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Resumo

A costa esta sujeita a um nivel do mar varidvel desde uma escala de segundos a
séculos. Este estudo quantifica os factores de variabilidade do nivel do mar costeiro de Cabo
Verde.Ao utilizar o unico marégrafo publico disponivel em Palmeira, Sal (de Marco de 2000 a
Dezembro de 2019), estima-se a contribuicdo relativa das marés, picos, ondas de superficie e
alteracfes do nivel do mar impulsionadas pelas correntes oceénicas (topografia dindmica).
Uma andlise espectral revelou que as marés (M2, S2, etc.) contribuem até 815mm da
variabilidade do nivel do mar observada de 1300 mm. O nivel do mar em Palmeira com o
sinal da maré removido revela uma variabilidade plurianual com uma magnitude de cerca de
212mm. Os picos e baixos identificados a curto prazo podem acrescentar mais 155mm, com a
duracdo de algumas horas. Os produtos operacionais das ondas e do nivel do mar revelaram
que a maior variabilidade do nivel do mar em Cabo Verde é devida as ondas (em média
1700mm e 4400mm em alguns casos) em escala temporal <12 segundos e foram
principalmente impulsionados pelo vento. As tendéncias a longo prazo para o periodo de
estudo foram de 2,238mm/ano, 3,024mm/ano e -0,156mm/ano para a reandlise CMEMS,
satélite e marégrafo, respectivamente.As alturas dindmicas SLA baseadas em satélite tinham
um alcance de 182 e 208mm para o satélite e conjuntos de dados de reanalise com fortes
ligacbes ao SST da regido e a ondulacdo de tensdo do vento. Uma extensdo da rede de
observacdo do marégrafo para a regido de Cabo Verde ajudaria a verificar os produtos
operacionais aqui utilizados e, assim, ajudaria a criar uma monitorizacao espacial do nivel do
mar na regido de Cabo Verde. Servicos como as fabricas de dessalinizacdo, portos locais,

empresas costeiras, etc. beneficiariam de tal rede, para planeamento e operacdes.

Palavras-chave: Variabilidade do Nivel do Mar, Marés, Ondas, Surtos, Topografia

Dinamica, Altimetria de Satélite, Alteracdes Climaticas, CMEMS.



Abstract

The coast which serves as an intermediary between land and the ocean is subject to
variable sea level from a scale of seconds to centuries. This study quantifies the drivers for
coastal sea level variability of Cape Verde. By making use of the only public available tide
gauge at Palmeira, Sal (spanning March 2000 to December 2019), the relative contribution of
tides, surges, surface waves and sea level changes driven by ocean currents (dynamic
topography) are estimated. A spectra analysis revealed that the tides (M2, S2, etc.) contribute
up to 815mm of the 1300 mm range in observed sea level variability. Further analyzing the
sea level at Palmeira with the tidal signal removed (SLA_residual) reveals multiannual
variability with a magnitude of about 212mm. Furthermore, identified event-like, short term
surges and lows may add another 155mm, lasting a few hours. Operational wave and sea level
products revealed that Cape Verde’s highest sea level variability is due to waves (averagely
1700mm and 4400mm in some instances) in temporal scale <12 seconds and were primarily
wind driven. The long term trends for the study period were 2.238mm/year, 3.024mm/year
and -0.156mm/year for the CMEMS reanalysis, satellite and tide gauge, respectively. The
satellite based dynamical heights sea level anomaly had a range of 182 and 208mm when
using the satellite and reanalysis datasets with strong connections to the region’s SST and
wind stress curl. An extension of the tide gauge observational network for the Cape Verde
region would help verify the operational products used here and thus help to create a spatial
monitoring of the sea level in the Cape Verde region. Services such as the desalination-plants,
local harbors, coastal businesses, etc. would benefit from such a network, for planning and

operations.

Keywords: Sea Level Variability, Tides, Waves, Surges, Dynamic Topography, Satellite
Altimetry, Climate Change, CMEMS.



Abbreviations and acronyms

ADCP Acoustic Doppler Current Profiler
CMEMS Copernicus Marine Service

FFT Fast Fourier Transform

HR High Resolution

mm Millimeters

OTIS OSU Tidal Inversion Software
SLA Sea Level Anomaly

SSH Sea Surface Height

SWH Significant Wave Height
TOPEX Ocean Topography Experiment
TPXO Topex Poseidon crossover solution
WAM Wave Model
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1. Introduction

1.1 Background and Context

The desire to live in coastal regions and areas has been one that goes back to centuries of
years in time and it is one that is ever growing. However, coastal disasters such as storm
surges and flooding threaten the lives and economy of coastal dwellers. Understanding the
factors that determine coastal sea-level variability is of utmost important for coastal
management and human well-being. According to IPCC (2014), the frequency, intensity and
duration of extreme weather events is expected to increase. This increase in extreme weather
events like stronger storms tends to enforce waves which in-turn impacts coastal
communities. Kirshen et al. (2008), National Research Council (2009) and NOAA (2018)
point out how a storm event can lead to coastal flooding primarily for low lying coastal
communities through enormous wave pounding or sea-level elevations. Natural barriers like
coral reefs and coastal defence structures like sea walls tend to protect some coast but when
wave conditions are stronger than usual, these defences can be made null. Coastal defences
and natural barriers can be: (a) breached or undermined, (b) overtopped by waves or (c)
exceeded by water levels at its crest, which would lead to coastal flooding (Sallenger, 2000;
Zou et al., 2013). Knowing how wave conditions and sea-level changes can create damaging
consequences for coastal communities, it is prudent to have an idea of the wave situation and
the sea-level variability within a coastal region so as to be able to understand past conditions
which forms a basis to predict future scenarios.

In other to better understand factors that control sea-level conditions within a particular
region, several sea-level observing approaches have been used by scientists and coastal states.
These approaches vary but can be primarily grouped into two: (a) in-situ and (b) satellite
observations. The in-situ observations include one of the oldest established sea-level
observing methods which are tide-gauges and which go back more than 150 years at certain
locations. One component that adds typically only short term but eventually extreme sea level
signals are surface waves. These are lately integrated into numerical models to better
understand the impact of waves (Janssen, 2008). To integrate limited in-situ data and satellite
observations into a coherent picture and eventually predicting sea-level evolution, ocean
models are used. One particular thread is expected from global warming through greenhouse
gas emission, Church et al. (2013) predicts that global mean sea-level will increase of the
order 0.3-1.0m by 2100 but locally the increases may be much higher. Storm flooding and
inundation of lowland is one of four main impacts of sea-level rise (Nicholls, 2002). Thus,

1



with sea-level on a rise coupled with an increase in frequency, intensity and duration of
extreme weather events, coastal nations may be on the verge of witnessing its greatest wave

pounding in modern history.

1.2 Study Area

Cape Verde is located between the Equator and the Tropic of Cancer, between the
latitudes 14°28’N and 17°12°N and the longitudes 22°40°W and 25°22°W, approximately
500km off the west coast of Senegal in West Africa. It has 10 islands with varying local
climate conditions and landscape and elevations vary with mountains being more prominent
on some than others. Sal island is the flattest island. With an annual temperature varying from
19 to 29°C, the Cape Verde has a tropical oceanic climate with low rainfall rates. The tidal
range has been documented to be about a meter (Gomes et al., 2015). Cape Verde is loacted
towards the southern end of the Canary Current and this has a southwestward flow around the
area (Mittelstaedt, 1991).
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Figure 1: Map of the Cape Verde Islands location in reference to the African coast showing the
bathymetry/topography of the region.. Sourced from: Romalho (2011).
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Figure 2: Map of Cape Verde showing the bathymetry and topography of the Islands and surrounding waters.
The windward group is exposed to the prevailing local winds whiles the leeward group in the south are sheltered

from the prevailing winds due to presense of the windward group. Sourced from: Romalho (2011).

1.3 Problem Statement

Understanding the factors that determine coastal sea-level variability is of utmost
important for coastal management, safety and ultimately human well-being. This work seeks
to identify and quantify the drivers for sea-level variability around the Cape Verde islands.
Understanding the importance of what are supposed to be the main drivers for sea-level
variability (namely, tides, surface waves, and variability in dynamic topography) will possibly
help in planning for global (e.g. climate protection) and local (e.g. coastal protection)
mitigation measures. For the Cape Verde region various natural hazards have been reported,
such as erosion and gully formation for the island S&o Vicente (PANA 2004) or coastal
flooding’s induced by storms e.g. 2015 the impact of Hurricane “Fred” on the islands Sal and

Séao Nicolau.



1.4 Research Questions

1. How large is the sea-level variability induced by tidal currents based on a local
analysis for the Cape Verde Islands?

2. How large is the sea-level variability induced by surface waves and wind based on a
regional analysis for the Cape Verde Islands?

3. How large is the regional and large scale sea-level variability induced by changes in
dynamic topography for the Cape Verde Islands?

4. Which recommendations can be given for coastal management for the Cape Verde

region related to sea-level variability based on the results?

1.5 Relevance and Importance of the Research

This research would give insights into the different factors that drive sea-level variability
of the study area. The tidal variability, surface waves, and the dynamic topography are
considered. Identifying and characterizing the main contributors of sea-level variability
around the islands, is key for local and regional marine management issues such as coastal
protection, operations of desalination plants, but also a base for potential wave energy power
plants may be informed by the findings. Results of the findings are expected to be important
for a wide range of individuals, organisations and government. Cape Verde’s gross
development product (GDP) in 2017 had tourism contributing 44.9% (WTTC, 2018), with the
beaches being a prominent feature in the tourism sector. Coastal Hotels and businesses would
also find it relevant as an understanding of the past conditions will help advice future
measures. Policy makers, town planners and coastal users will all find it useful, knowing if a

region is prone to harsh conditions. The country’s electric power providers could also benefit.



2 Literature review

Sea-level variability can be accounted to a number of different drivers. In the following a

literature review of the major drivers is provided.

2.1 Coastal Sea level

Coastal sea level refers to the water level recorded at any point in time along a shore
(ocean-land interface). The sea level variability at the coast could be the same or different
from that of the adjacent open ocean. One the reasons for this is the location of the coast and
the timespan being considered (Woodworth et al., 2019). Coastal sea level have been studied
over the years with the help of tide gauges while satellite observation gained significant
grounds from 1993 (Dieng et al., 2019). The use of satellite gives a good representation of the
open ocean but has drawbacks near the coast for varying reasons. One of which is radar echo
perturbations caused by the continents (Cipollini et al., 2017). The advancement in
instrumentation and post processing techniques implies that these challenges are been dealt
with to improve the results of satellite observation of coastal sea level (Passaro et al., 2014;
Birol et al., 2017).

Satellite and model data providers tend to want to validate their datasets with in-situ data;
in this case tide gauge data. Validation for SLA data is extensive along the American and
Western Europe coast as well as the Mediterranean Sea but poor along the African coast due
to poor tide gauge network systems (Angnuureng et al., 2018). One of such African areas is
the Eastern Tropical Atlantic Ocean, where the Cape Verde Islands is located.

A variety of oceanic phenomenon impacts coastal sea level such as surges, tides, waves,

dynamic topography, etc.

2.1.1 Tides

The sun and moon’s gravitational effect leads to a periodic and predictable changes in
water level known as tides. Tidal ranges vary from one place to another with possibly the
highest tidal range globally being 16m in the Bay of Fundy in Canada (Wolf, 2008). Locally
tides are primarily monitored using tide gauges. In combination with other ocean phenomenon
like surface waves and storm surges (Coles, 2001) the local and regional sea level
characteristic and eventually forecast (in combination with numerical modelling) are derived.

Satellite data provide long time barotropic tidal information for the global ocean (Ray, 1999).



Information on tides is important for many areas, e.g. tides are important for marine
ecosystems related to mangroves (Gholami and Baharlouii, 2019) or Nodoushan (2018)
pointed out the tidal impact on water quality. Ground elevation between group of islands act
as barriers to tidal propagation and subsequently generates tidal velocities which are due to
Coriolis inertia and advective inertia (Huthnance, 1973; Pingree and Maddock, 1980). These
velocities can in-turn influence migration and abundance of larval and juvenile fish in
estuaries (Embling et al., 2013; Patrick and Strydom, 2014; Abrogueria et al., 2020).

2.1.2 Surges

When water levels get high and overtops coastal defense structures or natural barriers
leading to the inundation of a low-land as a result of tides, storm surges and wave action,
coastal flooding is said to have occurred. Abe (1979) points out how earthquakes, meteorite,
volcanic eruption or landslide can cause tsunamis which can also lead to coastal flooding and
cites the classic example of the Pacific Rim. The risk of a coastal community having a flood
event is projected to increase due to changing climate (Hall et al., 2007) and with coastal
property being costly (Hinton et al., 2007), attention to coastal flooding seem to be ever
critical. The impact of coastal flooding cannot be understated, countries have lost citizens
(Gerritsen, 2005) whiles others have properties worth billions of euros sitting in zones at risk
of coastal flooding (Wolf, 2008). This makes understanding the past situation of sea-level and
waves even more prominent for a state such as the Cape Verde Islands which have some of its
islands (example is Boa Vista) having a planar morphology with its highest peak being only
380m above sea-level (Romalho et al., 2010). Reports on coastal conditions such as flooding
are sparse for the Cape Verde Islands but (Jenkins et al., 2018) did a great assessment of

coastal flooding impacts as a result of the 2015 Hurricane Fred.

2.1.3 Surface Gravity Waves
Various types of energy input to the ocean propagate as surface gravity waves, meaning
the restoring force is gravity. Best known are probably wind generated surface waves.
Occasionally extreme surface waves may occur either from underwater landslides or triggered
by earthquakes (tsunami) (Winter et al., 2017) or from intense storms such as hurricanes
(Xiao et al., 2010). Measurements of surface waves directly with tide gauges and also with
buoys either directly via the buoy motion (e.g. wave rider buoy, Tucker & Pitt, 2001) or via
acoustic travel time from a subsurface instrument pointing upward (e.g. Nortek Signature 500
ADCP) (Hoitink et al., 2007). An important prerequisite is high sampling rate in order to be
6



able to resolve the wave frequency without an aliasing effect (Grédiac, 2014). These
observations, also limited to a single region only, provide full statistics of the wave field
(amplitude, frequencies) and which is of great value to characterize the regional surface
waves. Remotely sensed wave observations include HR Radar observations (Chen et al.,
2012) and Satellite altimetry. Both methods determine wave characteristics essentially from a
backscatter signal. While HF Radar are stationary they can also be sued to derive areal
information of wave characteristic. In contrast, satellite altimeters observe significant wave
height (Hs) from the along track signal return which provides data at selected stripes in a
region and for one moment only. The accuracy improved from first missions (e.g. TOPEX)
being 10% or 0.5 m (whatever is larger) to better than 2% for SENTINEL-3 missions (Donlon
et al., 2012). Satellite wave information is an important constrain for wave modelling that had
its significant step when the 3rd generation (3G) Wave Model (WAM) was developed
(Koeman, 1994). This did not lead to a stagnated growth as efforts to improve wave
modelling are being made constantly. (The WISE group, 2007) worked on the development of
shallow water physics which helps to better improve wave models. To better grasp the
concept of numerical and statistical model as well as the design of coastal defences and oil
platforms there needs to be enough accurate wave data (Casas-Prat et al., 2014; Durrant et al.,
2013; Tolman, 2009; Comola et al., 2014; Kim and Suh, 2014). Others also estimate wave
height by using results of radar images analysis which is however not straightforward. Radar
images of the ocean helps to understand wave fields and surface current information (Chen et
al., 2012; Nieto-Borge and Guedes-Soares, 2000) and these images are generated due to
backscattering of electromagnetic waves as a result of sea surface roughness (Alpers and
Hasselmann, 1982; Plant et al., 2008).

Due to the sparse nature of wave buoys and their relatively short-term deployment, most
studies on the global ocean for wave trends on long-term scales tend to be mainly from
voluntary observing ships, satellite altimetry, wave model hindcast and wave reanalysis
datasets (Carter and Draper, 1988; Allan and Komar, 2000; Gulev and Grigorieva, 2004;
Young et al., 2011). Doubts on the significant wave height measurements of Jason-2 have

been raised but its relevance has been well documented by (Abdallah, 2019).

2.1.4 Dynamic Topography

The ocean surface tends to form hill and valley like structures in reference to the geoid.
The sea surface height relative to the geoid is termed as the ocean’s dynamic topography due
to its fluidity. Satellite altimetry has been used to measure sea surface height from the 1990s
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(Cazenave et al., 2014). Dynamic topography can lead to local variability in sea level (Bond,
1979). The accuracy of the current knowledge of the geoid information to help estimate the
dynamic topography with precision is not enough (Caballero, 2020). The mean of dynamic
topography is crucial in estimating sea level anomalies, however this estimation is said to be
more accurate in the open ocean and decreases as one nears the coast (Caballero et al., 2020).
One way to overcome the errors due to the geoid is by subtracting the mean sea surface above
a reference ellipsoid from the from the sea surface height to obtain the sea level anomaly. An
example of such works is being done by the Copernicus data team (Taburet et al., 2019).

2.1.5 Local Drivers

Coastal sea level variability can be driven by a lot of factors, some of which are local and
introduces a variability in the local sea coastal sea level. Such forcing factors can be termed as
local drivers as they vary depending on the location. Example of such drivers are the local
bathymetry, shape of the coast, structures such as harbors, presence of estuaries and river run-
offs (Woodworth et al., 2019). Most of these drivers have effect on smaller spatial scales and
shorter temporal scales while others such as the Kelvin waves have a higher temporal and
spatial scale (Enfield and Allen, 1980).

Bathymetry and the presence of a harbor or bay can induce an oscillation in the local
waters known as seiches (Rabinovich, 2010). Seiches are sub-daily oscillations coastal sea
level and have been found in almost all tide gauge records (Woodworth et al., 2019). The
formula (Vgh) where g is the acceleration due to gravity and h is the water depth, determines
the frequency of a seiche.

River run-off also contribute to the local coastal sea level (Durand et al., 2019) with
contribution of the order of centimeters for some European rivers (Laiz et al., 2014). River
run-off will undoubtedly be significant in cases of larger rivers and vice versa. The Amazon

River being a case of significant contributions from a large river (Korosov et al., 2015).

2.2 Interaction of drivers of Sea Level and Coastal Flooding

Oceanic motion phenomenon is a complex situation. These differently classed motions all
interact with each other through diverse ways (Wolf et al., 1988). Peregrine and Jonsson
(1983) classify these interactions as (a) effects of water levels and currents on waves and (b)
effect of waves on tides and storm surges. This superposition of various drivers of sea level

variability can lead to coastal flooding. Thus, a coastal defense system must take into account



the highest tide and highest probable waves of the target area in other to avoid wave
overtopping during high wave conditions that are higher than usual. Coastal defense systems
must take into account the interaction of these drivers of variability in sea level. An example
IS answering the question, will the structure be able to protect the coastal community when the
highest wave occurs at the time of the highest tide? Understanding how nearshore zone wave
propagation is modified by different tidal regimes is essential and this is detailed by (Wiegel,
1964; Wolf et al., 1988; Ozer et al., 2000). Wave propagation in the nearshore zone is
dependent on the water depth, whiles wave breaking is also dependent on bottom friction.
Thus, a wave entering a shallow area will shoal very close to land during low tide and slightly
further from land during high tide.

In the nearshore, mean water level and flow is impacted by waves through radiation stress
which causes longshore drift and wave setup (Longuet-Higgins and Stewart, 1962). Coastal
defense managers and engineers in taking into account longshore drift would need to look at
the question, what happens to the neighboring coast of the target coast. The understanding of
these interactions has led to coupled models which tend to produce better output. An example
of coupled models is the incorporation of current refraction in the WAM model (Hubert and
Wolf, 1991). Burgers et al. (1994) and Cavaleri et al. (1994) detail contributions to coupling
in the WAM project.

2.3 Impacts of Climate Change on Sea level Variability

Changes in temperature, sea level rise and ocean acidification are some of the threats of
climate change to the marine environment ((Brierley and Kingsford, 2009; Doney et al., 2012;
Hoegh-Guldberg and Bruno, 2010). Church et al., (2011) and IPCC (2013) indicate that
melting of glaciers and ice-caps as well as ocean thermal expansion are the causes of sea-level
rise. Sea-level is expected to increase by an order of 0.4m to 1.2m by 2100 (IPCC, 2013).
Nicholls and Cazenave (2010) projects how the intertidal zone will undergo severe
consequence as result of sea-level rise. This zone has great biodiversity and serve as buffer
zones against storm events and erosion (Shepard et al., 2011; Spalding et al., 2014). The effect
of climate change on marine organisms is however poorly understood (Richardson and
Poloczanska, 2008; Rosenzweig et al., 2008). Estuaries would also be impacted primarily
through salt intrusion (McLean et al., 2001).

Neumann et al., (2015) estimates that about 600million people live in areas that could be

inundated. Thus, without protective measures, millions of people risk losing their homes



while coastal business would be hit hard. The transport industry such as the ports and road
networks would also be impacted due to inundation as a result of sea-level rise (Becker et al.,
2018; Dawson et al., 2016; Knot et al., 2017). Processes such as local changes in oceanic
circulation, variability in ocean temperature and salinity, vertical land movement and static
equilibrium cause regional sea-level changes to differ from global mean (Levermann et al.,
2005; Kopp et al., 2014). This implies some countries will be more affected than others in the
advent of sea-level rise. Sea-level rise is projected to impact the severity and frequency of
coastal flooding (Talke et al., 2014). The impacts of climate change (sea-level rise) are

certainly enormous with lives and properties at stake.
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3 Data and Methods

3.1 Data Sources

A variety of datasets were used in this work. This includes in-situ tide gauge data from the

University of Hawai’i sea level center and satellite and model data from the Copernicus

Marine Service and the Copernicus Climate Change Service. Details of the datasets can be

seen in Table 1.

Table 1: Summary of major datasets.

Data Provider Type Temporal Spatial Time Span Location Variables Reference
Resolutio Resolution (d/m/year)
n
Tide University In-situ Hourly Fixed 12/03/2000 16.755N Caldwell et
gauge of Hawai’i location to to al. (2015)
sea level 31/12/2019 -22.98W
centre.
Wind Copernicus | Reanalysis Hourly 0.25degrees | 12/03/2000 14 - 18N 10mu & v- | Hersbach et
Climate gridded to -22 t0 -26W | component al. (2018)
Change 31/12/2019
Service
Wave Copernicus | Reanalysis 3-Hour 0.2degrees | 12/03/2000 14 — 18N VHMO, Chune
Marine intervals gridded to -22 to -26W VTM10 (2019)
Service 31/12/2019 VMDR
Dynamic | Copernicus Satellite Daily 0.25degrees | 12/03/2000 14 — 18N SLA Mertz
Topograp Marine observation gridded to -22 to -26W (2012)
hy Service 31/12/2019
Sea Copernicus | Reanalysis Daily 0.083degree | 31/12/2019 14 — 18N Z0s Bourdalle
surface Marine s gridded -22 to -26W (2012)
height Service

For the Copernicus datasets, the used variables are sea surface wave significant height

[VHMO], sea surface wave mean period from variance spectral density inverse frequency

moment [VTM10], sea surface wave from direction [VMDR], sea level anomalies [SLA], sea

surface height [Zos].

The tide gauge data provided by the University of Hawai’i sea level center is located

on the coast of Palmeira on the Sal Island. Palmeira is on the west coast of the Sal Island and

the tide gauge is located in a bay which serves as the local harbour at 16°45°N, 22°59°W

(Figure 3). There is a DORIS (Doppler Orbitography and Radiopositioning Integrated by

Satellite) station about 5km away used in calibrating the Jason satellites. The tide gauge data

is an amalgamation of three instruments; Aquatrak acoustic gauge, Sutron 9000 DCP, radar

(Vega Vegapuls 62) and a pressure transducer. The acoustic device samples every 6 minutes
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whiles the radar at 3 minutes and the pressure transducer at 2 minutes. The Aquatrak acoustic
gauge was the primary sensor from March 2000 to 2007 and the radar is the current primary
sensor since October 2007. The sampling technique is in a way which allows mechanical
dampening of water level oscillations with periods of about 6 seconds (Park et al., 2014)
which could eliminate the signal of some waves. The data providers use a three-point hanning
filter centred on the hour to achieve the hourly observations used in this study. The units of
the sea level observations is millimetres and it is referenced to a local station tide staff zero
using land-based benchmarks. Thus, making its reference zero not relative to the local tidal
parameters (Caldwell et al., 2015) or an official datum. It also makes the observations not start
at a zero. The data contains some gaps of which no particular reason was given (Caldwell et
al., 2015). The data is coded by the following identification numbers for various sources;
(JASL: 235A, GLOSS: 329, NODC: 71026201). The island is affected by a -1.06mm/year

vertical land motion (Mendes et al., 2017).

Tide Gauge

Figure 3: Site map of location of tide gauge (right) (blue locator on map) in the local habour of the city of
Palmeira (centre) and its position in reference to the island (left). Sourceed from https://earthexplorer.usgs.gov/.

3.2 Major Python Packages Used

The python environment, provides various packages designed by thousands of individuals to
help analyze various forms of data. A number of functions from these packages were used to

analyze the various datasets. Below is a list of the packages that were used most times.
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Table 2: Names of the major Python packages used in data analysis.

Datetime Matplotlib Numpy
Oceans Os Pandas
Pathlib pyTMD Pyproj
Scipy Seaborn Statsmodels
UTide Windrose Xarray
3.3 Tides

3.3.1 Unified Tidal Analysis and Prediction (UTide) Python Package

To estimate the local contribution of tidal frequencies on a time series | applied the
UTide Python Package (Codiga, 2011). UTide performs a harmonic analysis of oceanic tides
through a least-squares fit that considers the relative phase and amplitude of known tidal

frequencies to an observational record, the Palmeria time series in this application.

First, the time series was prepared. A reference zero sea-level at the position of the
gauge was computed by estimating the mean of the sea-level elevations of the study period.
This mean value was subtracted from each sea-level elevation value to create a reference zero
sea-level and obtain values of sea-level at each point in time as above or below the reference
sea level. The “UTide” python package was then used to extract the tides from this
preprocessed dataset by using the coefficients of the observations to reconstruct the tides (eqn
1). The utide.solve takes the raw time, sea level and the latitude of the gauge to generate
various string, scalar and vector fields (coef) which contains information such as the
constituents name, amplitude, Greenwich phase lag, contituents frequencies among many
others. The utide.reconstruct function then take the time stamps and gleans information from

the coef variable to reproduce the tides of the location over the inputted time.

coef = utide.solve(time, sea level ,,zeryations lattiude of Tide Gauge) @)
tide = utide.reconstruct(time, coef)

The residue was then computed by subtracting the tidal elevations obtained from the
“UTide” package from the preprocessed sea-level observations. The residue is the sea-level

devoid of tidal fluctuations.

Residue = Sealevel ,psorpations — Tidal elevations 2

3.3.2 TPXO Model
The TPXO model (Egbert and Erofeeva, 2002) was used to attain the local tidal

constituents and their amplitudes and to compare this output to that extracted from the tide
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gauge data by the UTide package. The TPXO model of global ocean tides is generated by
using the Laplace tidal equations and altimetry data. The Laplace equations is a set of partial
differential equations which takes into account the lateral forcing by gravity and the Coriolis
Effect. The model was run in python using the pyTMD python package’s function
“extract_tidal constants”. This function takes the location’s longitude and latitude position as
well as the path to the grid file (gf) and the model file (mf) and the coordinate system of the
location as seen below where “TYPE” is set to ‘z’ to attain the amplitudes of the tidal
constituents. Amplitude, phase, depth and constituents are amp, ph, D and c respectively. Grid
is set to ‘OTIS’ which is the file type used while method set to spline is said to be the best as
compared to linear interpolation method. The model file is generated by using a tidal
synthesis program to compute for a given time and location, the tidal corrections (Egbert and
Erofeeva, 2002).
amp,ph,D,c = pyTMD.read;ze,,,401- €XtTACLtigai onsianes (10T lat, gf, mf, EPSG, TYPE =" z',  (3)

METHOD =' spline’, Grid = 'OTIS'

The TPXO model was also used to attain the tidal constituents and their amplitude for
the Cape Verde region. To do so, 410 grid points were created for the Cape Verde region, the
model was used to estimate the tidal constituents and amplitudes at those points. For each
point (location), the sum of the amplitudes of the all the tidal constituents was estimated as a
representative of the tidal range at the location. The mean was then estimated for the entire

Cape Verde area and used as the representative of the tidal range of the region.

3.3.3 Spectral Analysis

A spectral analysis was carried out on the raw data and residue to cross-validate the
analysis of the UTide package. The Fast Fourier Transform (FFT) of the “numpy” python
package was used for the spectral analysis. The Fourier analysis transforms a signal from the
more prominent time domain the frequency domain or vice versa. The goal was to visualize
the frequency with the highest energies in the computed sea-level anomaly and the residue.
Subsequently the energies of these two were compared to verify if the UTide package worked
effectively in extracting the tidal signal. The power spectra is based on the algorithm (egn 4)

where N is the number of elements.
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N-1 ' (4)
Xk — Z xnee—kan/N)

n=0
The computation of the energies of the FFT in python followed this sequence;

hanning,,iniow = numpy. hanning(length of data) (5)

Power Spectrumpga; = numpy. f ft. fft(hanning,,inqow * Sealevel y,omaiy) (6)

This computation leads to a two-sided spectrum, however, the focus is on positive
frequencies. Thus, the two sided power spectrum was converted to a single sided power
spectrum. The frequencies for the single sided power spectrum was also computed as seen

below where Fs is the sampling rate in seconds and N is half the length of the data plus 1.

0]

Fs
Frequencyy,inss = numpy.linspace (0,7,N)

3.4 Surges and Extreme Lows

For the identification of surges and extreme low events, a two weeks high pass filter
results of the residue was used. This was chosen to filter out everything above two weeks and
identify the high and low events that occur in time scales of less than two weeks. The filtering
was done with the lanczos filter from the “oceans” python package. The lanczos filter takes

the input of the threshold frequency and window size to generate the weights as seen below.

Weights = ocean. filters.lanc(windowyg;,, * frequency eshoid) (8)

After obtaining the weights, the residue and weights are used as the input argument for
the numpy convolution with the mode set to same as seen below. This returns the low pass
filter results (egn 9). To obtain the high pass results, the low pass results is subtracted from

the residue (egn 10).

Low.Pass, .cu:s = numpy.convolve(Weights, Residue, mode ='same’) 9)
High.Pass, .z, ;s = Residue — Low. Pass_results (10)

This leads to a smoothing of all frequency signals at 14 days and above while
preserving frequencies less than 14 days. After obtaining the high pass results of the residue,
the time series of it was plotted and an amplitude of threshold of 4.3 times the standard
deviation was set. Every point in the study period that had an amplitude greater than 4.3 times
the standard deviation was classified as a surge (high event). Whiles those going lower than
the negative of 4.3 times the standard deviation were classified as extreme low events.
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In other to understand the events and possible causes, it is necessary to compare the
high pass filtered residue sea level data used for the events identification in the previous
section to datasets from possible drivers. One of a likely possible driver is the wind speed and
direction. Hourly reanalysis wind data from Copernicus climate service was used to check the
Pearson correlation between the wind speed and the high pass filtered data as well as the
correlation between the wind direction and the high pass filtered data. The wind data
primarily comes with only the u and v components. The wind speed and direction was
computed using equations 11 and 12. The wind speed is the square root of the sum of the
squares of the east-west (u) and north-south (v) component of the wind.

Windspeed = np. sqrt(np. square(ucompanent) + (np- square(vcomponent))) (11)

Windpiyection = np-mod(180 + np.rad2deg(np. arctan2 (v omponents Ucomponent))» 360) (12)

The Pearson correlation was then computed to show how the wind speed and direction
are correlated to the high pass filtered data used for the events identification. The scipy python
package was used to compute this as follows;

Correlation,_ = scipy. stats. pearsonr(Windspeed, High. Passresults) (13)

Correlation,_ = scipy.stats.pearsonr (Windp;,ection, High. PASS, osuies) (14)

Another possible driver for the surges or extreme low events could be waves. In other
to understand this, the high pass filtered residue sea level data is compared with a 3-hourly
Significant Wave Height (SWH) data from the Copernicus marine service. The Pearson
correlation between the SWH data of tide gauge area and the high pass filtered data as well as
the correlation between the filtered form of the SWH data and the high pass filtered data.
However, since the wave data comes at 3-hourly timestamps as compared to the 1-hourly
timestamps of the tide gauge data, the wave data was resampled into 1-hourly timestamps by
interpolating the data between timestamps as seen below; where “H” is the resampling to

hourly term.

Resample, . s,i;s = Wave. Dataaiqframe- resample("H"). interpolate() (15)

After the interpolation, the correlation was computed.

Correlation,_ = scipy.stats.pearsonr(SWH,High. Pass,.s,i15) (16)
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3.5 Waves

The CMEMS wave dataset was used to analyze the wave conditions of Cape Verde and
its’ contribution to the local sea level. Firstly, the significant wave height for the whole Cape
Verde during the study period was juxtaposed against that of only Palmeira. This was done by
finding the average SWH of the area at each point in time using loops in Python. The
correlation for the two locations was then computed to ascertain how the local scale of
Palmeira do compare to the whole Cape Verde region.

To further understand the behavioral relation of the two regions, the datasets were
decomposed to extract the monthly seasonality having resampled the 3-hourly spaced dataset
to monthly. This was computed using the seasonal decompose function from the statsmodel as
seen below for Palmeria and Cape Verde.

Result = seasonal_decompose(CV_Data, model = 'addittive’, extrapolate_trend an

='freq',period = 12)

Having accessed the temporal variability of the Cape Verde SWH, the spatial
variability for the study period was also investigated by computing the mean of each location
over the entire study period and set into a filled contour plot using the cartopy python
package. A wave rose was also generated with the windrose python package to understand the
direction of the waves. Waves are not all about its height or direction but also its periodicity.
What are the likely magnitudes of these three parameter? Does these magnitudes change if the
waves are higher? To understand these, the seaborn python package was used to visualize the
probability density function (PDF) of these three parameters for the whole dataset and for

moments when the SWH was higher than or equal to 2,500mm (2.5meters).

3.6 Satellite based dynamical heights Sea-level Anomalies

The low-pass (periods > 2 weeks) filtered tide gauge data at Palmeira was then compared
to satellite and model reanalysis dataset to observe how it compares with the sea-level
(waters) of the entire Cape Verde. The CMEMS satellite observation of sea level anomaly and
the CMEMS model reanalysis of sea surface height was used to compare. This was done by
finding the mean sea-level of the area at each point in time using loops in Python while

converting all units to millimeters. Correlations were computed between all the datasets.
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Three types of events were identified in the Cape Verde model and tide gauge time series
and analyzed by visualizing the model data maps of those moments in time. These events

were moments in which sea-level was;

i.  High in both the model and tide gauge time series.
ii.  High in the model but low in the tide gauge time series.

iii.  Low in the model but high in the tide gauge time series.

The trends in the sea level for all the time series were then generated using the signal
function from the scipy package which performs a linear least squares fit to obtain the trend in
the input dataset.

Trend = Sealevelp,iq.0: — Signal. detrend(Sealevelp iaser) (18)

The datasets were decomposed to extract the monthly seasonality having resampled
the daily spaced two weeks filtered dataset to monthly. This was computed using the seasonal

decompose (sd) function from the statsmodel with period indicating the number of one cycle;

Result = sd(Sealevelpyqs0., model = 'addittive’, extrapolate_trend = 'freq’,period = 12) (19)

To check for possible divers of the sea level anomalies of Cape Verde, the seasonal
cycle of the SLA was compared with sea surface temperature and wind stress curl of the
region. The sea surface temperature product (Donlon et al., 2011) was decomposed into a
monthly seasonal cycle. The wind stress curl was also obtained by using the Copernicus
climate service’s wind (u and v-component) product. Equations 20 to 22 were used to
estimate the wind stress curl, where U and V are wind u & v-components, W is the wind
speed, pair is the air density, Cq is the drag coefficient (0.0017) and 1« and 1y are the zonal and

meridional wind stress component.

Ty = P, CaW * U 20)
Ty = Py CaW =V 1)
Curl=t,/d, — 1,/d, 22)
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4. Results

4.1. Sea level observations at Palmeira

The raw data file contained hourly sea level readings in millimeters for the tide gauge in
Palmeira, Sal (Figure 4). This data had a range of 1,300mm over the study period (March 12,
2000 to December 31, 2019). The observations does not start from a zero because it is
referenced to a local station tide staff zero using land-based benchmarks. Thus, making its
reference zero not relative to the local tidal parameters (Caldwell et al., 2015). The
observations are about 29.421 +0.008m (29,421 + 0.000008mm) above the ellipsoid
(PSMSL, 2021). Thus to obtain the sea level at Palmeira using the tide gauge in reference to

the ellipsoid, one has to add 29,421mm to the observation of the said time.

2200 4-— Observations 1 T I kL

2000

Sealevel (mm)
E 5 &
(=3 (=3 (=]
(=] (=] o

1200 - 4 . AN

P

1
e S

v
Time (years)

;
oo

]
o S

2

Figure 4:Times series of sea level observations from the tide gauge at Palmeira. Gaps are periods were no tidal
records are available and was termed as missing values by University of Hawaii Sea level Centre.

The mean sea level is 1510mm with range of from 894 to 2254mm. Without the 10%
of the highest and lowest data, the mean is 1510mm and range is from 896 to 2222mm. In the
following we will decompose this signal into contributing forcing terms as outlined above.

In order to identify energy accumulation in certain frequency band of the sea level
record (Figure 4) a spectral analysis is applied. The spectral analysis is based on a Fast
Fourier Transformation (egn 4, 5, 6, 7) and the spectral analysis showed (Figure 5) that energy
peaks are at periods that match frequencies of tidal motions (Table 3).

What will be done in the following is to decompose the raw dataset of sea level
variability into it potential drivers. First, we analyze the contribution from the most energetic
contributor, which are the tides (Figure 6). After isolating the tidal signal a residual time

series is obtained that is further analyzed for cases of surges and extreme low sea level events.
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Figure 5: Spectral Analysis of the raw sea level data from the Palmeira tide gauge showing the energy of the
various frequencies for half the sampling period (top) and for the first 100 hours (bottom).

4.2 Tides Induced Sea-level Variability

In order to isolate the tidal signal that dominates the spectral analysis (Figure 5), a
decomposition into constituents was done by applying the “Unified Tidal Analysis and
Prediction” (UTide) software package (Codiga, 2011). The UTide analysis showed the sea-
level at Palmeira, Sal has a large contribution (about 815mm) from tides (Figure 6), also

evident in the dominance of consistent oscillation of the sea level.

The UTide package does not only derive the tidal fit but also the individual tidal
constituents and the amplitude of each. The analysis of the tide gauge data in Palmeira
resulted in 68 individual constituents with the principal semidiurnal lunar tide (M2) being the
dominating tide, contributing over twice (Table 3) the second highest contributing tide

(principal solar semidiurnal tide, S2).
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Figure 6: Times series of sea level from the tide gauge at Palmeira, Sal. Orange (Tides from UTide package) and
Green (Residue). Gaps are periods of no records in tide gauge data.

To further compare the tidal analysis on the observational data we used the TPXO
tidal model based on Egbert and Erofeeva (2002). For the Palmeira, Sal region the TPXO first
six contributing tidal constituents were similar to the UTide analysis and also the amplitude
compared very well with returns of 99.7% for O1, 98% for M2 and S2 and 93% for N2, K1
and K2. The TPXO model also revealed that the average tidal range of the Cape Verde region
was slightly higher for most of the constituents (Table 3). The TPXO model gives 15
constituents which makes the resultant tidal range (705mm) slightly lower as compared to the
68 tidal constituents by the UTide package. The tidal range of the Cape Verde Archipelago
also decreases as one moves up the latitude.

Table 3 contains the amplitude of the all tidal constituents greater than 10mm as
extracted using UTide and the amplitudes as deduced from the TPXO model (Palmeira and
the Cape Verde). Empty sections under the TPXO model amplitudes are due to no results by
the model for such tidal constituents.

Table 3: Tidal Constituents and their amplitudes as extracted by UTide python package from the tide gauge at
Palmeira, Sal and that deduced by the TPXO model for the tide gauge location in Palmeira and for the whole
Cape Verde region.

Constituents Name L_JTide TPXO Ampli'gude (mm) TPXO Amplitude (mm) Period
# Amplitude (mm) Palmeira Cape Verde (Hours)
1 M2 304.0183831 298.5330522 332.172650 12.42
2 S2 117.7895335 115.2189672 119.106587 12
3 N2 60.13022299 55.55750802 65.107388 12.66
4 K1 49.37478024 45.76972499 46.306342 23.93
5 01 39.17943764 39.30375725 38.570771 25.82
6 K2 31.46138153 33.77472237 33.987464 11.97
7 SA 29.5072882 - - 365.26
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8 SSA 16.92913434 - - 182.63
9 P1 15.94333903 12.70047296 12.780584 24.07
10 MF 14.56325653 14.1701512 14.546523 13.66
11 MuU2 12.01354614 - - -
12 Q1 11.4471512 11.65047102 11.299446 13.4
13 M4 11.34790239 8.041316643 7.641908 6.21
14 NU2 10.6159409 - - -

It was noted that the FFT leads to production of frequency bins of the same length as
the data. The Solar Annual tide has a peak at a yearly rate and it is the tidal constituent with a
large periodicity but significant contribution to the tidal regime of any location. Figure 7
shows the Solar Annual tide contribution, which has a frequency of about 365.25 days or
8800 hours. The UTide package was able to take out the SA tide as seen in the figure below as
the energy level at the SA tide frequency (green dotted line) is largely taken out as seen in the

residue at about an 84% success rate.
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Figure 7: Spectral Analysis showing the frequency position of the Solar Annual tide (Green) and its energy level
in the raw data (orange) and the residue (blue).

Looking at the SA tide’s energy in the sea-level observations and the residue datasets
does not give a full extent of the effectiveness of the UTide package. To better evaluate the
performance of the UTide package, the energies of the highest contributing tidal constituents
from Table 3 needs to be analyzed in the sea-level observations and residue datasets. It is
worth noting that most tidal constituents have their peaks under two weeks (336 hours). In the
case of this study, the highest contributing tides Principal Lunar (M2), Principal Solar (S2),
Larger Lunar Elliptic (N2), Luni-Solar Diurnal (K1), Principal Lunar Diurnal (O1) and Luni-
Solar Semidiurnal (K2) all have periods under 27 hours (Antonio & Machado, 2017). Due to
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this, to gain an understanding into the effectiveness of the UTide Python package, the single-
sided power spectrum plot was zoomed into 10 to 30 hours (Figure 8). The results showed the
energies of the six highest contributing tides were significantly reduced when the UTide
package was used for the extraction with a performance of about 96% for the Principal Solar

(S2) tide signal as seen in Figure 8.
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Figure 8: Spectral Analysis showing the energy of the top 6 tides before (orange) and after (blue) using the
UTide package. Tidal constituents marking from left to right, K2 (black), S2 (red), M2 (green), N2 (cyan), K1
(magenta) and O1 (blue).

4.3 Surges and Extreme Lows induced Sea-level Variability
By subtracting the tidal signal as determined by UTide from the sea-level observations
data a time series is obtained that now is further investigated for potential drivers.

For the surges and extreme low, our interest is in short term variability, hence we
applied a high pass (signal <14 days) filtering to the time series that has the tides removed
(Figure 6 bottom). The high pass filtered residual time series (Figure 9) shows a number of
extreme high and low events that eventually are associated with surges (name used here for
“high events”). Surges were more prevalent between 2008 and 2014 whiles the extreme low
events were all but two in 2013 and 2014. A total of 12 extreme low events (Table 4) and 37
surges (Table 5) were observed, that is there were 37 instances in time were the sea-level was
greater than four times the standard deviation (114.86mm) and 12 instances in time when it
was less than (-114.86mm). No surge or extreme low was observed during the period of

Hurricane Fred (August 2015) (Figure 6, red rectangle).
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Figure 9: High path filtered (14 days) residual (tides removed) times series. Red lines represent 4.3x of standard
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Table 4: Extreme Low events (moments where the sea level was less than -4.3x the standard deviation) identified

and water level at the noted times.

Time (m/d/y hour)

Water level (mm)

Time (m/d/y hour)

Water level (mm)

12/5/2000 6:00 -136.4624438 10/12/2014 1:00 -117.7335287
2/26/2013 10:00 -150.8510694 10/12/2014 2:00 -127.5978809
2/26/2013 11:00 -129.4825419 11/1/2014 0:00 -130.9551065
4/13/2013 2:00 -121.1230999 12/25/2014 3:00 -127.8016549
9/8/2014 23:00 -124.7129985 12/25/2014 4:00 -143.3889755

9/19/2014 22:00

-126.1325893

2/28/2018 19:00

-119.6184154

Table 5: Surges (High events) (moments where the sea level was more than 4.3x the standard deviation)
identified and the water level at the said times.

Time (m/d/y hour)

Water level (mm)

Time (m/d/y hour)

Water level (mm)

1/23/2007 5:00 123.8639659 11/16/2012 1:00 123.5993395
1/31/2007 3:00 117.561976 1/15/2013 10:00 159.6758735
8/27/2008 23:00 168.0011549 3/10/2013 19:00 120.5949598
8/28/2008 0:00 182.6925182 3/10/2013 20:00 187.0008443
8/28/2008 1:00 126.324483 3/10/2013 21:00 171.3048364
8/28/2008 3:00 130.121663 3/10/2013 22:00 156.7643847
12/16/2009 21:00 136.3281098 3/10/2013 23:00 181.4676232
2/8/2010 13:00 122.0244859 3/11/2013 9:00 207.6342917
2/15/2010 0:00 145.9143157 3/11/2013 10:00 202.968457
2/15/2010 21:00 251.8683544 3/11/2013 21:00 121.5803146
2/15/2010 22:00 163.5549028 3/30/2013 11:00 158.2296063
4/28/2010 8:00 142.0999114 3/30/2013 12:00 160.3668421




11/29/2010 1:00 203.5628629 2/28/2018 20:00 126.4484276
11/29/2010 2:00 162.583329 2/28/2018 22:00 129.7958576
11/29/2010 3:00 136.4905168 4/18/2018 23:00 121.3234715
11/29/2010 4:00 145.029737 11/18/2018 19:00 169.5939465
3/25/2012 11:00 165.8740986 11/18/2018 20:00 195.0101481
3/25/2012 12:00 120.466701 11/19/2018 6:00 184.9089591
4/8/2012 10:00 120.8592375

4.3.1 Surges and Extreme Lows in Relation to Wind and Surface Waves

Our interest is to understand the drivers of the extreme (high or low) events. One
potential driver could be local wind events that drive a pile of water at the site. However, we
see a weak correlation between the wind speed and direction with the high pass filtered
residue sea level data used for the events identification (Figure 9). The correlation between
the wind speed (wind direction) and high pass filtered data was -0.08 (0.04) and not
significant.

The high pass filtered residue sea level data when compared with the surface waves
data of the Palmeira area (tide gauge region) and high pass filtered significant wave height of
surface waves data yielded -0.04 correlations in both instances. Table 6 gives insight into the
SWH of surface waves and wind conditions during the times of the surges (positive water

level values) and extreme lows (negative water values).

Table 6: SWH and wind conditions during the times of the strong events both high(+ Water level values) and

low (-Water level values).

Time (m/d/y hour) | Water level (mm) | Wind_Speed (m/s) Wind_Dir SWH (mm)
11/19/2018 6:00 184.9828646 9.516722679 45.07426453 3342.499971
11/18/2018 20:00 195.0865832 7.548559189 39.67312622 3182.499886
11/18/2018 19:00 169.6706064 7.414014339 38.83105469 3159.999847
4/18/2018 23:00 121.2833869 6.91299057 54.66256714 2604.166508
2/28/2018 22:00 129.8163036 7.27439785 57.75613403 3240.833282
2/28/2018 20:00 126.4675762 7.614778996 58.69541168 3279.166698
2/28/2018 19:00 -119.5999175 7.740531921 57.19139862 3235.833406
12/25/2014 4:00 -143.3997324 8.086091995 74.43852234 1021.666646
12/25/2014 3:00 -127.8117486 7.860980511 74.96625519 1019.999981

11/1/2014 0:00 -131.0289878 9.113670349 63.45450592 1075.000048
10/12/2014 2:00 -127.5218833 6.150653839 46.5224762 1639.166594
10/12/2014 1:00 -117.6577707 6.157628059 48.18363953 1635.833263
9/19/2014 22:00 -126.1303069 5.044018269 106.2387848 1591.666619
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9/8/2014 23:00 -124.6469302 4.911950588 73.06266022 1459.999959
4/13/2013 2:00 -121.1243694 6.559283733 68.77846527 1931.666652
3/30/2013 12:00 160.3319948 8.025758743 66.54064941 2295.000076
3/30/2013 11:00 158.1953644 7.896753311 66.89961243 2301.666737
3/11/2013 21:00 121.5726925 7.410443783 64.39789581 2409.999847
3/11/2013 10:00 202.9535512 7.871045113 60.52184296 2734.166622
3/11/2013 9:00 207.6187289 7.805933475 64.04735565 2769.999981
3/10/2013 23:00 181.4455557 7.577548027 62.65735626 3028.333187
3/10/2013 22:00 156.7416742 7.908150196 65.19646454 3039.166451
3/10/2013 21:00 171.2814845 8.12739563 67.1545105 3049.999714
3/10/2013 20:00 186.9768525 8.200366974 68.38592529 3047.499816
3/10/2013 19:00 120.5703297 8.110825539 72.58425903 3044.999917
2/26/2013 11:00 -129.5140224 5.512495041 76.12483215 1973.333399
2/26/2013 10:00 -150.8819323 5.904240131 79.71323395 1949.166735
1/15/2013 10:00 159.7570382 9.079491615 61.65494537 2620.833238
11/16/2012 1:00 123.6668861 9.008152008 48.61997986 1808.333238
4/8/2012 10:00 120.9159341 7.837738514 49.67637634 1546.666662
3/25/2012 12:00 120.4366202 7.64677906 47.4455719 2642.499924
3/25/2012 11:00 165.8433974 7.633003712 45.24830627 2637.499889
11/29/2010 4:00 144.9496835 7.661054134 51.62200928 1787.499944
11/29/2010 3:00 136.4103505 8.079282761 53.78778076 1752.499938
11/29/2010 2:00 162.5030554 8.193344116 54.14504242 1698.333303
11/29/2010 1:00 203.4824873 8.305703163 54.40702057 1644.166668
4/28/2010 8:00 142.1123148 4.198166847 31.80938721 1915.833235
2/15/2010 22:00 163.4750128 8.215725899 72.81439972 2397.499879
2/15/2010 21:00 251.7883442 8.29345417 74.32326508 2422.499895
2/15/2010 0:00 145.8330419 8.938628197 72.71338654 1657.500029
2/8/2010 13:00 122.000546 7.028558731 54.41889191 3152.499994
12/16/2009 21:00 136.2656782 2.813314199 63.53928375 2272.4998
8/28/2008 3:00 130.0761888 6.949866772 69.28905487 1335.000038
8/28/2008 1:00 126.2779063 6.449834347 69.58332825 1359.999975
8/28/2008 0:00 182.6453949 6.045783997 65.89253998 1372.499943
8/27/2008 23:00 167.9534883 5.834970474 59.40682983 1350.833257
1/31/2007 3:00 117.490878 8.558039665 55.03153229 2359.999895
1/23/2007 5:00 123.8240793 6.576576233 66.75523376 1616.666635
12/5/2000 6:00 -136.3914546 7.481426239 29.41850281 2642.499924
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4.4 Waves induced Sea-level Variability

The significant wave height of surface waves of Palmeira, Sal Island had a temporal
variability that was significantly close to that of the whole Cape Verde with a correlation of
0.974. The SWH was averagely about 1,7000mm (1.7 meters) during study period but had
moments where the SWH was more than twice the average conditions and showed some level

of seasonality as seen in Figure 10.
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Figure 10: Temporal Variability of Significant Wave Height (SWH) of surface waves for Cape Verde.

The seasonal cycle revealed the SWH of surface waves of Cape Verde and Palmeira was
highest in February and lowest in August (Figure 11). Thus, the SWH intensifies between
August (first month) to its highest point in February (second month) and vice versa. The Cape
Verde wind forcing during the study period also showed similar seasonality (Figure 11).

During the study period, the waves were highest in the Northern part, more than
2,000mm (2meters) in height while it ranged between 1,450 to 1,560mm within the islands
(Figure 12). The waves also tend to reduce in height as it approaches the coast and the
orientation of the wave height contours gives an indication that the waves originated from the
North. The wave direction is affirmed in Figure 13 as the wave rose indicates that, the waves
around the islands were predominantly from the North East and North-North East.
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Figure 11: Seasonal cycle by month of significant wave height (SWH) (magenta) and wind (green) of the Cape
Verde region during the study period.
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Figure 12: Spatial Variability of significant wave height during the study period. Highest to the north of the

northern islands and lowest along the coast.
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If one was to visit the beach on any day during the study period, the probable SWH

one might observe would be between 1,500mm while the wave direction would likely be 35 to

75 degrees with a period between 7 to 10 seconds. If only waves greater than 2,500mm are

considered, the waves from the South East (270 to 350 degrees) (Figure 14; right) becomes

more prominent and the periodicity will most likely slightly reduce (Figure 15).

0.0025 4

0.0020 +

0.0015 4

Density

0.0010 4

0.0005 -

0.0000

— All SWH
— SWH > 2500mm

1000

1500

2000 2500 3000 3500 4000
Significant Wave Height (mm)

Density

0.014 4

0.012 A

0.010 A

0.008

0.006

0.004 4

0.002

0.000

— All SWH
— SWH > 2500mm

0 100 200 300 400
Wave Direction (degree)

Figure 14: Probability Density Function of SWH (left) in Cape Verde. All SWH used (blue), only SWH above
2500mm (red). PDF of Wave Direction (right) in Cape Verde. All SWH used (blue), only SWH above 2500mm

(red).
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4.5 Satellite based dynamical heights Sea-Level Anomalies

The residual sea level range for Palmeira as deduced from the tide gauge was 212mm,

208mm for the reanalysis dataset and 182mm for the satellite dataset. The sea level range of

the entire Cape Verde was 143mm for the reanalysis dataset and 145mm for the satellite

(Figure 16) which is comparatively lower compared to that of Palmeira. The correlation result

showed low correlations of 0.4 between the tide gauge and reanalysis and satellite data for

Palmeira. The correlation between the satellite for Palmeira and Cape Verde as well as

reanalysis dataset between the locations were 0.9 and 0.87 respectively.

100

ol
Yl

SSH (mm)

L

—— TD_Residual (Palmeira) .

—— Re data CV i |

SSH (mm)
I
=
[=]

WW M‘w

5..

§ — sat_Data_cv

WAV TAT LAY

2000

2004 2008

2012 2016
Time (years)

2020

Figure 16: Sea level of Cape Verde during the study period. From top to bottom: [Tide Guage residual
(TD_Residual (Palmeira; green), Reanalysis for Cape Verde (Re_data_CV; magenta), Satellite Cape Verde

(Sat_data_CV; blue)].
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The three kinds of events identified in the time series where there was a sudden change in
sea level were;
i.  High in both the model and tide gauge (December 11, 2011 to January 10, 2012).
ii.  High in the model but low in tide gauge (November 1, 2003 to December 17, 2003).
iii.  Low in the model but high in tide gauge (November 9, 2000 to December 3, 2000).

The event (i) is so because the change in sea level during the event is similar across all
the Cape Verde islands (Figure 17 left). During the event (ii) as the Palmeira area (red dot)
had a significant change in sea level while most part of the Cape Verde comparatively smaller
changes in sea level (Figure 17 right). The reverse is observed in event (iii) as there is a
significant drop in sea level at Palmeira (red dot) while most part of the Cape Verde witnessed

an increase of sea level (Figure 18).
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Figure 17: Sea level variability in Cape Verde during event type i (right) and event ii (left) as seen in the text.
Darker colors represents a drop in the sea level and brighter colors an increase in sea level during the event.
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Figure 18: Sea level variability in Cape Verde during event type (iii) as seen in the text. Darker colors represents
a drop in the sea level and brighter colors an increase in sea level during the event.
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There was an upward trend in the sea level for the satellite and reanalysis datasets

while a slightly downward trend was observed in the tide gauge dataset (Table 7). The rate of

increase of sea level was found to be highest in the satellite dataset as compared to the

reanalysis dataset (Table 7).

Table 7: Rate of change of sea level using the various datasets for the study period.

Data_Type Sea level change (mm/year) Standard Error (mm/year)
Tide_Guage -0.156 0
Palmeira_reanalysis 2.106 3.77x 100
Palmeira_satellite 3.174 1.39 x 10°
Cape Verde_reanalysis 2.238 0
Cape Verde_satellite 3.024 7.65 x 1010

The seasonality by month deduced from the datasets were slightly varying but it

showed November had the highest sea level during the study period in all the datasets except

the tide gauge (Figure 19). There is a rise in sea level from July and peaks in November and

starts to declines sharply after.

The sea level of Cape Verde independent of the tides showed a good correlation with
the local wind stress curl (0.62) and the sea surface temperature (0.70) (Figure 20). The sea

level showed a delayed response to the wind stress curl and the sea surface temperature as

these conditions peaks in the later months of the year.
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Figure 19: Seasonlality by month of Sea level of Cape Verde. [Tide Guage Residual of Palmeira (green),
Reanalysis for Cape Verde (Re_data_CV; magenta, Satellite Cape Verde (Sat_data_CV; blue]
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Figure 20: Seasonal cycle by month of Sea level in Cape Verde and how its changes with the region’s Wind
stress Curl and Sea Surface Temperature.

33



5. Discussion

5.1 Tidal Contribution

The tidal range of Palmeira, Sal was found to be 815mm as deduced from UTide with the
principal lunar semidiurnal tide (M2) accounting for most with an amplitude of 304mm which
agrees well with the findings of Le Provost et al., (1995) and Gerkema (2019) having
computed the range of the global ocean considering the amphidromic points of the M2 tides.
Using the same approach, Gerkama (2019) indicates the expected the luni-solar declinational
diurnal component (K1) tidal range for the Cape Verde (Sal) should be similar to what was
attained from the analysis of this work (about 49mm). The tidal range for the Cape Verde
region was found to be 705mm but this could be explained by the reduced number of tidal
constituents the model provides rather the whole region being less than that of Palmeira. Due
to the closely related values from the TPXO model for the Cape Verde region to that of
Palmiera, we can say that the range deduced from UTide analysis (using the tide gauge data)
is a good representative of the whole Cape Verde region’s tidal range. The tidal constituents
as per the tide gauge data was affirmed by the TPXO model results (Table 3) for Palmeira
with over 93% accuracy for the top six tides and their amplitudes and 98% accuracy for the
two top tides (M2 and S2). Gomes et al (2015) also found the same top six tidal constituents
by using MATLAB’s T Tide package by Pawlowicz et al. (2002) for the tide gauge data in
Palmeira. The amplitudes found by Gomes et al (2015) was also 95% of what was found in
this study for the top six tidal constituents. The spectral analysis carried out (Figure 7 & 8)
also revealed that the UTide package was effective in removing the tidal signals to a high
degree and the UTide package by Codiga (2011) can be said to be an effective tool in
extracting the tides from a tide gauge data. The six highest contributing tides are all tidal
constituents with less than 27 hours periodicity with M2 and S2 having 12.42 and 12 hours
periodicities respectively (Anténio & Machado, 2017). Thus the Palmeira coast has close to
815mm variability in the coastal sea level if most of the tidal constituents were to occur at the

same moment.

5.2 Surges and Extreme low Contribution
The isolated 49 moments of surges and extreme low sea levels (+/- 114.86mm) from the
tide gauge (Figure 9) did not show any pattern with the local wind or waves (Table 6). No

particular month also showed dominance in either the surges or extreme low events. However
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10 of the 12 extreme low events were between 2013 and 2014. What could have occurred in
those two years to create those kind of conditions? The highest surge of Palmeira was
251.8mm (Table 6) which is just 15% and 10% of the maximum surge recorded in Naples,
Florida (1600mm) and Fernanadina Beach (2400mm) during Hurricane Irma in Septemnber,
2017 (Sangdon et al., 2019). However there was no record of surges or extreme lows in the
tide gauge data at Palmeira during Hurricane Fred. Hurricane Fred occurred in August 2015
and affected 7 of the 10 Islands (Jenkins et al., 2018) including Sal Island, where the tide
gauge is located. There was however no direct strike on any island observed in the track of the
hurricane (Jenkins et al., 2018). There should be a proper monitoring system of tropical
cyclone (TC) genesis in other to provide early warning systems as climate change and warmer
sea surface temperature may lead to rapid intensification of TC (Villarini and Vecchi, 2013).
This would make Cape Verde more prone to being hit by a hurricane and storm surge as the
hurricanes’ landfall could occur early in the Atlantic rather than travelling to the Caribbean
and North America region.

114.86mm and above for the surges might seem insignificant when compared to the tidal
(815mm) and surface wave (averagely 1,700mm) ranges. But if a surge occurs at a time of the
highest high tide and highest wave, it could easily overtop coastal defense structures that did
not factor in the contribution of the surges. Extreme low events occurring during low tides
could also impact local desalination plants by limiting available water. The documentation on
surges if any for the Cape Verde is poor and needs to be studied deeply as surges are expected
to increase due to the effects of climate change (World Bank Group, 2015).

5.3 Waves Contribution

The SWH of Cape Verde (Figure 10) indicates that the Cape Verde sea level variability
has its highest contribution coming from waves with wave heights varying around 1,700mm
(1,000 to 4,400mm). Wave heights of such magnitudes are considered suitable for wave
power generation, making Cape Verde a suitable zone for wave power plants. One other
reason of the area being suitable for wave power generation is the non-existence of
excessively strong or high waves, the highest during the study period being about 4,400mm
unlike the 14,000 to 25,000mm of the Azores (Bernardino et al., 2017) because excessively
strong waves can destroy the wave power plant system put in place. Mark et al., (2010)
documents clearly the suitability of the Cape Verde region for wave power (15-20kW/m)

generation. The northern coastal zones of the north islands (Santo Antoa, Sao Vicente, Sao
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Nicolau, Santa Luzia and Sal) could be more resourceful for wave power generation. This is
due to the waves of Cape Verde originating mainly from the North East and North-North East
direction (Figure 13). The north islands, tend to act like a shelter and reduce the SWH as the
waves come into contact with the land mass (Figure 12), making the northern coast of the
north islands to have higher SWH than the rest of the Cape Verde Islands.

The waves of the area tend to have similar wave direction if all wave heights are
considered and if only waves greater than 2,500mm are considered (Figure 14; right) with
slightly delayed wave periods (Figure 15) for higher wave heights. The areas wave heights
monthly seasonal cycle (Figure 11) had the same fluctuations as the local wind speeds
monthly cycle (Figure 11) and this is explained by waves being generated by wind speeds
blowing over a distance (fetch) for a period of time. Cape Verde is surrounded by the ocean
and with winds coming from the North East, it creates conditions for the higher wind speeds
to have a large fetch with little to no obstruction and these makes it suitable to generate higher

waVes.

5.4 Satellite based dynamical heights Sea level anomalies of Cape Verde

The sea level anomaly range for Palmeira as deduced from the CMEMS sea surface height
reanalysis data (208mm) was 98% that generated from the tide gauge (212mm) while the
CMEMS sea level anomaly satellite data (182mm) was 86% as compared to the tide gauge.
However the behavioral patterns in the CMEMS datasets had no significant relation to that of
the tide gauge with 0.4 correlation (Figure 16, 19). Prandi et al. (2009) points out how tide
gauges exhibit more variability as compared to satellite data having used data from 91 gauges
from the University of Hawaii Sea Level Center (UHSLC). Coastal features such as the
continental shelf can make coastal sea level variability different from the adjacent open ocean
(Woodworth et al., 2019). The daily sea level anomalies of Palmeira were in close
synchronize with that of Cape Verde when using the CMEMS reanalysis or satellite dataset.

The observed Palmeira sea level trend in the tide gauge (-0.156mm/year) was not
consistent with what is provided by the reanalysis (2.1mm/year) or satellite (3.2mm/year)
dataset (Table 7). However, the observed trend agrees with findings (-0.15 + 0.28mm/year) of
Mendes et al., (2017) when a discontinuity (due to change in hardware) is introduced in the
dataset. Thompson et al. (2016) found that <1% of tide gauge sea level trends tend to match
the global reported trends for the twentieth century and points to poor siting of these gauges as

the reason. This could be a reason for the difference in observed trend from the tide gauge and
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that of the model reanalysis and satellite observation as the tide gauge is located in a semi-
enclosed bay, a similar situation is reported near the coast of Benguela (Habib et al., 2019).
Also, due to the Cape Verde being a volcanic island, there is the likely influence of tectono-
volcanic mechanisms in its geodynamic setting which could influence sea level trends from
tide gauges as a result of vertical land motion (-1.06mm/year) (Mendes et al., 2017).
Geological records of Sal indicates an uplift of the island over time (Torres et al., 2002; Zazo
et al., 2007). The local changes in sea level trend at Palmeira is closely linked to that of the
whole Cape Verde with 2.2mm/year and 3.0mm/year for reanalysis and the satellite
respectively. The sea level trend in Cape Verde using the satellite data (3.02mm/year) during
the study period (2000 to 2019) compares well with the global sea level rise (2.88 to
3.61lmm/year) for 1993 to 2018 (Oppenheimer et al., 2019) captured in the 2021
Intergovernmental Panel on Climate Change (IPCC) report. Thus, during the study period,
Cape Verde was witnessing a sea level rise similar to that of global average.

Sea level seasonality is said to have a variety of forcing mechanisms including winds
(Woodworth et al., 2019). This was found to be valid for the study area as the monthly
seasonality in sea level variability in Cape Verde is closely associated to the regions wind
stress curl and sea surface temperature (Figure 20) similar to the findings of Akhter et al.

(2021) for the northern Bay of Bengal in the Indian Ocean.
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7. Conclusions

I.  How large is the sea-level variability induced by tidal currents based on a local
analysis for the Cape Verde Islands?

Answer: The tides contribute about 815mm to the sea level variability of Cape Verde and

it is the second highest contributor. M2 tide being the dominating tidal constituent.

ii.  How large is the sea-level variability induced by surface waves based on a regional

analysis for the Cape Verde Islands?

Answer: The waves contribute about 1,700mm on an average to sea level variability of
the Cape Verde. However, the range of waves vary from 1,000 to 4,400mm with periods

of less than 12seconds. The winds is a driver of the seasonality of the area’s waves.

iii.  How large is the regional and large scale sea-level variability induced by changes in
dynamic topography for the Cape Verde Islands?

Answer: Changes in dynamic topography contributes 182 to 212mm to the large scale
sea-level variability of the Cape Verde and it is at its highest in November with strong ties

to the SST and wind stress curl.

iv.  Which recommendations can be given for coastal management for the Cape Verde

region related to sea-level variability based on the results?

Answer: In probing into the sea level anomaly, it was observed that the location of the
tide gauge in Palmeira (in a bay) could be the primary cause in not giving a good
representation of the sea level anomalies as compared to the satellite or modelled data.
The unavailability of tide gauges in the area is also one hindering factor in monitoring
coastal sea level conditions of the area, as there is only one tide gauge among 10 islands.
Installation of tide gauges by taking into account the location will go a long way to help
study the conditions of all the islands and the sea level variability of Cape Verde.
Understanding these conditions will help to plan for possible coastal defense systems that
would help mitigate disasters if an island is to take a hit. Coastal manager must take into
account not only the tides and waves but also the possibility of surges in other not to build
defense systems that are easily toppled. High resolution coastal modelling of the bay
conditions (like the CMEMS works on the Mediterranean Sea) needed due to unexplained
cause of surges and extreme lows.
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Figure 21 summarizes the average contribution of the various drivers investigated (waves,

tides, dynamic topography and surges).

Surges 155mm
200mm D. Topo
Tides 815mm

1700mm Waves

Figure 21: Pictorial Representation of the average magnitude of the contributing factors to the Cape Verde
Coastal Sea Level. This is a representaion of what the situation will be at a point in time where the these events
have their peaks or averages coinciding with each other. It is possible to have a surge event occuring at a point of
low tide which would imply low water levels despite the surge.
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8. Future Direction

Due tectonic and volcanic activities, other researchers have noted that the area undergoes
vertical land motion not consistent with that of the major continents. An assessment of this
and the sea level trend and how it works in tandem could help understand the level of risk the
archipelago faces.

The satellite and reanalysis product for CMEMS gives a rough resolution (0.25degrees)
compared to the products for the Mediterranean Sea (0.042). Thus modelling the ocean
physical conditions around Cape Verde to achieve a higher resolution in other to gain detailed
understanding of the area as well as the individual islands is one that could be looked at.

The country is encompassed by the ocean, but finding adequate papers on works carried
out on the nation’s physical oceanographic parameters is difficult. This work among others
revealed the waves of the area and lack of extreme waves makes it conducive for wave power
plants but it an area where there is little reported investment of funds into tapping this power
source. A look at possible locations of siting wave power plants considering factors such as
bathymetry, wave heights, wave period and wave power plant financial sustainability could go

a long way to help support the country’s electric power system.
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