Revista de Gestdo Costeira Integrada -
COSTEIRA INTEGRADA Journal of Integrated Coastal Zone

Jore Minsgement Management
E-ISSN: 1646-8872
rgci.editor@gmail.com
Associagdo Portuguesa dos Recursos
Hidricos

Gomes, Nilton; Neves, Ramiro; Ascione Kenov, Isabella; Campuzano, Francisco Javier;
Pinto, Ligia
Tide and Tidal Currents in the Cape Verde Archipelago
Revista de Gestdo Costeira Integrada - Journal of Integrated Coastal Zone Management,
vol. 15, nim. 3, septiembre, 2015, pp. 395-408
Associagéo Portuguesa dos Recursos Hidricos
Lisboa, Portugal

Available in: http://www.redalyc.org/articulo.oa?id=388341160008

How to cite I &\_ ,/.L

Complete issue Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal
Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=3883
http://www.redalyc.org/revista.oa?id=3883
http://www.redalyc.org/revista.oa?id=3883
http://www.redalyc.org/revista.oa?id=3883
http://www.redalyc.org/articulo.oa?id=388341160008
http://www.redalyc.org/comocitar.oa?id=388341160008
http://www.redalyc.org/fasciculo.oa?id=3883&numero=41160
http://www.redalyc.org/articulo.oa?id=388341160008
http://www.redalyc.org/revista.oa?id=3883
http://www.redalyc.org

Journal of Integrated Coastal Zone Management / Revista de Gestdo Costeira Integrada, 15(3):395-408 (2015)

http://www.aprh.pt/rgci/pdf/rgci-483_Gomes.pdf DOI:10.5894/rgcid83
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Nilton Gomes® *; Ramiro Neves®; Isabella Ascione Kenov®; Francisco Javier Campuzano®; Ligia Pinto®

ABSTRACT

The hydrography and oceanography in deep ocean areas are expensive if based only upon fieldwork and, as a result, countries
with smaller financial resources have few data from in situ measurements. This work aims to contribute to demonstrate that
based on little local information it is possible to increase our knowledge through the use of numerical models. This paper
describes a study of the tidal propagation in the Cape Verde Islands region and the currents induced by the tide assesses the
importance of the wind for the circulation using the numerical model MOHID in a two-dimensional mode. The bathymetric
data were extracted from the database of NASA SRTM 30 (Shuttle Radar Topography Mission) and the coast line was
extracted from the database of NGDC (National Geophysical Data Center). The tide along the oceanic boundary of the model
was imposed using the results from the FES2004 model and the wind was imposed using the GFS (Global Forecasting System)
meteorological model results. The modeling system is based on a regional scale model with a spatial step of 6 km (level 1) in
which two models with a spatial step 3 km (level 2) were fitted to detail the results of the flow in shallower areas of greater
morphological complexity where a 2D model and reproduce the effect of wind forcing. Comparison between computed and
measured levels in a station located in Palmeira harbor, Sal Island — the only available measuring station - for the year 2000,
shows that the model is able to represent the tide in this location. The model results also show that the currents in the shallower
areas along and between islands are very sensitive to the atmospheric forcing, suggesting that this sensitivity may extend to
zones of greater depth in the presence of vertical stratification.

The residual circulation is the main product of this study with interest for coastal management. It is a completely new result,
about which there was no information either from field work or from other models.

Keywords: Hydrodynamics, modelling, tides, tidal currents.

RESUMO
Marés e Correntes de Maré no Arquipélago de Cabo Verde

A hidrografia e a oceanografia de zonas oceénicas profundas sdo areas de trabalho dispendiosas e consequentemente em paises
com menores recursos financeiros existe normalmente maior caréncia de dados “in situ”. Este trabalho pretende contribuir para
demonstrar que com base em pouca informagdo local é possivel aumentar de forma econdémica o nosso conhecimento através
da combinacdo de dados e de modelos matematicos. No presente trabalho ¢ efectuado um estudo da hidrodinamica forgada
pela maré na regido do Arquipélago de Cabo Verde e ¢ a analisada a sensibilidade da solugdo ao vento. O trabalho ¢ baseado
no modelo numérico MOHID em modo bidimensional. Os dados batimétricos foram extraidos da base de dados da NASA
SRTM 30 (Shuttle Radar Topography Mission) e a linha de costa foi extraida da base de dados do NGDC (National
Geophysical Data Center). A maré na fronteira oceanica do modelo foi imposta utilizando resultados do modelo global de
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maré FES2004 ¢ o vento foi imposto utilizando resultados do modelo meteorolégico GFS (Global Forecasting System). O
sistema de modelacdo é baseado num modelo de escala regional com passo espacial de 6 km (nivel 1), no qual foram
encaixados dois modelos de passo espacial de 3 km (nivel 2) para detalhar os resultados do escoamento em zonas de menor
profundidade - e maior complexidade morfoldgica — onde o vento tem afecta o escoamento em toda a coluna de agua e pode
ser representado por um modelo 2D.

Os niveis de maré calculados pelo modelo foram comparados com os unicos dados de marés existentes, numa estago
localizada no Porto de Palmeira, ilha do Sal para o ano de 2000. A comparagdo dos resultados do modelo com os dados mostra
que o modelo representa corretamente os niveis de maré neste local. Os resultados do modelo mostram também que as
correntes nas zonas menos profundas — zonas costeiras e canais entre ilhas - sdo sensiveis ao forcamento atmosférico,
sugerindo que esta sensibilidade podera estender-se a zonas de maior profundidade na presenga de estratificagdo vertical.

A circulag@o residual em torno das ilhas ¢ o principal produto deste trabalho, com interesse directo para a gestdo costeira ¢

sobre a qual ndo existia nenhuma informagao para a regido, nem proveniente de medigdes, nem de outros modelos.

Palavras-chave: Hidrodindmica, modelagdo, marés, correntes de maré.

1. Introduction

The Cape Verde archipelago located in the Atlantic
Ocean, West African coast, is formed by ten islands and
belongs to the sub-Sahelian zone. The climate,
influenced by the Sahara desert, is dry encompassing
two main seasons: a short rain season and a long dry
season characterised by constant winds and haze
coming from the Sahara desert.

The archipelago was discovered in 1460 by Diogo
Gomes at the service of the Portuguese crown and since
then, Cape Verde has been at the crossroads of
international maritime routes, due to its strategic
location. The archipelago also provides bathing areas
and attractive tourism activities and its fisheries are an
important source of food and jobs. For these reasons
increasing attention is being given to the maritime
issues by national authorities, although the knowledge
about the local ocean circulation in the archipelago of
Cape Verde remains scarce. The lack of field surveys
and monitoring studies do not allow knowledge
building based on data. In this context, numerical
models can be used to identify the main processes
responsible for the local hydrodynamics and biogeoche-
mical processes creating a background to implement
new studies based on field work and on remote sensing.

This paper describes the results of a bi-dimensional
(2D) implementation of the numerical model — MOHID
(Neves, 2013) - used to simulate the hydrodynamics
forced by the tide the in the Cape Verde Archipelago
and to assess the role of the wind in shallower areas.
Using nested techniques, higher resolution results could
be produced to refine the solution in shallow regions of
higher topographic variability and/or under higher
anthropogenic pressure. Water level data is available at
Porto de Palmeira in Sal Island for the year 2000 and
this information was used to validate the model results.
Wind forcing was specified using GFS wind fields
available on the internet (www.nodc.noaa.gov).

The Cape Verde sea is a deep oceanic region and
consequently the density stratification of the water

column is determines the hydrodynamics of the region
as a whole. However islands and the ground elevation
between groups of islands are barriers to the tidal
propagation that generate important tidal velocities that
deserve to be studied. These transient velocities
generate residual flow that is the combination of the
effects advective inertia and Coriolis inertia (see
Huthnance, 1973 and Pingree and Maddock, 1980) that
be quantified only by mathematical models. This
residual determines the net displacement of anthropo-
genic discharges and is important for coastal sediment
dynamics.

The importance of the residual flow along and between
islands associated to the tidal propagation justifies this
2D simulation. This implementation cannot be seen as
an ultimate objective, but it is a required step to (a)
implement a baroclinic 3D model (it will be nested into
this one to get the tide) and (2) to assess the
contribution of each forcing effect for the actual flow
between and around the islands.

The tide along the open boundary of this implementa-
tion was obtained from the model FES2014, which also
provides levels inside the modelling domain. Our
results do not add much to the levels already provided
by FES2014 as the two submodels nested into our main
model do not provide heather. The difference between
the results of these models are the currents, that are in
fact the major contribution for users, whatever they are
managers or scientists from other disciplines.

2. The Study Area

The Cape Verde archipelago (Figure 1) is located in the
Atlantic Ocean on the subtropical region, west of the
African coast, between 17°12°15°’N and 14°48°00°°N
and 22°397°20°W and 25°20°00’W. The archipelago
includes ten major islands, nine of which inhabited, and
several uninhabited islets, divided in two groups
(Figure 1): at north, the Windward Islands (“Ilhas do
Barlavento”), and the Leeward Islands (“Ilhas do
Sotavento”) at the south. The Windward Islands include
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Figure 1 - Geographical location of the archipelago of Cape Verde, Windward and Leeward island groups. The domain of
simulation of the Level 1 model is the green rectangle. Blue rectangles identify the regions simulated by nested models.

Figura 1 — Localizagdo geogrdfica do Arquipélago de Cabo Verde e dos grupos de ilhas de Barlavento e de Sotavento. O
rectangulo verde mostra a dominio simulado com o modelo nivel 1 e os rectdngulos azuis os dominios dos modelos

encaixados.

the islands of Santo Antdo, Sdo Vicente, Santa Luzia
(uninhabited island), Sao Nicolau, Sal and Boavista.
The Leeward Islands include the islands of Maio,
Santiago, Fogo and Brava. The archipelago has
volcanic origin, with rugged and arid terrain and little
vegetation. Most of the islands are mountainous, except
the island of Sal, Boavista and Maio, which are flat
with long beaches.Weather conditions in the region of
Cape Verde are characterized by prevailing northeast
trade winds occurring throughout the year. These winds
influence intensity and direction of surface currents as
well as the sea level height. Higher wind intensities are
more frequent in the Leeward Islands than in the
Windward Islands (DGA, 2004).

3. Material and methods

In the study region the data available is scarce and all
the information available was used in the present study.
We have used the bathymetry from NASA SRTM
(Shuttle Radar Topography Mission) database with
spatial resolution of 30 seconds, the tidal data from a
station located at Palmeira harbor (Sal Island) and wind
velocities measured at a meteorological station located

nearby the same harbor. Also the tidal data from the
global model FES2004 and the wind fields from GFS
model were used. The numerical model used to perform
the simulations is the MOHID water modelling system.

Tide data measured in Palmeira harbour (Figure 2), Sal
Island are available in the British Oceanographic Data
Center (www.bodc.ac.uk). The most recent information
dates back to 2000 and the time series covers 8 months
(07-04-2000 to 31-12-2000). This data was processed to
extract the main tidal components. Table 1 shows ampli-
tude and phase of the most significant tidal components
extracted using the T tide software (Pawlowicz et al.,
2002): principal lunar (M), principal solar (S,), lunar
elliptic (N,), luni-solar diurnal (K;), principal lunar
diurnal (Oy), luni-solar (K,), solar semi-annual (Ssa),
principal solar diurnal (P,), lunar fortnightly (Mf),
quarter-diurnal (My) and lunar monthly (Mm).

Model implementation was challenged by the lack of
data and the absence of previous modeling studies at the
scale of the archipelago. Two nested modelling levels
were used: the level 1 with a coarser grid (green
rectangle in Figure 1) uses a 6 km resolution and covers
a domain of about 480 000 km®; The level 2 with finer
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Table 1 - Frequency, amplitude and phase of the main tidal
components at Palmeira harbour (Sal Island).

Tabela 1 - Frequéncia, amplitude e a fase das principais
componentes da maré no Porto Palmeira (Ilha do Sal).

Tidal Frequency Amplitude Phase
component e (m) ©)
M, 0.080511 0.296 276.69
S, 0.083333 0.116 317.22
N, 0.078999 0.058 249.59
K, 0.041781 0.052 351.32
0, 0.038731 0.042 260.03
K, 0.083562 0.034 312.11
Ssa 0.000228 0.028 20.39
P, 0.041553 0.016 337.65
Mf 0.00305 0.015 19.28
My 0.161023 0.014 286.94
Mm 0.001512 0.012 346.42
NU, 0.079202 0.012 247.09

grids (blue rectangles in Figure 1) uses a 3 km
resolution and cover two areas one of the order of
25 000 km? for the region of the Sal and Boavista Island
and another of order of 17 000 km? for the region of
Santiago and Maio Island.

Tides were imposed at the open boundary of Level 1
using results from the global tide model FES2004
(Lyard et al., 2006). The two nested models use the
levels and velocities computed by Level 1 to specify
initial and boundary condition values. Atmospheric
forcing was imposed on both modelling levels using

GFS model (Center, 2003) results. The inverted
barometer method was used to specify the atmospheric
pressure at Level 1. A relaxation condition with an
exponential decay over ten cells was used to avoid
reflections at the border between the nested models and
the Level 1 model. The simulation was performed for a
period of two months between April and May 2000. A
model spin-up of one month was considered and the
model results analyses is performed only for the month
of May.

Figure 2 shows the bathymetry of the Level 1 model
showing the underwater connection between groups of
islands and the vicinity of deep ocean depths between
islands. The location of the Palmeira harbour (green
point), the fixed buoy (blue point, latitude 16° 45' 22"
N, longitude 23° 3' 47" W) where water level data was
collected and the weather station where the wind
observations were obtained (latitude 16°43° 48’ N,
longitude 22°57°3”” W, height 54 m [www.tutiempo.
net]) are also shown in Figure?2.

Figures 3 compares the water level reconstructed using
the tidal harmonics obtained from the Palmeira Port
buoy data (dots) with the water level extract from the
FES2004 model (line) for a point with the same
location of the buoy for the May month. The analysis
shows globally a good agreement between the two time
series, although in some days differences of the order of
10 cm can be observed. The correlation coefficient
between the two series is 94.48% (Figure 4) showing
that a tidal model forced by the FES2004 results is also
expected to have good results.

Figure 2 - Bathymetry of the archipelago of Cape Verde and location of the Palmeira Harbour (green dot), of the observation
buoy (blue dot), and of the inlan meteorological station (yellow dot).

Figura 2 - Batimetria do arquipélago de Cabo Verde e localiza¢do do porto da Palmeira (ponto verde), da boia de observagdo
(ponto azul) e da estagdo meteorologica (ponto amarelo) localizada em terra.
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Figure 3 — Comparison of levels reconstitute from FES2004 model (line) harmonics and from harmonics
measured at Palmeira harbour.

Figura 3 - Resultados do nivel da maré astronomica das componentes da maré do modelo FES2004 (linha) e da
andlise harménica das observagoes (ponto), Porto da Palmeira, Maio de 2000.

Figure 4 - Correlation between the astronomical tide data and the FES2004, Palm harbour, May 2000.

Figura 4 - Correlagdo entre a maré astronomica dos dados e o FES2004, para a estagdo do Porto da Palmeira,
Maio de 2000.

Figure 5 — Time series of daily mean wind velocity, over the 2000 data and GFS weather model at a point on the
island of Sal, Cape Verde.

Figura 5 — Séria temporal da velocidade média diaria do vento, ao longo do ano 2000, dos dados e do modelo
meteorologico GFS num ponto na ilha do Sal, Cabo Verde.
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Wind from GFS model was assessed using the data
from the meteorological station located at Sal Island, in
the vicinity of the Palmeira harbour (Figure 2). Figure 5
compares time series for the year 2000 showing that the
model meteorological captures the main features of the
field data and consequently can be used to specify the
surface wind stress. The data shows typical wind
velocities of the order of 7 m/s, with higher values in
autumn and spring - when velocities often reach 9 m/s -
and lower velocities in summer. The agreement
between measured and modelled winds show that GFS
model can be used to spec the surface wind fields to the
hydrodynamic model.

3.1. MOHID water modelling system

MOHID is an open source water modelling system
(Neves, 2013) which development is centred at the
Instituto Superior Técnico (IST), Universidade de
Lisboa, Portugal. It is a modular system based on finite-
volumes able to use Cartesian or Sigma vertical grids or
a combination of both, including vertical movement of
the grid to minimise numerical diffusion associated to
internal waves. In this application only one sigma layer
is used and consequently the simulation is a 2D
vertically integrated. The versatility of the modular
structure allows the model to be used in virtually any
free surface flow. It was applied in most Portuguese
estuaries to simulate hydrodynamics and water quality
(Saraiva et al., 2007; Lopes et al., 2009; Malhadas et
al., 2010; Kenov et al, 2012) and in regional seas
(Martins et al., 2001). Other applications of MOHID
include Galician estuaries such as Ria de Vigo
(Taboada et al., 1998; Gomez-Gesteira et al., 1999), and
Ria de Pontevedra (Ruiz-Villarreal et al, 2002).
Recently, MOHID has been applied to the coast of
Southern America (Campuzano et al., 2013). The
model software is written in ANSI FORTRAN 95,
following object-oriented programming. MOHID
includes a graphic user interface with tools for data
handling, pre-processing, simulation’s management,
and post-processing. MOHID uses a semi-implicit
algorithm allowing the simulation of complex problems
in small computers and can perform parallel computing
using openMP or MPI technologies. 3D baroclinic
models can be nested into 2D models in order to get the
tide at the boundaries. This will be a major use of the
2D tidal model described in this paper which solves the
set of equations:

an [a D)+ a(vD)} -0 Equation 1
ot 0x dy
9 9yt —AD <
at(uD) + [ax (u D) + ay (uvD)] D =
- —gD% +i‘L‘X +D|:6(Aau) +8(Aau)] Equation 2a
x p ox\ odx/) ady\ dy

%(VD)+ [;C(MVD) +£}(v2D)] - fubD =

—-eo Lo n (a2 2 4]

ay p ax\ dx/ dy\ oy

where u and v are the velocity components along the x

and y directions; f'is the Coriolis parameter, a function

of the latitude; A4 1is the coefficient of horizontal

viscosity; T and 7’ are the wind stresses along the x and

the y directions, respectively; D is the total water

column height calculated as D=h+#n, where & is its

depth below the reference level and 7 is the elevation
above that level (Kantha and Clayson, 2000).

Equation 2b

4. Analysis and discussion of results

This section starts with the validation of water level
using the Palmeira harbour data and describes and
discusses the results of the Level 1 model (coarser grid)
and Level 2 model (finer grid). Figure 6 shows the
comparison between water level observations
reconstitute using the harmonic components and the
results of the Level 1 model. Both series show identical
evolutions, the differences being comparable with the
differences between comparable with differences
between FES2004 results used to force the model and
the observations shown in Figure 3. This agreement
proves that the model is propagating the tide correctly
in the Level 1. Figure 7 shows the correlation between
simulated and observed free surface level time series at
Palmeira harbour, shown in Figure 6. The correlation
coefficient is 95.68%, slightly higher than the
correlation between data and FES2004 results. Figure 8
shows the same comparison for the Level 2 results. The
differences are identical and consequently the
correlation coefficient is also similar (95.39%) showing
that to obtain correct water levels is not necessary to
have a very high resolution model. High resolution
models are in fact required to compute high resolution
velocity fields, where topographic features can generate
strong velocity gradients with implications on vertical
transport of nutrients and chlorophyll production.

4.1. Spatial analysis of the main tidal constituents

The time series analysis at the Palmeira harbour has
shown that the FES2004 is good enough to specify the
tide at the model boundaries and that MOHID is good
enough to simulate the tidal propagation within the
modelling domain and its results can be used to
describe the tidal propagation. In this chapter the spatial
analysis of the main tidal components (M, S, and N)
will be performed using the model results. Figures 10 to
12 display maps of amplitudes and phases.

Results show that the three semi-diurnal tidal
components (M, S, and N,) propagate northward and
that the islands play a major role on the propagation of
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Figure 6 - Results of the tidal model - level 1- and levels reconstitute from observation’s harmonics (line) at
Palm harbour.

Figura 6 — Resultados do modelo de maré - nivel 1 — e niveis reconstituidos (linha) a partir das componentes
harmonicas medidas no Porto da Palmeira.

Figure 7 - Correlation between results of the tidal model - level 1 - and levels reconstitute from observation’s
harmonics at Palmeira harbour.

Figura 7 — Correlagdo entre resultados do modelo de maré - nivel 1 — e niveis reconstituidos a partir das
componentes harmonicas observadas em Porto da Palmeira.
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Figure 8 - Results of the tidal model - level 2- and levels reconstitute from observation’s harmonics (line) at
Palm harbour.

Figura 8 - Resultados do modelo de maré - nivel 2 — e niveis reconstituidos (linha) a partir das componentes
harmonicas medidas no Porto da Palmeira.
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Figure 9 - Correlation between results of the tidal model - level 2 - and levels reconstitute from observation’s

harmonics at Palmeira harbour.

Figura 9 - Correlagdo entre niveis calcula pelo modelo de maré - nivel 2 — e a partir das componentes

harmonicas observadas em Porto da Palmeira.

Figure 10 — Maps of co-tidal (a) and co-phase (b) in Cape Verde for M, constituent.

Figura 10 — Mapas de co-corrente (a) e co-fas (b) Cabo Verde para a componente M.

these components, distorting the isolines and creating
regions of higher gradient and thus regions of increased
velocity. The M, amplitude varies between 0.4 along
the southern boundary to about 0.24 m at the northern,
while the phase increases from 270° to 310°. In general,
the amplitude of the N2 and S2 tidal component show
an increase from north to south, in agreement with
literature (Lyiard et al., 2006). The N2 and S2 compo-
nents show little wvariations in amplitude, ranging
between 0.1 and 0.15 m for S2, and between 0.05 and
0.1 for N2. Changes in amplitude are observed in
transition zones where morphology and depth variations
occur due to the presence of the islands.

4.2. Tidal Circulation

Figure 13 shows in two situations of maximum flood
and ebb current on the 20" May 2000. The figure shows
that the tidal flow is globally oriented north-south and
that the islands behave as barriers to the flow inducing
higher velocities in the channels between the islands
and on the extremes of the island groups. Maximum
velocities of the order of 30 cm/s are computed in the
channels between the islands.

Out of the island barrier effect the flow displays low
velocity, of the order of 5 cm/s. This flow pattern shows
that the islands play an important role on the local cir
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Figure 11 — Maps of co-tidal (a) and co-phase (b) in Cape Verde for S, constituent.

Figura 11 — Mapas de co-corrente (a) e co-fase (b) em Cabo Verde para a componente S..

Figure 12 — Maps of co-tidal (a) and co-phase (b) in Cape Verde for N, constituent.

Figura 12 — Mapas de co-corrente (a) e co-fase (b) em Cabo Verde para a componente N,.

culation and that close to the coast the tide must be con-
sidered in any circulation study. The strong acceleration
of the flow registered in the vicinity of the islands in-
duces important non-linear effects and strongly
increases the local importance of the Coriolis force. As
a consequence strong residual currents have to be
expected with a tendency for anticyclonic rotation due
to Coriolis.

4.3. Residual Circulation

The residual velocity is the average of the transient ve-
locity at each point and accounts for the non-linear ef-
fects, resulting from the advective and the friction
terms. The Coriolis term in presence of a solid bound-
ary also generates residual flow. In deep ocean advec-
tion and friction are of secondary importance and
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Figure 13 - Tidal currents in the archipelago of Cape Verde (maximum velocity 0.3 m/s) during ebb and flooding (20th

May 2000).

Figura 13 — Correntes da maré no arquipélago de Cabo Verde (Maximo da escala 0.3 m/s) em enchente e vazante no

dia 20 de Maio de 2000.

consequently residual velocities are very weak. How-
ever around islands all non-linear terms get more im-
portant.

The advective terms tend to generate eddies in the back
side of island, when the water leaves the island. These
eddies even if not present in the transient flow, tend to
exist in the residual flow since the inertia force is not
present when the flow approaches the island. As a con-
sequence around an island in an oscillating tidal flow
advection and friction promote the presence of eddies,
two on each side of the island. This effect was
illustrated by Pingree and Maddock (1980). In presence
of earth rotation the Coriolis generates a rotation
(anticyclonic in the northern hemisphere) around the
island that modulates the four - eddies flow, increasing
the residual velocity in two eddies diametrically
opposed and decreasing them in the intermediate
eddies. The presence of this rotational flow was already
pointed out by Huthnance (1973).

Figure 14 shows the residual flow computed by the
Level 1 model and displays the tendency for the anti-
cyclonic flow around the islands or groups of islands.
This flow is particularly clear around the Windward
Islands on the northwest, showing that the Coriolis
Effect is the major mechanism generating residual flow.
In the same group is also clear the presence of higher
velocities in the northwest and southeast corners
suggesting that the advective and friction terms are also
contributing for the residual flow. The most southern
islands present a more complex residual flow pattern
which is a consequence of a more complex tidal flow.

The residual flow represents the tendency of the
transport. Its knowledge is important to foresee the
displacement of pollutants discharged from permanent
sources or to understand the sediment transport in
regions deep enough to be independent of the wave

transport. However the effective transport requires the
use of transient models forced by actual wind.

Independently of the practical importance of the
residual circulation for coastal management support,
this analysis of the residual circulation was an
important contribution to validate the model results and
thus to increase confidence on the model as a tool to
generate knowledge about the hydrodynamic circulation
in the Cape Verde Archipelago.

4.4. Effect of meteorological conditions on currents
and water level

Qualitative and quantitative assessment of the effect of
Qualitative and quantitative assessment of the effect of
the meteorological conditions were performed by
considering scenarios with and without atmospheric
forcing. The wind was imposed both in the in the large
and local scale models and the differences between the
two scenarios were assessed on level 2 model results
where shallow areas are. Figure 15 shows a wind
velocity fields and pressure distributions (in color) for
the 20™ May 2000 at 12pm. The figure shows northern
winds decreasing southwards with a maximum speed of
the order of 11 m/s and the atmospheric pressure
decreasing from Northwest to Southeast. These wind
patterns are identified in the “Livro Branco sobre o
Estado do Ambiente em Cabo Verde” as a typical wind
field the wind intensity is also identified as being
typical in the site http://www.tutiempo.net/clima/Sal/
04-2000/85940.htm.

Figure 16 compares time series of levels computed with
and without wind forcing. The comparison shows that
at this location wind forcing generates differences of
the order of centimeters. Instantaneous spatial distribu-
tions of levels are shown in Figures 17 (a) and 18 (a).
These figures show differences of the order of 3 cm,
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Figure 14 - Residual Flux in level 1 model. It is clear the tendency for an anticyclonic circulation
around the islands.

Figura 14 — Velocidade residual no modelo de nivel 1. E clara a tendéncia para a existéncia de
um escoamento anticiclonico em torno das ilhas.

Figure 15 - Results of the tide elevation with (dots) and without (line) meteorological forcing, Palmeira
harbour, May 2000.

Figura 16 - Resultados da elevag¢do da maré com (pontos) e sem (linha) for¢camento meteoroldogico, Porto da
Palmeira, May de 2000.

Figure 16 - Results of the tide elevation with (dots) and without (line) meteorological forcing, Palmeira
harbour, May 2000.

Figura 16 - Resultados da elevag¢do da maré com (pontos) e sem (linha) for¢camento meteoroldgico, Porto da
Palmeira, May de 2000.
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Figure 17 — Comparison of solutions with and without wind forcing in the region of Sal and Boavista islands for the 20 of
May 2000 at 12pm: (a) level difference, (b) Velocity vectors (black with and red vector without the atmospheric forcing);

(c) velocity intensity difference.

Figura 17 — Comparagdo da solugdo com e sem forcamento atmosférico na regido da ilha do Sal e Boavista no dia 20 de
Maio de 2000 as 12h: (a) diferenca de niveis (b) vectores velocidade (preto com e vermelho sem for¢amento

atmosférico); (c) diferenca do modulo da velocidade.

Figure 18 Comparison of solutions with and without wind forcing in the region of Maio and Santiago islands for the 20 of
May 2000 at 12pm: (a) level difference, (b) Velocity vectors (black with and red vector without the atmospheric forcing);

(c) velocity intensity difference.

Figura 18 - Comparagdo da solu¢do com e sem forcamento atmosférico na regido das ilhas de Maio e de Santiago Boavista
no dia 20 de Maio de 2000 as 12h: (a) diferenca de niveis (b) vectores velocidade (preto com e vermelho sem for¢amento

atmosférico); (c) diferenca do modulo da velocidade.

for the 20" May at 12pm. High values are located
northwest which is consistent with the northeast wind
forcing.

The comparison of the velocity field for the scenarios
with and without meteorological conditions is presented
in Figures 17 (b) and 18 (b). The black arrows represent
velocity with meteorological forcing and the red arrows
represent velocity without meteorological forcing. The
results show that there is a significant difference in the
intensity and direction of the currents in the two
scenarios over the shallow areas. This effect is en-
hanced near the coast, as expected, due to the higher

effect of wind in shallow areas over the whole water
column. The current intensity tend to increase perpendi-
cularly to the wind which is attributed to the Coriolis
effect. The maximum current velocity difference be-
tween the two scenarios is about 0.15 m/s, in the shal-
low regions. In the deeper regions differences are small.
However they are expected to be of the same order of
magnitude if a 3D baroclinic model was used.

Globally results show that meteorological forcing is a
major mechanism generating velocity in the region. As-
sociated to vertical density stratification its importance
it is expected to be even higher since it will be respon-
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sible for upwelling and downwelling events around the
islands with important biogeochemical consequences.

5. Conclusions

This study represents a first step towards a more com-
prehensive understanding of tidal circulation in the
Cape Verde region. The study used all the data avai-
lable locally and made available by large scale initia-
tives to study the global ocean and atmosphere
dynamics. In the absence of field data model,
verification of model results was supported by the
agreement with known physical processes. Particularly
important was the residual flow pattern around the
islands and groups of islands and the modification of
the flow pattern by the wind.

The water level observations from the buoy located at
Palmeira harbor, dating back to the year 2000 were the
only source of data available for quantitative assess-
ment of the water levels computed by the model. These
data allowed for the characterization of the major tidal
constituents which were very useful to assess the rea-
lism of the FES2004 model results to impose the
boundary conditions, but also to validate the MOHID
model results generated both by the coarser and finer
resolution models, with correlations of 95.68% and
95.39% respectively. These comparisons show that the
fine resolution model was irrelevant to compute tidal
levels. Fine resolution model is however important to
compute velocities since results of the model show that
tidal currents next to the islands are determined by the
archipelago morphology, being maxima in the channels
between the islands, as expected.

Meteorological forcing has shown to be very important
for the flow in regions where the flow is confined to the
surface layer, that in a 2D depth integrated model can
happen only in the shallow regions around and between
the islands, where wind driven currents can be more
important than the tidal currents. This means that in
stratified regions where the wind effect is confined to
the surface by buoyancy wind circulation is very
important and thus the next step of this work must be
based on a 3D baroclinic model.

This work is an important step for the understanding of
the general characteristics of the tidal currents in the
archipelago of Cape Verde that is necessary step for the
understanding of the relative importance of each pro-
cess responsible for the flow in more comprehensive
hydrodynamic studies.

The residual flow pattern is already very important to
support the management of anthropogenic discharges,
and globally the results are of great importance to
design the field experiments that must precede any
water quality study or to support spatial planning and
tourism development in Cape Verde.
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