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In the present paper, a quasi nonhydrostatic numerical (QNH) method for marine hydrodynamics is presented, based
on a complete wave–current coupling in the time domain. In fully nonhydrostatic methods, free surface flows are typically
handled by 3-D Navier–Stokes equations (e.g., the free surface fractional step method). In the QNH method, the flow is
computed as in hydrostatic models, but the pressure is given by a suitable vertical distribution, taking into account wave
propagation. Namely, the proposed QNH method avoids the numerical solution of the time-consuming Poisson equation for
fully nonhydrostatic pressure. Some numerical 2-D and 3-D results for simple-shaped test cases are shown.

INTRODUCTION

Shallow water flow analysis is one of the most important issues
in coastal engineering. The main features of this framework are
wave refraction and diffraction, shoaling and breaking, wave–
structure interaction, jet diffusion, and wave–current interaction.

The classical approach is typically based on the separation
between wave and current features. Usually, waves are studied by
means of spectral methods or by using models that describe their
statistical properties, such as WAM (WAMDI Group, 1988) and
SWAN (Booij et al., 1996). On the other hand, concerning coastal
currents, depth-averaged 2-D equations are widely implemented
in the hypothesis of hydrostatic pressure distribution. Indeed,
although 3-D models are widely used, sometimes the geometry
of the problem (i.e., large, shallow embayments) allows the use
of depth-averaged equations, which are still successfully used in
some applications. For examples, see Casulli (1990), Borthwick
and Barber (1992), Lloyd and Stansby (1997), Zhou and Stansby
(1999), Guillou and Nguyen (1999), Liska and Wendroff (1999),
Lalli et al. (2004, 2007, 2010), Bates et al. (2010), Kanayama and
Dan (2013), and Pudjaprasetya and Magdalena (2014).

Wave–current interaction, in this framework, is typically tack-
led by means of the radiation stress approach (Longuet-Higgins
and Stewart, 1964), to account for the mean flow induced by wave
motion. This term, obtained by means of wave models, is intro-
duced in current solvers as barotropic forcing.

The main drawback of this classical approach lies in its use
of 2-D equations. In such formulations, the backscatter of the
energy cascade is often unrealistic when the vertical scale is not
much lower than the horizontal one. Furthermore, a 2-D model
cannot account for density stratification effects. Moreover, wave–
current coupling based on radiation stress does not account for
the full complexity of the mutual effects of wave–current interac-
tion. These limitations are important, for example, when mixing
features are investigated at a river mouth.

Although 3-D hydrostatic models are often used to account for
stratification effects (Balas and Ozhan, 2000; Hodges et al., 2000;
Li and Wang, 2000; Nekouee et al., 2015; Lai and Wu, 2016,
2019), in this case important nonhydrostatic features of wave–
current interaction cannot be considered.
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In the present work, a numerical model for marine and coastal
flows is proposed to obtain a complete wave–current coupling
in the time domain. In this framework, waves can be modified
by currents, by the presence of the sea bottom, and by wave–
structure interaction. Alternatively, the flow is forced by waves
and boundary currents.

Starting from the fully nonhydrostatic approach, based on the
numerical solution of 3-D Navier–Stokes equations with a free
boundary (see Armenio, 1997; Xu et al., 2014; Marrone et al.,
2016; Leoni and Tice, 2020), a quasi nonhydrostatic model is
developed. The present formulation aims at modeling full wave–
current interactions in the time domain without limiting wave-
length and at significantly decreasing computational time by
avoiding fully nonhydrostatic numerical schemes, implying the
solution of the Poisson equation for pressure.

In the next section, the mathematical formulation is described,
starting from the fully 3-D free surface fractional step (FSFS)
(Lalli et al., 2016), which is a revisited version of the fractional
step method (Le and Moin 1991), accounting for the presence of
a free surface.

The quasi nonhydrostatic numerical model (QNH) is then out-
lined, based mainly on a suitable vertical distribution of pressure,
including surface wave propagation. Finally, the numerical pro-
cedure is shown, based on finite difference schemes and a third-
order Runge–Kutta algorithm for time marching. The numerical
properties are described by numerical results obtained in simple-
shaped 2-D test cases (i.e., vertical direction versus direction of
wave propagation). A 3-D example is implemented, too, showing
how the proposed distribution of pressure in the QNH model gives
rise to satisfactory results for short wave diffraction/refraction.

FSFS: FULLY NONHYDROSTATIC APPROACH

Before illustrating the quasi nonhydrostatic method, the general
case, from which this method is derived, is outlined.

Continuous Model

The FSFS method (Lalli et al., 2016) is based on a 3-D formu-
lation; the flow field is obtained by primitive equations for mass
and momentum conservation:
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