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Abstract


A three-dimensional model simulating dense lens bottom evolution is developed. The model includes equations of three components of vorcity, equations of three components of vector potential, expressions of three velocity components through vector potential, equation of salt transfer and equation of state. The model was use for simulation of dense lens evolution near horizontal and inclined bottom. The result of the model application are presented and discussed. 





The existence of bottom dense eddies and their key role in the bottom dynamics of ocean and many coastal seas are now evident . It stimulated the theoretical, laboratory and field investigations of such phenomena. Models of dense lens motion on a slopping bottom in rotating fluid were given by [2, 4–6]. Additional insights into such problem was obtained by laboratory experiments by [3, 7]. Bottom dense eddies were also observed in field study by [1].  First theoretical investigations focused on dense bottom lens behaviour and main features of dense lens motion on a sloping bottom. It was considered the case of dense lens on a sloping bottom beneath an infinitely deep and motionless upper layer. From these models it was established that the bottom dense lens spreading radial generates anticyclonic vortex. Its radial spreading continues until geostrofic equilibrium is reached. The second type of lens motion is its translation along isobathes governed by the bottom inclination  and lens density excess  over ambient water. From two layer models with ambient lighter water of finite depth it was shown that besides the cyclonic vortex surrounding by dense bottom lens  because of its interaction with ambient water the lens radial spreading becomes a reason of the generating of cyclonic vortex over the lens. The intensity of this vortex was found to be more intensive that of lens vortex. Observations shown that vertical distribution of cyclonic vortex intensity is not homogeneous. The much intensity was observed close over the lens and it decreased upward with distance. Obtained results made it clear that it is desirable to use three dimensional models  which are free of assumptions of  water property homogeneity into lens and surrounding layer that is used in two layer models. The main aim of the article is to present one of the possible such model and discuss results of its application.


For simulation bottom dense water flow use nonhydrostatic, three-dimensional model including Reynolds motion equation, equations of mass and salinity conservation and equation of state. Equations of motion and mass conservation can be presented in form of equations of vorticity and vector potential
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where Wx, Wy, Wz are x,y,z components of vorticity; Yx, Yy, Yz are x,y,z components of vector potential; � EMBED Equation.2  ��� is water contraction due to salinity; � EMBED Equation.2  ���   � EMBED Equation.2  ���� EMBED Equation.2  ��� � EMBED Equation.2  ���


Boundary conditions for ( components.


Neglecting for simplicity wind stress we can obtain for the free surface
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For the bottom � EMBED Equation.2  ���>>� EMBED Equation.2  ���  are much less compared with � EMBED Equation.2  ���>>� EMBED Equation.2  ��� and can be neglected. The current velocity derivative with respect to z can be expressed through the quadratic drag law for the bottom stress
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For the side solid boundary the boundary conditions are proceeded from assumption of no normal flow and zero friction. In this case the tangent to solid side boundary vorticity component � EMBED Equation.2  ��� is


                                            � EMBED Equation.2  ���� EMBED Equation.2  ���=� EMBED Equation.2  ���= 0,                                   (12)


were l,m, are tangent and n  is normal to the side boundary unit vectors, � EMBED Equation.2  ��� - m and n current velocity components in local co-ordinate system. For the vertical side boundaries m is usually used aligned with z. In this case instead of um  can be used uz . 


The boundary condition for � EMBED Equation.2  ���can be obtained in the similar way
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Find derivative of normal vorticity component to the side with respect to n


                     � EMBED Equation.2  ���� EMBED Equation.2  ���=� EMBED Equation.2  ���= 0.              (14)


If  l is aligned with x of main co-ordinate system then
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For the liquid side boundary we can use following expressions


� EMBED Equation.2  ���, were i=l,n,z.


	The boundary conditions for vector potential components at solid side boundary are proceeded from the condition of vanishing normal flow. This condition can be full-filled if to except that at the solid boundary
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were � EMBED Equation.2  ���– tangent to the solid side boundary components of the vector potential.


The boundary condition for the normal vector potential component can be used in 
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	The boundary conditions has the most simple form in the case when the boundary is perpendicular to any main system co-ordinate vector. In another case vector potential components of local system of co-ordinate can be expressed through that components of main system. As for the side boundary  m = z then
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The boundary conditions for this salinity are given by


                                                                  s(0,x,y)=s0 ;(at the free surface)                                                         (19)
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                                       s=s(x,y,z) (at the open sea boundary and at the free surface);                                (21)


                                                                  � EMBED Equation.2  ���(coastal boundaries).                                                         (22)


The vertical diffusivity coefficients are taken as kz= 10-5 m2s-1, kl = 10 m2s-1.


Equations of the model (1)–(9) are integrated numerically with finite difference method .


The advection terms in equations replaced with Leth’s method and the diffusion operator by the central finite difference expression. and   are calculated with explicit method. Elliptic equations for vector potential components are solved with Gauss-Seidel iterations method. To increase a rate of convergence the first step of iterations is obtained with Tom’s algorithm in z direction. Currents velocity components are calculated with central finite difference expression.


A model area was covered by the grid of size 41x81 in lateral and  30 points in vertical directions. Horizontal  steps are 5 km. In the vertical direction upward from the bottom fist ten steps  are of 2 m. In the  upper layer it is equal to (H–hb)/19, where H, hb – total depth and near bottom layer thickness respectively. 


Numerical experiments were performed to study the model applicability for simulation of dense water lens motion near an inclined bottom. The initial dense water vellum had in plan the square form with 20000 m  of side size. In centre its height was 12 m from the bottom which decreased to 8 m at the sides. The initial conditions for these experiments were a zero vorticity. The dense water salinity was held constant at 16 psu. The surrounding water salinity was 6 psu. The water density was accepted to be coursed by salinity only. The bottom inclination was 0.2·10-3  in x–direction.


	Calculations were continued for a period of 20 Rossby periods (TR=1/f) simulating time variations of the three-dimensional fields of vorticity, vector potential, currents velocity components, and salinity. To study the structure of the lens motion in addition to that the mean for the lens as a coherent body  displacement velocity and local velocity relative to the lens mean  velocity were calculated. The first was obtained by averaging  of  previously calculated numerical horizontal velocity components over the lens area. The second one was performed as a subtraction of the mean lens velocity from the numerical vellums for grid points located in the lens. The results illustrated in fig.1a and fig.1b show that during the time of  6TR lens mean x and y velocity components (ur and vr respectively) perform decreasing periodic oscillations. After ones become equal to 5 and 20 cm s-1 respectively. It means that after establishment the lens moves across bottom inclination mostly. The obtained y (along slop) component is close to the Nof velocity for used bottom inclination and density difference [6]. During period of establishment in time from 2 to 3 TR  ur has negative value. It means that in that period the lens moves in up-slope direction.  Relative lens velocity components obtained have clockwise rotation mostly and  reach rather large values close to 45 cm s-1. That is connected with vorticity generating during the lens radial spreading. 





� EMBED Word.Picture.6  ���


� EMBED Word.Picture.6  ���





Fig.1. Time variation of averaged lens horizontal flow components/ (a) and relative velocity in TR  two meters above the bottom (b) .





Resulting currents velocity in vicinity of the lens are the sum of presented above components. That’s why its velocity varies over the lens along the y axis from down-slop to along-slop directions (fig.2)


 In spite of that the resulting the lens translation coincides  with  the lens mean velocity. Obviously such translation in the lens depends on the lens thickness. As a result it causes the lens form transformation which is characterised by increasing of the lens thickness  front part compared with its left one(fig.3).






































� EMBED Word.Picture.6  ���


                                                                                   Nx


     Ny                                                                                       Ny


� EMBED Word.Picture.6  ���


                                                                                      Nx


                                                                                     


Fig. 2. Velocity and salinity distributions in TR (a)  and in 10 TR  (b) two meters above the bottom time


            (Nx,Ny – grid points numbers along x and y axis respectively)
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Fig.3. Salinity distributions  (psu) along y-z section with Nx=25 in t=TR (a)  and in t= 10 TR (b)
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