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SUMMARY: A 3D barotropic finite difference model was adapted to reproduce the dynamics of the Ria de Vigo estuary,
in the north-west corner of Spain. The model has been applied with astronomical tide and observed wind forcing data. The
results are compared to data obtained by an AANDERAA DCM 12 acoustic Doppler current meter at one point of the Ria.
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INTRODUCTION

The Ria de Vigo is an estuary located on the
Atlantic coast of the north-west corner of Spain, and
is the southernmost of the four which are often col-
lectively referred to as the Galician Rias Baixas. It
extends along 32 km in a NE-SW direction, opening
steadily from 1 km width at the 20 m deep Rande
Strait to about 10 km at the 40 m deep outer part.
Beyond the Rande Strait the Ria closes in San
Simodn Bay, a very shallow area which collects most
of the river runoff to the estuary. The Ria has an area
of about 156 km? and a volume of approximately
3x10? m3. It opens to the shelf through two mouths:
the northern one is 2.5 km wide and has a maximum
depth of 25 m and the southern one is 5 km wide and
has a maximum depth of 50 m depth. In between
both mouths are the two Cies Islands (Fig. 1).

*Received October 4, 1999. Accepted July 14, 2000.

This work presents some results of a 3D finite dif-
ference circulation model applied to the Ria de Vigo
which is capable of reproducing wind- and tide-gen-
erated currents. At intermediate frequencies, i.e. time
scales of less than a day and more than two hours, the
tidal dynamics is generally expected to be dominant.
At lower frequencies wind forcing is likely to be the
most important factor in determining currents. How
good this statement is can be tested if the observed
currents are well reproduced with only barotropic
forcing, and no stratification is included in the simu-
lation. The results presented here support this choice.

The model used is a C++ version of the HAM-
SOM model, originally developed by the Institut fur
Meereskunde Hamburg and the Programa de Clima
Maritimo (PCM) (Backhaus, 1983, 1985; Backhaus
and Hainbucher, 1987; Rodriguez and Alvarez,
1991; Rodriguez et al., 1991; Stronach et al., 1993).
The C++ code is more compact (the number of code
lines is about half that of its FORTRAN counter-
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F1G. 1. — The bathymetry of the Ria de Vigo used in the simulation. The dot at the northern mouth indicates the point of deployment of the
DCM 12.

part), more efficient and allows new code to be
introduced more easily. A typical run with 44000
calculation points which allows cells of 300x300 m
and 13 levels takes a quarter of an hour per day of
simulation on a Pentium II-400 personal computer.
To the authors’ knowledge this is the first time that
3D numerical prediction model results have been
directly compared to real current data in any of the
Galician Rfias.

The article is organised as follows. First the
deployments of Doppler current meters are briefly
described. A brief review of the finite difference
HAMSOM model is given, and the grid, parameters
and closure scheme used in the simulation as well as
the characteristics of the forcing applied are
explained. Then the results of the model are shown
and compared to the real data. Finally, some conclu-
sions are drawn in the discussion.

MATERIAL AND METHODS
The moorings
An AANDERAA Doppler Current Meter

(DCM12) was deployed in exactly the same position
in the sill of the northern mouth of the Ria, at 25 m
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depth (for the deployment an iron and cement struc-
ture was used to protect the DCM, which also
ensured the exact location of the point) during two
different periods, one in spring from 10/4/97 to
16/5/97 and one in autumn from 9/9/97 to 24/10/97.
The AANDERAA DCM 12 is an acoustic current
meter by Doppler effect. It divides the water column
into five layers (which partially overlap) with cen-
tres uniformly distributed in the water column (in
this case at approximately 3.5, 7, 11, 14 and 18 m).
An averaged velocity for each layer, roughly 6 m
thick, is then registered. A pressure sensor allows
the tidal height to be measured. The time interval at
which each sample was taken was set to ten minutes
for the first deployment and thirty minutes for the
second one, thus allowing a high time resolution.

The model

The HAMSOM model is a three-dimensional
multi-level (z co-ordinate) finite difference baroclin-
ic model (Arakawa C grid) based on Navier-Stokes
equations with the hydrostatic approximation, mass
continuity and equations for salt and temperature
(which in this paper are not used since the study is
restricted to constant density forcing). The basic
equations here are:
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where u, v and w are the Cartesian vector velocity
components; ¢ the time; P the pressure; g the Earth-
’s acceleration; p the water density; f the Coriolis
parameter; 7_ and T components of the stress ten-
sor and A, the horizontal eddy viscosity (kept con-
stant at 30 m%s). The vertical diffusion of velocity
was calculated using a first order scheme based on
the mixed layer length (Rodi, 1980), which is useful
to reproduce the thermohaline fields.

The equations are discretised using a two-time
level numerical scheme (Alvarez et al., 1997), in
which some terms (like pressure gradient or vertical
diffusive stress) are dealt with semi-implicitly and
others (momentum advection and horizontal diffu-
sion) explicitly. The Coriolis term is calculated fol-
lowing the approach developed by Wais (1985).

The bathymetry used was obtained from charts
of the Instituto Hidrografico de la Marina, and dis-
cretised to a grid of square cells of 300x300 m. The
oceanic western side of the model is located at a lon-
gitude of -9°. This border was selected so that a
major part of the total volume of the grid was placed
over the shelf, thus allowing upwelling and down-
welling to occur within the Ria without much influ-
ence of the finiteness of the volume of integration. A
zero-gradient condition was also imposed in order to
further weaken the influence of the border. The
northern border was placed at 42°21° N, so that the
influence on the northern mouth of the presence of
the nearby Onza Island is taken into account. The
southern border was placed at 42°05° N and the east-
ern one at the Rande Strait, where the bottom rises
sharply from a maximum depth of 20 m up to very

shallow waters of about 3 m depth. The model runs
with 13 layers, with centres at 2, 5, 8, 12, 17, 25, 35,
45, 55, 65, 75, 85 and 95 meters below the surface.
This allows a high degree of vertical resolution at
special points like the Rande Strait or the northern
mouth. The time step was set to 180 seconds, which
is small enough to guarantee stability according to
the Courant-Friedrichs-Levy criterion.

Boundary conditions include the aforementioned
zero-gradient condition for velocity at the oceanic
open border, tidal forcing at that same boundary and
velocity conditions at Rande Strait. Tidal forcing is
imposed through sea surface elevation at the open
boundary, calculated as follows. First, harmonic
tidal constants are obtained from tidal registers
inside the Ria, providing an initial sea surface level.
This is used as a boundary condition (constant all
over the open boundary) and corrected down so that
bathymetric amplification results in observed val-
ues. Finally, amplitude and phase differences
between adjacent points of the border are introduced
using data from the MARHAM data set (PCM). At
Rande Strait velocities are imposed so that San
Simon Bay fills and empties correctly with the tide.

The physical forcing processes considered are
only tide and wind, and the first one is introduced
into the equations via boundary conditions, as
explained. Wind forcing is also introduced as a
boundary condition of continuity of the stress tensor
at the atmospheric interface, so that there the appro-
priate components match the horizontal wind stress
vector.

The horizontal wind stress vector is introduced in
the model through the equation:

7= Cop MW

where W= (W, Wy) is the wind velocity near the sea
surface, C, is a dimensionless stress coefficient and
p, is the air density. The coefficient C,, is selected
according to Smith’s criteria (Smith, 1980).

The most representative of the wind data sets
available for the model domain is the meteorologi-
cal station of the INM placed at Cape Finisterre
(Figs. 2a and 2b). These data are representative of
shelf winds, but not of the winds in the inner part of
the Ria. To take into account this difference between
external and internal winds, Finisterre winds are
imposed uniformly over the shelf and the ria west of
Cabo Home and then decreased linearly eastwards
from this value down to zero at Rande Strait. This
extrapolation of winds was chosen for simplicity,
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FIG. 2. — Wind from the Finisterre meteorological station for (a) spring and (b) autumn periods.

and is consistent with the observed diminishing of
winds, gravity waves and roughness of the sea along
the axis of the ria down to Rande Strait.

RESULTS
All results of the model discussed here were
obtained with one run of the program over a whole

year, covering two periods in which observations are

60

available. An initial warm-up period of two days
should be allowed before the simulation data can be
compared to real data.

The results presented correspond to the north-
ern mouth of the Ria de Vigo (see Fig. 1), so that
u <0 and v >0 (i.e. approximately NW velocity)
corresponds to a current which flows out from the
Ria, whereas u > 0 and v < 0 (i.e. approximately
SE velocity) corresponds to a current that flows
into the Ria.
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F1G. 3. — (a) Eastward and (b) Northward components of the current at the northern mouth of the Rfa de Vigo during the spring period. Solid
line depicts model results, dots are measured currents. Values correspond to the upper layer, O to 5 m depth.
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FiG. 4. — (a) Eastward and (b) Northward components of the current at the northern mouth of the Ria de Vigo during the spring period. Solid
line depicts model results, dots are measured currents. Values correspond to the bottom layer, roughly 15 to 20 m depth.
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FiG. 5. — (a) Eastward and (b) Northward components of the current at the northern mouth of the Ria de Vigo during the autumn period. Solid
line depicts model results, dots are measured currents. Values correspond to the upper layer, O to 5 m depth.

The results of the model follow real data both at
low (meteorological) frequencies (Figs 3 to 6) and at
intermediate (tidal) frequencies (Figs. 7, 8).

The spring period (Figs. 3, 4) has a relatively
complex low-frequency structure. After two weeks
of little mean movement, various episodes of in- and
outflow currents (SE and NW respectively) follow
each other, with very different shapes. In some occa-

sions the event is short with energetic diurnal oscil-
lations (e.g. two outflow peaks on 24 and 26 April,
diurnal inflows around 14 May), in others it lasts for
several days with weak high-frequency oscillations
(outflow from April 30 to May 5). The model repro-
duces this behaviour.

During the autumn period (Figs. 5, 6), in the first
four weeks there is no noticeable low-frequency
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cmi/s
30

(a) Upper layer eastward current. Tidal frequencies.

20

14/4 18/4 22/4 26/4

(b) Upper layer northward current. Tidal frequencies.

30/4 415 8/5 12/5 16/5 date

- doite 2ot £

A

10/4 14/4 18/4 22/4 26/4

30/4 415 8/5 12/5 16/5 date

FiG. 7. — (a) Eastward and (b) Northward components of the current at intermediate frequencies at the northern mouth of the Ria de Vigo
during the spring period. Solid line depicts model results, dots are measured currents. Values correspond to the upper layer, O to 5 m depth.

observed current, and model values are equally close
to zero. Then towards the end of the period (9, 18 and
20 October) there appear two pulses of outflow cur-
rent which the model reproduces well in duration and
shape but with higher intensity than that observed.
Model tidal velocities appear to be much more
regular than observed ones (Figs. 7, 8). Tidal fre-
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quency velocity components have a smooth sinu-
soidal behaviour in time; observed data are rarely
so well-behaved because of the complexity of the
real system, including very local winds, small
scale turbulence, persistency of inertial move-
ments, etc., which the model at this stage does not
attempt to reproduce. However, the correlation



(a) Bottom layer eastward current. Tidal frequencies.
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FiG. 10. — Horizontal current velocities at a peak wind speed for the
(b) 8/10 19:00 (minimum tidal velocities).

15 to 20 m layer at (a) 8/10 16:00 (maximum tidal velocities) and
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FiG. 9. — Horizontal current velocities at a peak wind speed for the
8/10 19:00 (minimum tidal velocities).

0 to 5 m layer at (a) 8/10 16:00 (maximum tidal velocities) and (b)



between modelled and observed time series is
quite noticeable.

Horizontal maps (Figs. 9, 10) show the global cir-
culation pattern during an event of strong southern
wind (Oct 8), at two representative depths and at two
different tidal phases (4 p.m., mean level at flooding;
7 p.m., high water). The basic circulation consists of
an inflow through the southern mouth and an outflow
through the northern one. Outflow current at the
northern mouth during flooding suggests that wind-
generated currents overcome tidal ones, in agreement
with experimental data. This wind-driven outflow
extends to the whole depth of the northern mouth (see
Fig. 10a). The intensity of inflow at the southern
mouth diminishes steadily with depth, showing that
low frequency currents are in fact outgoing there in
the lower part of the section.

This initial application of the model does not
account for a complex vertical behaviour of cur-
rents: it generally just scales down the surface signal
as it propagates it down the water column, whereas
the observed behaviour is not always so. In this
respect agreement is relatively good in spring and
not so good in autumn.

DISCUSSION

The capability of a barotropic version of the
HAMSOM three-dimensional finite differences
model to predict wind- and tide-driven currents in
the Ria de Vigo has been shown.

Generally the model results meander up and
down the observed values. The standard deviation of
their difference is around 10 cm/s (at low frequen-
cies only 6 cm/s), compared with currents which
typically range from minus to plus 30 cm/s. Quali-
tatively it can be said that the model overestimates
low-frequency outflows and underestimates inflows,
which is likely to be related to actually how appro-
priate the wind measured at Cape Finisterre is for
calculating currents in the Ria de Vigo. In particular,
northerly winds, which are very noticeable at Cape
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Finisterre, could be screened off by the several
peninsulas between it and the Ria de Vigo.

The overall good correlation between the model
results and observed currents shows that wind and
tide forcing are likely to be the most important factors
at time scales of days to weeks, so the appropriate
simulation of the currents due to this forcing is the
first step before we can reproduce the thermohaline
behaviour with a full baroclinic version of the model.
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