15 1 1 5 0 1 2 25
2022 9 6 0 4 0 0 7 26
2023 3 2 1 2 0 0 2 10
Total 211 92 56 55 26 16 73 529

illustrate overall variations, with subplots highlighting the conditions
during the field experiments conducted on May 15 and October 25,
2018, as shown in Fig. 2. The wave rider buoy provided critical pa-
rameters, including significant wave height, peak wave period, and di-
rection, while the tide gauge recorded water level variations. The model
simulations were validated against observational data to assess their
accuracy and suitability as wave and tidal boundary inputs for rip cur-
rent simulations using the XBeach model.

2.3. Beach topography and bathymetry:

The model computational domain, shown in Fig. 3, covers an area of
approximately 2000 x 2000 m, with depths ranging from —21 m to
9 m. The computational grid has a varying mesh in the cross-shore di-
rection, ranging from ~20 m at the offshore boundary to ~2 m near the
shoreline, while a ~5-7 m grid size is used in the alongshore direction.
High-resolution bathymetric data (~2-3 m) was obtained from a single-
beam echosounder and merged with datasets from INCOIS, National
Institute of Ocean Technology (NIOT https://www.niot.res.in)
including toposheets, General Bathymetric Chart of the Oceans (GEBCO
- https://www.gebco.net), and other sources.

Surveyed beach profiles were merged with topographic data using
triangular interpolation, and the shoreline was digitized from a Google
Earth images dated May 15 and 25 October, 2018. The bathymetry
shows significant spatial variability, including deep channels and
sandbars, including distinct sandbar-channel features, as depicted in
Fig. 3. Bed level data for the model were derived from combined
bathymetric and topographic survey data collected nearest to the
simulation time of interest.

2.4. Numerical model

In numerical modelling, the wave-induced momentum is represented
through radiation stress, which accounts for the depth-integrated flux of
momentum due to waves. As waves approach the shore, they exert
momentum transport, termed radiation stress. The spatial variation of
this stress generates a wave-induced force, which can be expressed as:

_

1
x (€8]

Fy

where Sy, [N-m~2] denotes the cross-shore component of radiation stress,
and Fx[N-m™ ] represents the wave-induced force per unit volume. For a
steady-state momentum balance, this wave-induced force is counter-
acted by the hydrostatic pressure gradient, which causes set-up and set-
down of the water surface, represented as:

Fy = —pgh+ n)g—z &)

where h[m] is the still-water depth, n[m] is the free surface eleva-
tion, and p[kg-m~] and g[m-s] denote the water density and gravi-
tational acceleration, respectively. When both cross-shore (x) and
alongshore (y) components are considered, the momentum balance
equations include the combined effects of radiation stress and hydro-
static forces as:

0Sxx

Fy = “ox pg(h+ ﬂ)g ®
s d

F, = *fa;y —pg(h+ n)an &)

These relationships describe how spatial variations in radiation
stress and hydrostatic pressure gradients interact to drive nearshore
circulation, leading to phenomena such as wave setup, longshore cur-
rents, and rip current formation, and their variability across different
coastal settings.

The XBeach model (Roelvink et al., 2009) is a computational
framework designed to simulate wave behavior, nearshore currents, and
sediment transport on sandy coasts over spatial scales of kilometers and
temporal scales of storm events. The model solves coupled
two-dimensional (2D) horizontal equations for wave propagation, cur-
rents, sediment transport, and bed variation, considering varying spec-
tral wave and flow boundary conditions. It governs wave action, mass,
and momentum, facilitating interactions between waves and currents
(Dudkowska et al., 2020), while applying depth-averaged Generalized
Lagrangian Mean (GLM) formulations of the shallow water equations to
compute wave-induced mass flux and return flow (Roelvink et al.,
2010).

The shallow water momentum equations in the XBeach model are
expressed in two directions: cross-shore (x) and alongshore (y). The
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Fig. 1. (a). India location map, (b). Coastal stretch of Visakhapatnam, (c). RK Beach - satellite image sourced from Google Earth, acquired on 2018-10-27.

equations governing the flow dynamics are as follows:
Momentum equation in the x-direction:

ou Ju u Pu *u  Twx  Thx % &

Sy s C 0 T e P 5
o U Vo T T2 T on T oh S T on ®
Momentum equation in the y-direction:

ov . ov . oy v v, t, wmw on F

— — — Y () =X el Y 6
at+uax+v&y+fu vh(ax2+ay2) oh ok dy+ph (6)
Mass continuity equation:

dp  o(hu)  d(hv) —0 )

at ' ox | oy

where 7, = p,ca| WIW, sand 7,, = p,cq|WIW,.

Here, 7,7,y [N-m™] are the wind shear stresses, p,[kg-m ] is the air
density, cgis the wind drag coefficient, and W[m-s™ ] is the wind ve-
locity. 7py, 75, [N-m™] are the bed shear stresses, 7[m] is the water level,
Fy,Fy, [N-m~] are the wave-induced stresses, f[s™! ] is the Coriolis coef-
ficient, v, [m?-s™ ] is the horizontal eddy viscosity, and h[m] is the water

depth relative to mean sea level.
The radiation stresses are derived from the wave action equation for
short waves, expressed as:
d(CsA) _ Dy

A _3(CA) _AGA) D,
T ox y T o ®)

where A is the wave action, ¢[s™ ] is the intrinsic wave frequency,
O[radians] is the angle of wave incidence with respect to the x-axis, Cy,
Cy[m-s ] and Cy[rad-s™ ] are the wave action propagation speeds in the
X, ¥, and 0 directions, respectively, and D,[W-m™] is the total wave
dissipation in each directional bin.

The simulations were carried out using the XBeach model (version
1.23.5526 XBeachX release) in surfbeat mode, which employs a
nonstationary, directionally spread wave driver to resolve short-wave
energy variations at the group scale and accurately represent wave
group induced motions that are critical for rip current dynamics
(MacMahan et al., 2004). Offshore boundary conditions for the XBeach
model were derived from directional wave rider buoy data recorded
every 30 min at a depth of 20 m offshore of Visakhapatnam, including
significant wave height, peak wave period, and wave direction, along



S.Betal

Regional Studies in Marine Science 93 (2026) 104691

3

(=}

£

b o

01 T T T T T T T T T T T T T

_200{ (o)
>
.g- 150 1
[a]

100 1

Ja;n Fe'b Mlalr A;)r M'ay jl.;n
Time (IST)

Wave Rose on 15 May 2018
N
NW 85°RE

Jul Aug Sep Oct Nov Dec Jan

Water Level on 15 May 2018

5

28% l 1.0

E
0.0
SE

HmO (m)
Water Level (m)

sw

(e) (f)
Wave Rose on 25 Oct 2018
N
NW S0°RE

Water Level on 25 Oct 2018

40

20% .- 1.0

E
0.0
SE

1.5 1

1.0 A

0.5 1

HmO (m)
Water Level (m)

sw

® » ® ® " 3> K3 » ®
) ) ) ) ) ) s 5 ©
o7 R R o o7 R o o7 o7

Fig. 2. Wave rider buoy and tide gauge observations during 2018 showing (a) significant wave height, (b) peak wave direction, (c) peak wave period, and (d) water
level for the full year. (e) Wave roses and (f) water levels correspond to the survey periods on 15 May and 25 October 2018, respectively. Shaded bars in (a-d) denote

the simulation dates: 15 January, 15 May, 21 August, and 25 October 2018.

with water level data from the nearby INCOIS tide gauge station. Bed
friction was represented using the Chezy formulation, and sensitivity
experiments were conducted with Chezy coefficients ranging from 20 to
40, where a value of 35 produced the most stable and realistic results.
The sediment grain size (Dsg) in the study area ranged from 0.18 to
0.9 mm, indicating a relatively uniform sandy composition. The model
was initialized from rest and executed for four representative periods,
January 15, May 15, August 21, and October 25, 2018, to capture sea-
sonal hydrodynamic conditions. For each simulation, the first hour was
treated as a spin-up period and excluded from analysis to ensure model
stability before evaluation.

2.5. Beach morphodynamic classification and rip current risk assessment

Coastal morphodynamics are primarily governed by the interaction
between incident wave energy, sediment characteristics, and beach
slope, which together determine the dynamic equilibrium of beach
states (Masselink and Short, 1993; Short, 2006). The dimensionless fall
velocity parameter (Q) proposed by Wright and Short (Wright and Short,
1984) is a widely used morphodynamic index that represents the bal-
ance between wave forcing and sediment settling response and is
defined as:
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Fig. 3. Beach topography and nearshore bathymetry of the study area showing elevation and depth variations. Black contours represent topographic and bathymetric
features, while red and blue transects indicate cross-shore and longshore sections used for analysis. The outlined black oval marks the detailed surf zone (0 to —4 m

depth), illustrating distinct sandbars and channels.

H,

Q=
TW;

9

where Hy, is the breaker wave height (m), T is the wave period (s), and
W; is the sediment fall velocity (m s™). This parameter quantitatively
classifies beaches into reflective, intermediate, and dissipative states.
Higher Q values indicate stronger wave energy relative to sediment
settling, resulting in wide, dissipative beaches, while smaller Q values
represent reflective beaches with steeper profiles and coarse sediments.

The breaker height (H,) was estimated from offshore significant
wave height (H,) and period (T) using the empirical relationship of
Komar, Gaughan (Komar and Gaughan, 1973),

H, = 0.39g"/5(TH2,)*°

(10)
where gis the gravitational acceleration (9.81 m s72). The sediment fall
velocity (W) was computed using the Ferguson and Church (Ferguson
and Church, 2004) formulation,

RgD?

W, =
Cv + v/0.75C,RgD?

where R is the submerged specific gravity of sediment (=~ 1.65), D is the
median grain size (Dsg, m), v is the kinematic viscosity of seawater (=
1 x10® m? s), and C; = 24, C, = 1.2. This formulation effectively
captures both viscous and turbulent settling regimes, providing reliable
estimates of sediment behavior under natural beach conditions (Dean

(1)

and Robert, 2004). The Q parameter also serves as an indicator of
rip-current susceptibility, where intermediate beach states, such as
Low-Tide Terrace (LTT), Rhythmic Bar and Beach (RBB), and Transverse
Bar and Rip (TBR), are known to support stronger and more persistent
rip currents compared to reflective (R) or dissipative (D) conditions
(Short and Brander, 1999; Wright and Short, 1984), as shown in Table 2.

3. Results
3.1. Model simulations under seasonal hydrodynamics:

The model was run for four representative periods, January 15, May
18, August 21, and October 25, 2018, to capture seasonal variability in
nearshore hydrodynamics along the study stretch. Each simulation
covered a full tidal cycle, including both flood and ebb phases, to assess
temporal and spatial variations in significant wave height (SWH), water
level (Zs), and current velocity fields, with focus on rip current forma-
tion and circulation patterns. Among these, simulations for May 15 and
October 25 were analyzed in detail owing to the availability of con-
current field observations.

The simulated SWH, water level, and current vectors overlaid on
current magnitude for May 15, 2018, as shown in Fig. 4, correspond to
01:30, 08:10, and 14:10 Indian Standard Time (IST), representing low,
high, and subsequent low tide phases. The SWH ranged from 0.3 to
2.2 m, indicating energetic pre-monsoon conditions. During low tide
(01:30 and 14:10), enhanced breaking and dissipation occurred near the
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Table 2

Typical classification of beach morphodynamic states showing corresponding Q
ranges, characteristic beach features, and relative rip current likelihood (Short,
2006; Wright and Short, 1984).

Q Beach Beach Characteristics Rip current
Range Morphodynamic likelihood
Classification
Q<1 Reflective (R) Steep, narrow beach; coarse Very low
sediment; surging breakers;
minimal surf zone
1<Q Intermediate Gently sloping beach; weak Moderate
<3 Low-Tide Terrace inner bar and terrace;
(LTT) moderate wave energy
3<Q Intermediate Alternating bar-trough High
<5 Rhythmic Bar and formations; rhythmic breaker
Beach (RBB) zones
5<Q Intermediate Pronounced transverse bars Very high
<6 Transverse Bar and and rip channels, plunging
Rip (TBR) breakers
6<Q Intermediate Continuous longshore bar; Moderate to
<7 Longshore Bar and wide surf zone low

Trough (LBT)
Q>7 Dissipative (D) Flat, wide beach; fine

sediment; spilling breakers

Very low

shore, producing strong SWH gradients across the surf zone. At high tide
(08:10), reduced breaking in deeper water allowed higher waves (up to
2.0m) to propagate shoreward. The corresponding current fields
revealed narrow, well-defined rips with greater offshore extent
(0.8-1.5 m/s) during low tide, concentrated near morphological de-
pressions, highlighted by dotted boxes, while high tide currents were
mainly longshore-directed and weaker (0.4-0.8 m/s). Water levels
varied between 0.4 and 1.9 m, with pronounced setup gradients near-
shore driving strong cross-shore return flows. These results show that rip
currents were more organized and intense during ebb phases, consistent
with field observations under moderate to high wave energy.

Under post-monsoon conditions (October 25, 2018), the model
simulated nearshore hydrodynamics over a full tidal cycle, with SWH,
Zs, and current vectors extracted at 03:30, 09:30, and 15:30 IST, cor-
responding to low, high, and subsequent low tide, as illustrated in Fig. 5.
The SWH ranged from 0.2 to 1.2 m, exhibiting clear spatial variability
and gradual dissipation toward the shore. During low tide phases,
enhanced breaking in shallow waters produced lower nearshore wave
heights (0.5-1.0 m) and distinct circulation cells, whereas high tide
allowed greater wave penetration (0.7-1.2 m) with reduced steepness
and breaking. Current fields displayed well-developed rip currents
during low tide (0.5-1.0 m/s) with clear feeder and return flow struc-
tures controlled by bathymetry. At high tide, currents became mainly
longshore with weaker rip activity (0.3-0.7 m/s), indicating reduced
cross-shore exchange.

The spatial distribution of water levels and currents highlights the
influence of wave setup on nearshore circulation. During low tide, Zs
(0.3-0.6 m) showed strong alongshore variability, with lower setup near
rip necks and elevated setup in adjacent regions, inducing cross-shore
pressure gradients that generated offshore-directed rips up to 1.0 m/s.
At high tide, Zs was more uniform (1.5-1.8 m), reducing setup gradients
and rip intensity. These results confirm that tidal phase and wave setup
jointly control rip strength and organization, with low tide favouring
stronger, well-defined rips through enhanced setup gradients.

Simulations for August 21 and January 15, 2018, were also con-
ducted but are not presented here. The August run, representing peak
monsoon conditions, revealed high wave energy and an expanded surf
zone, with rhythmic bar-channel patterns and persistent rips across all
tidal phases. Wave heights exceeded 2.5 m, and nearshore circulation
was dominated by wide feeder zones merging into seaward-directed jets
(>1.5m/s), reflecting a dynamic balance between wave energy and
bathymetric control, resulting in an energetic surf zone. In contrast, the
January simulation, representing calm winter conditions, exhibited a
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dissipative nearshore state with weak hydrodynamics. SWH remained
below 0.6 m, the surf zone was narrow with minimal setup gradients,
and currents were weak (<0.3 m/s) and diffuse, showing no organized
rip circulation, indicating uniform energy dissipation under low wave
forcing. The four simulations clearly reveal the seasonal modulation of
nearshore hydrodynamics. August and May represent energetic states
with stronger wave forcing and active rip currents, followed by October
showing comparatively weaker but still noticeable rip activity, whereas
January depicts a quiescent winter period with reduced wave energy
and minimal rip activity. These findings emphasize the strong depen-
dence of rip current formation and intensity on tidal phase and wave
forcing, providing key insight into seasonal morphodynamic variability
under varying hydrodynamic regimes and their implications for coastal
safety.

3.2. Analysis of field, satellite, and beach morphodynamics:

Field and satellite observations (Fig. 6) collectively illustrate the rip
current dynamics at the study site through drifter deployments,
Sentinel-2 imagery, Rhodamine B dye experiments, and derived beach
morphodynamic states. Drifters with an accuracy of 0.02 m/s (Surisetty
et al., 2020) were deployed on 15 May and 25 October 2018 (Fig. 6e-f),
recording offshore-directed velocities up to 1.2m/s and 1.0 m/s,
respectively. Their trajectories delineate narrow, well-defined exit
channels, confirming strong seaward-directed flows associated with rip
currents.

Sentinel-2 imagery acquired at times close to the field observations
and the four simulation periods, 8 May, 18 January, 21 August, and 20
October 2018, distinctly shows rip channels, sandbars, and other mor-
phodynamic features within the study stretch. These features corre-
spond well with the observed field conditions, indicating significant rip
activity. The Rhodamine B dye experiments, conducted concurrently
with the drifter deployments, visually confirmed these rip channels. The
dye released at identified rip zones dispersed rapidly seaward, forming
elongated offshore plumes that matched the drifter trajectories, thereby
providing a clear depiction of the rip current structure and strength.

Beach morphodynamic conditions and corresponding rip current
likelihood for the four simulation periods further support these obser-
vations. The computed dimensionless fall velocity (Q) ranged from 1.28
to 7.09, representing intermediate to dissipative states (Table 3). The
LTT (Q ~ 1.39) on 15 May, RBB (Q ~ 3.01) on 21 August, and LTT (Q ~
1.28) on 25 October 2018 indicate rip-favourable intermediate to
transitional states, whereas the dissipative state (2 ~ 7.09) on 15
January 2018 corresponds to low-energy surf conditions with minimal
rip activity, consistent with earlier studies (Sridevi et al., 2019; Surisetty
et al., 2023). These morphodynamic states correspond closely with the
features visible in the satellite images (Fig. 6a-d), showing bar-trough
formations and rip channels during active months (May, August, and
October) and uniform breakers during January. The combined evidence
from drifter tracks, dye dispersion, and satellite imagery demonstrates
the spatial coherence of rip current patterns and their alignment with
the prevailing morphodynamic states.

3.3. Cross-shore current and rip flow analysis along transects

For a detailed assessment of rip current dynamics, the u component
of current velocity, representing the cross-shore flow (positive offshore,
negative onshore), was analysed along selected alongshore and cross-
shore transects, as shown in Fig. 7, to quantify the width and length
characteristics of rip currents under pre- and post-monsoon conditions.
Three tidal phases (low, high, and low), as detailed earlier, were
examined for each case, with shaded bars in the transect plots indicating
rip width and offshore extent.

During the pre-monsoon period (15 May 2018), distinct offshore-
directed u-velocity peaks were observed along the south-north tran-
sect near the Sri Kalimatha Temple (SKT)-Matsya Darshini Museum
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(MDM) sector (600-950 m), around the Aqua Sports Complex (ASC) at
1400-2000 m, and north of the Kursura Submarine Museum (KSM) near
2150-2450 m, as illustrated in Fig. 7a. The SKT-MDM stretch exhibited
broader rips (15-20 m wide) with relatively weaker offshore currents
(0.5 m/s), extending up to about 65 m seaward. Around the AQC, dual
rip cells with widths of 14-18 m and higher u values (~1.2 m/s)
extended approximately 110 m offshore, indicating stronger, longer
rips. The KSM region displayed narrower channels with moderate to
high velocities (>0.5 m/s) and an offshore reach of about 75 m. Rip
signatures were most distinct during low tide, forming well-defined
channels aligned with morphological depressions.

In the post-monsoon case (25 October 2018), as presented in Fig. 7b,
offshore-directed flows were less intense and confined within narrower
alongshore stretches compared with the pre-monsoon condition.
Prominent rips persisted near the MDM, AQC, and KSM, exhibiting a

slight northward shift relative to pre-monsoon locations. The MDM site
featured moderate widths (14-18 m) with slower currents (<0.5 m/s)
and an offshore extent of about 50 m. At the AQC, two active rips with
widths of 13-17 m and peak velocities (~1.0 m/s) extended roughly
90 m offshore. North of KSM, the rips were narrower (~60 m long) but
remained well-defined.

From the combined alongshore and cross-shore transect analysis, rip
currents exhibited a narrow neck nearshore that gradually broadened
seaward, forming wider offshore plumes. The AQC region showed the
strongest and most persistent rips, with higher velocities and larger
offshore extents, whereas the SKT and KSM regions displayed compar-
atively narrower and shorter rips with gradual offshore decay. Overall,
pre-monsoon rips were wider (15-20 m), stronger (up to 1.2 m/s), and
longer (65-110 m offshore), whereas post-monsoon rips were narrower
(13-18 m), weaker (<1.0 m/s), and shorter (50-90 m offshore). These
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patterns reflect seasonal modulation of rip intensity and spatial extent,
primarily influenced by nearshore bar realignment and variations in
incident wave conditions along the Visakhapatnam coast (Surisetty
et al., 2021; Sivaiah B. et al., 2022; Sridevi et al., 2019).

4. Discussions
4.1. Model validation: waves and water levels

Model validation is critical for assessing the accuracy and reliability
of numerical simulations. In this study, simulated significant wave
height (H), peak wave direction (Dir), water level (WL), and currents
were validated against field observations. The model accuracy was
quantitatively assessed using the Root Mean Squared Error (RMSE),

defined as:

n
RMSE = % ; (ymodel‘i - yobs‘i> ’ (12)

where Ypodqer; and yops; represent the model predicted and observed
values at time i, respectively, and n is the total number of observations. A
lower RMSE indicates a better agreement between the simulated and
observed data. The validation metrics, including RMSE and vector
comparisons, provide quantitative and qualitative insights into model
performance.

Model performance was examined for four representative periods, 15
January, 15 May, 21 August, and 25 October 2018, corresponding to the
northeast (winter), pre-monsoon, southwest (summer) monsoon, and
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Table 3

Computed dimensionless fall velocity (), derived beach morphodynamic states, and associated rip current likelihood for the selected periods at the study site.

Date Dso (mm) Hs (m) T (s) Q Beach Rip current likelihood
Morphodynamic State

15 Jan 2018 0.15 0.48 10.56 7.09 D Very low

15 May 2018 0.85 1.15 14.70 1.39 LTT Moderate

21 Aug 2018 0.66 1.69 9.78 3.01 RBB High

25 Oct 2018 0.65 0.75 11.10 1.28 LTT Moderate

post-monsoon seasons (Fig. 8a-d). Observations from a nearby offshore
wave rider buoy and tide gauge station were used for validation. These
periods capture the year-round hydrodynamic variability, providing a
robust assessment of model performance under seasonal conditions. The
model effectively captured the temporal evolution of all parameters
across all seasons. During the winter phase, calm sea conditions with low
wave heights (<1.0 m) and stable wave directions (120°-160°) were
accurately represented, with RMSE values of 0.09 m for H, 0.02 m for
WL, and 8.5° for Dir. In the pre-monsoon period, slightly energetic
conditions with increased wave heights (~1.5m) and stronger tidal
ranges were well captured. The model effectively reproduced tidal os-
cillations and short-wave bursts, yielding RMSE values of 0.21 m,
0.04 m, and 10.0° for H, WL, and Dir, respectively, demonstrating reli-
able boundary forcing and bathymetric representation.

During the southwest monsoon, high-energy conditions prevailed,
characterized by elevated wave heights (~1.93 m) and broader direc-
tional variability. The model skillfully represented these dynamic con-
ditions with RMSE values of 0.21 m, 0.03 m, and 11.9°, though minor
overestimations during peaks may reflect localized wind or dissipation
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effects. In the post-monsoon case, moderate wave conditions and
distinct semidiurnal tides were simulated with high fidelity, yielding
RMSE values of 0.13 m for H, 0.03 m for WL, and 10.6° for Dir. A con-
stant merged bathymetry was used to isolate seasonal variability,
though limited by the lack of seabed changes that could improve RMSE.
The model showed strong skill in capturing observed variations in wave
height, direction, and tidal oscillations under both calm and energetic
conditions. The close match between modelled and observed peaks, with
minimal phase lag, confirms reliable boundary conditions and hydro-
dynamic forcing, demonstrating robustness for operational nearshore
simulations and rip-current forecasting.

4.2. Validation of currents using drifter observations

Model-simulated currents were compared with drifter-derived sur-
face currents to evaluate model performance in capturing nearshore
flow patterns (Fig. 9a-d). Distinct spatial and seasonal variations in rip
current structure and strength were evident across the three zones.
During 15 May 2018 (pre-monsoon), two dominant rip cells were
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observed slightly south of those in October, depicted in Fig. 9a,b. The
southern cell, near the SKT, exhibited an exit-type rip with good
agreement between model and drifter currents. The second cell, near
MDM, showed a well-defined exit-type rip with larger offshore extent
and stronger magnitudes (0.5-1.0 m/s), representing the energetic pre-
monsoon environment with south to south-southeast (S-SSE) flow.
During 25 October 2018 (post-monsoon), the rip current zones
shifted northward and showed comparatively weaker magnitudes
(0.2-0.6 m/s), as shown in Fig. 9¢,d. The southern cell, near MDM,
remained exit-type (0.5-0.7 m/s) with minor directional and spatial
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deviations due to localized bathymetric variations. The central cell, near
the ASC, also exhibited an exit-type flow (~0.7 m/s) with strong model-
drifter agreement, while the northern cell, near the KSM, displayed a
circulatory flow pattern, consistent between model and drifter obser-
vations though slightly underestimated in strength. The October cur-
rents were primarily southeast to east-southeast (SE-ESE) directed,
representing calmer post-monsoon conditions.

The model-simulated vectors appeared smoother than the observed
vectors, as localized wind gusts, bathymetric irregularities, short-lived
turbulence, and surface flows captured by drifters are typically
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averaged out in the model computations. In the phase-averaged (surf-
beat) mode, the model calculates depth-averaged, time-filtered veloc-
ities that represent mean circulation patterns, thereby excluding
instantaneous variations. In addition, bathymetric smoothing and grid-
scale averaging further dampen localized velocity peaks, leading to
smoother and more uniform flow fields compared to observations.
Nevertheless, current orientations and magnitudes aligned well with
drifter observations, supported by RMSE values of 0.15 m/s (May) and
0.16 m/s (October). The agreement between modeled -currents,
Rhodamine B dye dispersion, and drifter trajectories further confirms
the presence of three persistent rip cells, consistent with previous find-
ings (Sivaiah B. et al., 2022; Surisetty et al., 2021; Surisetty et al., 2023).
These comparisons confirm that XBeach effectively simulates spatial and
seasonal variability of nearshore currents and rip structures, under-
scoring its reliability for rip current forecasting.

4.3. Bathymetric and morphodynamic control of rip currents

The combined analysis of modelled hydrodynamics (Figs. 4 and 5),
morphodynamic states (Table 3), and observed beach configurations
(Fig. 6) shows that rip current activity along the study site is mainly
governed by the interaction of nearshore bathymetry, tidal stage, and
wave forcing. The alongshore transect analysis of bed level (Zb) and
cross-shore current (u) profiles (Fig. 10a-c) demonstrates how nearshore
morphology regulates cross-shore flow. Transects were selected pro-
gressively from the outer surf zone (-4 m) to the inner surf and swash
region (-1 m) to examine the influence of bathymetric undulations on u
variations. Bar-trough formations become more distinct shoreward
(Fig. 3), with corresponding u oscillations marking alternating feeder
and rip zones. At x =597 m (Fig. 10a), pronounced Zb oscillations
coincide with peak offshore velocities (~0.6 m/s), defining an active rip
neck. At x = 435.7 m (Fig. 10b), alternating bar-trough sequences and
strong gradients (up to 1 m/s) represent a well-developed feeder-rip
system. Near the beach (x = 338.9 m; Fig. 10c), smoother bed profiles
and discontinuous u fields over shallow or exposed areas indicate
intermittent flow and weaker offshore currents (<0.8 m/s) under sub-
dued wave forcing. These flow-bed responses reflect the seasonal mor-
phodynamic transitions.

The morphodynamic influence is further supported by the computed
Q values and field conditions. During May, the LTT state with moderate
to high waves (Hs ~ 1.15 m) and coarser sediment (Dso = 0.85 mm)
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enhanced breaker-induced setup gradients, promoting bar development
and well-defined rip channels that shifted southward, as evident from
the bed undulations in Fig. 10 and the field and satellite observations in
Fig. 6a-f. In contrast, the LTT state during October, characterized by
finer sediments (Dso = 0.65 mm) and lower wave energy (Hs ~ 0.75 m),
produced weaker and northward-shifted rip circulation with reduced
offshore extent, consistent with the smoother topography and drifter
trajectories shown in Fig. 6a-f. These morphological variations align
with the corresponding seasonal beach configurations observed in
Sentinel-2 imagery, which depict a low-energy dissipative state in
January, rhythmic bar-channel patterns in August, and intermediate
LTT conditions in May and October, consistent with the computed Q
values (Sridevi et al., 2019; Surisetty et al., 2023). The correspondence
between bathymetric depressions, cross-shore current peaks, and mor-
phodynamic states indicates that rip current strength and position are
primarily controlled by bar-channel morphology and wave-tide in-
teractions (Hu et al., 2022; Sun et al., 2025).

5. Conclusions

Nearshore processes, particularly rip currents, are governed by
complex interactions among waves, tides, bathymetry, and beach
morphology. This study applied the XBeach numerical model in surfbeat
mode to simulate wave transformation, water levels, and nearshore
circulation along RK Beach, Visakhapatnam, with emphasis on rip cur-
rent dynamics. The model was forced with high-resolution bathymetry,
offshore wave data from a wave rider buoy, and tidal variations from a
nearby tide gauge. To represent the year-round hydrodynamic regime,
simulations were conducted for January 15, May 15, August 21, and
October 25, 2018, corresponding to the northeast, pre-, southwest, and
post-monsoon seasons, respectively. These simulations effectively
captured the spatial and temporal evolution of rip currents under
varying hydrodynamic conditions. Field observations on May 15 and
October 25, 2018, including drifter deployments, Rhodamine B dye re-
leases, and Sentinel-2 imagery, were used to validate the simulations.
Beach morphodynamic states, derived from wave parameters and sedi-
ment grain sizes, were used as proxies for validation where field data
were unavailable. Observational wave and water-level data from 2018
were used to represent seasonal hydrodynamic variability in the study
site.

Model validation under varying seasonal hydrodynamic conditions
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showed strong agreement with observations. The model accurately
captured wave heights ranging from 0.2 to over 2.5 m and water levels
from 0.1 to 1.9 m, achieving RMSE values of 0.09-0.21 m for significant
wave height, 0.02-0.04 m for water level, and 8.5°-11.9° for peak wave
direction. Simulated current velocities also aligned well with drifter
measurements, capturing distinct offshore-directed rip currents of
0.2-1.5 m/s with an overall RMSE of 0.15 m/s across different seasonal
regimes. Spatial analysis identified three main rip current zones along
RK Beach, SKT-MDM, AQC, and KSM. The AQC showed the strongest
and most persistent rips (15-20 m wide, 65-110 m long, 1.0-1.2 m/s),
followed by SKT and KSM, especially during low tide when enhanced
wave breaking over shallow sandbars intensified offshore flow. These
findings highlight the strong tidal control on wave set-up, set-down, and
rip current strength. Rhodamine B dye dispersion visually confirmed
offshore-directed flow through rip currents, showing strong alignment
with both drifter trajectories and model-simulated current vectors.
Derived Q values showed dissipative conditions in January, RBB in
August, and LTT in May and October 2018, indicating a shift from low to
moderate-high energy states associated with stronger rip activity,
consistent with corresponding Sentinel-2 morphological patterns.
Sentinel-2 imagery effectively captured rip currents through visible gaps
in wave breaking, highlighting sandbar-channel features that aligned
well with derived Q states and model-simulated rip locations,
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confirming the strong bathymetric and morphodynamic control on rip
formation. The seasonal Q variations, supported by satellite and model
outputs, indicated that rip currents were more frequent and intense
during the southwest monsoon due to energetic waves and rhythmic bar-
trough patterns, moderate during pre- and post-monsoon under
enhanced low-tide breaking, and weakest during the northeast
monsoon.

While the model effectively simulated seasonal rip dynamics, minor
underestimations of peak velocities in high-energy zones indicate the
need for improved representation of variable bathymetry, wave, tide,
and sediment conditions. Overall, the results show that rip current
strength, position, and spatiotemporal variability are primarily gov-
erned by wave-tide variability and sandbar-channel morphology. The
strong agreement among modelled currents, field observations, derived
Q states, and satellite-derived morphology highlights the capability of
XBeach to capture nearshore processes and its potential for developing
an operational rip current forecasting framework to issue timely alerts,
reduce drownings, enhance coastal safety, and support sustainable
tourism.
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