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Abstract 
 

The following thesis is mainly focused in the study of Internal Solitary Waves (ISWs) 
in the geophysical environment and uses satellite remote sensing as the primary data source. 
Data from satellite images are also often complemented with analysis of in situ data and 
modelling results. The investigations presented in this thesis can be essentially divided into 
four different regions of the world’s oceans: Mozambique Channel (MC), Mascarene Ridge, 
Red Sea and west Iberian Coast (specially the Estremadura Promontory).  

Satellite imagery from Synthetic Aperture Radars (SARs) of MC reveals sea surface 
signatures consistent with oceanic and atmospheric ISWs. The Sofala shelf region (near 20°S, 
36°E) is identified as a strong and previously unknown source of Internal Tides (ITs) and 
oceanic ISWs. The generation and propagation mechanisms of the ISWs are investigated, and 
it is found that tidal currents and transports are the highest in this region (anywhere in MC) 
due to the particular nature of the bathymetry there. Two distinct types of ISWs are observed 
to travel offshore, away from the shelf-break, and possible generation mechanisms are 
discussed. Mode 2 solitary-like internal waves are identified in SAR and a possible generation 
mechanism is discussed in the light of recent laboratory and numerical results. A particular 
example of ISW refraction is documented where ISWs and eddy-like features are seen to 
interact. The influence of these rotating features in the refraction patterns is briefly discussed. 
On the other hand, it is also shown that large-scale Atmospheric Gravity Waves (AGWs) of 
solitary-like form are frequently observed over MC, and thus care must be taken when 
discriminating ISW signatures in SAR images. 

The Mascarene Ridge in the western Indian Ocean is identified as a new ISW 
hotspot. SAR images show that large internal waves radiate both to the west and east of the 
Saya de Malha and Nazareth Banks (two major bathymetry features of the Mascarene Ridge). 
These ISWs appear in tidally generated packets and have crestlengths in excess of 350 km, 
amongst the longest yet recorded anywhere in the world’s oceans. Travel-time graphics 
indicate that they are generated due to a splitting lee-wave that forms on the western side of 
the sill at the predicted time of maximum tidal flow to the west. Propagation speeds of the 
ISWs are well described by first mode linear waves interacting with background shear – taken 
from the westward flowing south Equatorial Current (a large part of which flows through the 
two banks mentioned above). This study also confirms the existence of mode 2 solitary-like 
internal waves that form on the western side of the sill and travel across it towards the east. 

The Red Sea region is shown to be a major hotspot for the occurrence of AGWs and 
satellite imagery is used to reveal the spatial characteristics of these waves. The pre-
conditions for wave generation and propagation in this region are investigated using statistical 
analyses combining satellite imagery and atmospheric data. Results from weakly nonlinear 
long wave theory are compared with the observed wave characteristics. Namely, the observed 
wavelengths are used to obtain predicted phase speeds, which are consistent with those 
observed. In addition, the Korteweg-de Vries theory is found to perform slightly better than 
the Benjamin-Davis-Acrivos-Ono model. 

SAR images are used to identify the Estremadura Promontory (in the west Iberian 
Coast) as an oceanic hotspot for ISWs. The full two-dimensional structure and the main 
physical properties of these waves are revealed for the first time. The propagation of energy 
associated with the ISWs in the SAR images is evaluated, and refraction patterns are found to 
divert meridionally propagating waves to the east, where they eventually dissipate in the 
inner-shelf regions close to shore. The most likely generation locations are identified based on 
the P.G. Baines body force (Baines, 1982), and it is found that there is more energy coming 
from the south while the tidal forcing seems to be equally divided between both flanks of the 
promontory. It is suggested that the steeper slopes in the northern side are prone to generate 
internal hydraulic jumps and overturning that inhibit the disintegration of the IT into solitary 
waves – as suggested by Legg and Klymak (2008). 

 
Keywords: Internal solitary waves, Atmospheric gravity waves, Synthetic aperture radar, 
Mozambique Channel, Mascarene Ridge, Red Sea, Portugal, Estremadura Promontory. 



 
 
 

 
 



Resumo 
 

A dissertação que se segue tem como principal objectivo o estudo de Ondas Internas 
Solitárias (OISs) dentro do contexto geofísico, utilizando imagens de satélite como principal 
fonte de dados, que podem depois ser complementadas com dados in situ e modelação 
numérica. Neste contexto, os resultados apresentados podem ser divididos em quatro regiões 
principais: Canal de Moçambique (CM), Crista das Mascarenhas, Mar Vermelho e costa oeste 
da Península Ibérica (mais concretamente o Promontório da Estremadura). 

As imagens de satélite obtidas através de Radares de Abertura Sintética (SARs) do 
CM revelam a existência de assinaturas na superfície do mar consistentes com OISs oceânicas 
e atmosféricas. A plataforma continental na região de Sofala (localizada aproximadamente em 
20°S, 36°E) é identificada como uma importante fonte de Ondas de Maré Interna (OMI) e 
OISs (previamente desconhecida na literatura). Os mecanismos de geração e de propagação 
das OISs são investigados, e verifica-se que as correntes e transportes de maré são os mais 
elevados nesta região (dentro do CM) devido à natureza peculiar da sua topografia. Observa-
se que existem dois tipos distintos de OISs que viajam para a parte profunda do canal 
(afastando-se da plataforma continental), e os respectivos possíveis mecanismos de geração 
são discutidos. São também identificadas OISs de modo 2 em imagens SAR, e o mecanismo 
de geração responsável é discutido tendo em conta desenvolvimentos recentes obtidos em 
laboratório e através de modelação numérica. No CM podem também observar-se padrões de 
refracção associados à propagação de OISs, que são apresentados nesta tese através de um 
exemplo particular, onde se verifica a interacção entre estas ondas e vórtices oceânicos. A 
influência destas estruturas circulares nos padrões de refracção das OISs é brevemente 
discutida. Por fim, é igualmente demonstrado que OISs de larga-escala podem ser 
frequentemente observadas a propagarem-se na atmosfera sobre o CM, o que justifica uma 
discriminação atenta entre assinaturas de OISs oceânicas e atmosféricas em imagens de SAR. 

A Crista das Mascarenhas, localizada no Oceano Índico ocidental é identificada como 
um novo hotspot de OISs. As imagens SAR desta região mostram a existência de grandes 
ondas internas que se propagam com uma componente zonal (para este e oeste) relativamente 
aos bancos da Saia de Malha e da Nazaré (duas grandes formações topográficas da Crista das 
Mascarenhas). Verifica-se que estas ondas aparecem em grupos separados por períodos da 
maré semi-diurna, e que possuem comprimentos de crista que podem exceder os 350 km, 
encontrando-se por isso entre as mais longas alguma vez já registadas. Gráficos relacionando 
tempos e distâncias indicam que as ondas são geradas devido a uma onda de sotavento de 
grandes proporções, que se forma no lado oeste do ponto central entre os dois bancos, no 
momento em que se prevê que as correntes de maré atinjam o máximo para oeste. As 
velocidades de propagação das OISs são consistentes com as de ondas lineares de modo 1 sob 
a influência de uma corrente adicional, resultante da Corrente Equatorial sul que flui para 
oeste – sendo que grande parte desta flui entre os dois bancos submarinos já mencionados. 
Este estudo também confirma a existência de OISs de modo 2 que se formam do lado oeste e 
atravessam os bancos na direcção oposta. 

A região do Mar Vermelho é apresentada como um local importante para a geração 
de OISs que se propagam na atmosfera. Neste âmbito, são utilizadas imagens de satélite para 
revelar as principais características espaciais destas ondas. As condições para a geração e 
propagação de ondas nesta região também são investigadas através de análises estatísticas que 
combinam imagens de satélite e dados atmosféricos. Os resultados provenientes do uso de 
teoria fracamente não linear para ondas longas são comparados com as características 
observadas. Nomeadamente, os comprimentos de onda observados em satélite são utilizados 
para inferir as velocidades de fase calculadas através da teoria – que mostram ser consistentes 
com as velocidades observadas. Dentro dos dois modelos teóricos mais utilizados, observa-se 
que a teoria de Korteweg-de Vries apresenta resultados ligeiramente melhores que o modelo 
de Benjamin-Davis-Acrivos-Ono.  

Através da utilização de imagens SAR, o Promontório da Estremadura (localizado na 
costa oeste da Península Ibérica) é identificado como um local privilegiado para a observação 
de OISs no oceano. Neste contexto, são reveladas pela primeira vez a estrutura espacial destas 



ondas e as suas principais propriedades físicas. A propagação de energia associada às OISs é 
avaliada a partir das imagens de satélite, e observa-se que existem padrões de refracção 
associados à propagação das ondas que convergem progressivamente para este – onde 
eventualmente se dissipam nas regiões mais próximas da costa. Uma análise do forçamento 
barotrópico da maré (dado por P.G. Baines, 1982) é levada a cabo para identificar os locais 
mais prováveis para a geração destas ondas. Desta análise resulta também a percepção de que 
há mais energia proveniente da parte sul do promontório, enquanto o forçamento barotrópico 
parece igualmente dividido entre ambas as vertentes. Neste contexto, é demonstrado que esta 
aparente contradição está relacionada com os diferentes declives da topografia nos lados norte 
e sul do promontório. De facto, os declives mais acentuados da parte norte são propensos à 
geração de saltos hidráulicos e mistura vertical, que inibem a desintegração habitual das 
OMIs em OISs – tal como sugerido por Legg and Klymak (2008). 

 
Palavras-chave: Ondas internas solitárias, Radar de abertura sintética (SAR), Canal de 
Moçambique, Crista das Mascarenhas, Mar Vermelho, Portugal, Promontório da 
Estremadura. 



'The soul never thinks without a picture.' 

Aristotle 
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Chapter 1 
 
 

General Introduction 
 

Oscillating motions and wave-like phenomena surround us from the very tininess of 
the atom (e.g. electron diffraction) to the immeasurable universe (e.g. Doppler Effect). 
Indeed, waves are an intrinsic part of our world and a wide variety of these motions can be 
found ranging from the mighty ocean waves to the immaterial music. It was the dual nature of 
light itself (with particle and wave characteristics) that came together to inspire Louis Victor 
de Broglie (in 1924, in his PhD dissertation) to postulate that: “perhaps all forms of matter 

have in fact wave-like properties”. History would prove him right. 
  

In the most conceptual form it can be said that oscillatory motions appear whenever a 
system is brought out of balance, and some restoring force acts to bring it back to an 
equilibrium position. This induces an oscillating state that carries with it a given energy. This 
energy (imprisoned in the oscillating motion) can then propagate itself through matter, thus 
giving rise to a wave motion. However, in the physical world there are many different forms 
and types of waves, which can propagate throughout various media. It is the individual nature 
of the each restoring force that characterizes and distinguishes the different types of waves. 
  

A particular case of wave motions are the Internal Waves (IWs), which owe their 
expression to the fact that they propagate within fluids, so that their maxima displacements 
are confined to the medium’s interior. From a geophysical point of view, the restoring forces 
associated with IW motions can be twofold. Namely, either gravity or the earth’s rotation (i.e. 
the Coriolis force) is at work. In the former case the nomenclature is usually termed internal 
gravity waves, while in the latter the waves are called inertial or gyroscopic – if both forces 
are present the waves can be termed internal inertial-gravity waves (see e.g. Gerkema and 
Zimmerman, 2008). Two distinct frequencies thus arise, each coupled with a different force: 
on the one hand there is the inertial frequency (or Coriolis parameter ‘f’), which is associated 
with the earth’s rotation; and on the other hand there is the buoyancy (or Brunt-Väisälä) 
frequency, which is essentially related with gravity. These two frequencies are of the utmost 
importance since they determine the range for which IWs are allowed to exist in the 
geophysical world. It is also here, in the earth’s oceans and atmosphere that IWs achieve 
some of their most striking characteristics. For instance, in geophysical fluid dynamics, and 
despite the role of f, it is mainly the basic vertical stratification in density (a consequence of 
gravity) that allows for these waves to exist. Due to the particular nature of these stratification 
distributions, the density differences are very small within both media when compared, for 
example, with the air-sea interface. This means that density gradients across typical 
waveguides for IWs and ocean surface waves can reach differences of several orders of 
magnitude. With Newton’s second law, this can be translated into wave amplitudes, and 
hence explain why ocean waves reach as high as tens of meters while oceanic IWs can have 
amplitudes up to 100 m and more. 
 

From an historical perspective IWs can be considered a relative recent field of study. 
Indeed, while general wave theory can be traced back for more than two hundred years (e.g. 
d'Alembert, 1747), the main developments in IW theory came only in past century (e.g. 
Krauss, 1966). In fact, one of the first measurements to ever be recorded in the oceans goes 
back just over a century when Hansen and Nansen (1909) first recognized the presence of 
these “puzzling waves”, and realized their importance in determining the ocean’s background 
state. From there, IW research has been increasing ever since. However, the number of 
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reports and observations of IWs in the ocean and in atmosphere has been increasing 
significantly only over the last few decades, owing mainly to the development of satellite 
technology and remote sensing techniques. These new measuring capabilities boosted the 
number of observations, which led to several studies that indicated that the phenomenon was 
in fact much more frequent than previously thought (see e.g. Jackson and Apel, 2002; 
Jackson, 2004; Jackson, 2007), and spurred new lines of research relating IWs and a wide 
variety of other fields of (multidisciplinary) study. 

 

 
Figure 1. Aerial photography off the coast of Panama in 1933, showing 
military aircrafts flying in formation just above a packet of surface solitary 
waves. This image first appeared in 1933 in the National Geographic Society 
Magazine (volume 63), but it may also be found available online at: 
http://en.wikipedia.org/wiki/File:Periodic_waves_in_shallow_water.jpg 

 
Within the entire IW spectra there is a very unique group of IWs that constitutes a 

special class of their own. These are usually termed Internal Solitary Waves (ISWs) and owe 
their name to the fact that they tend to occur on their own or in individual packets, and have 
often been identified with the soliton solutions of nonlinear wave theory. In these cases the 
waves propagate such that a delicate balance exists between nonlinear wave steepening and 
linear wave dispersion. This equilibrium allows for finite-amplitude waves of elevation, or 
depression (depending on the background state), to propagate for long distances without 
significant changes in form or shape. For further reference the author notes that the terms 
ISW (or solitary wave) and soliton are frequently found interchangeably in the literature. 
However, only the first term will be used when referring to the geophysical case to make it 
clear that it is the physical phenomena and not the theoretical concept that is being referred to.  

 
ISWs are also ubiquitous phenomena whose manifestations are often remarkably 

impressive (see Figures 1 and 2 for examples of solitary waves propagating on the ocean 
surface and ISWs propagating in the atmosphere, respectively). The first observation of a 
solitary wave was documented in 1834 (see http://en.wikipedia.org/wiki/John_Scott_Russell 
for a historical note), in a narrow water canal linking Glasgow to Edinburgh, by a civil 
engineer named Scott Russell. According to Russell’s description, a perturbation was 
generated when a barge came to an abrupt stop, which created a large solitary elevation in the 
water. Ridding on the back of his horse, he followed this peculiar wave as it “rolled forward 

with great speed … and without change of form or diminution of speed”. Later on, Russell 
recreated the phenomenon in laboratory experiments to derive the first empirical relationship 
in soliton wave theory. The mathematical description of solitary waves would only appear 
more than 30 years later (in the 1870s), when Boussinesq and Rayleigh independently 
provided a set of equations from which Russell’s empirical relationship could be deduced (see 
Jeans, 1995). However, the proper wave equation for solitons came only at the end of the 19th 
century (1895), and was formulated by Korteweg-de Vries (KdV) assuming small amplitude 



 3 

waves propagating in a shallow (frictionless and incompressible) fluid (see Jeans, 1995). 
Curiously, these special cases of nonlinear wave theory would then remain almost 
anomalously for many years to come. It was Zabusky and Kruskal (1965), who almost a 
century later revealed that these waves could retain their shapes and speeds after a collision – 
and thus coined the term ‘soliton’. Finally, to amplify the KdV equation applicability, 
subsequent progress was made in the solitary wave field with the development of appropriate 
theories for deep (Benjamin, 1966; Ono, 1975) and intermediate waters (e.g. Joseph, 1977). 

 
 The importance of ISWs (and all IWs in general) goes far beyond the classical 
academic framework and is something that has evolved in its own right. In fact, physical 
applications spread throughout the most various domains, and go all the way to quantum 
mechanics (Drazin, 1991). In the geophysical context, several useful applications have been 
claimed over the years as compelling motivations to study and investigate ISWs – both in the 
ocean and in the atmosphere. From an oceanic perspective, one of the first motivations to 
study ISWs may have been brought in via military interests, since these waves can be 
important to submarine navigation and detection systems (Garrett and Munk, 1979). In 
addition, they are also important in acoustical dynamics (Dushaw, 2006), and these effects 
need to be taken into account when considering underwater communications. The oil drilling 
industry has also been strongly supportive of field research, particularly in late 70’s and early 
80’s, due to the costly disruption in drilling operations associated with large ISWs in the 
Andaman Sea (Osborne and Burch, 1980; see also Potter, 2001). Moreover, ISWs can often 
assume a highly nonlinear character, and like any other nonlinear wave; they too carry a net 
transport along their propagation paths. This has key implications in various fields, but 
particularly in coastal dynamics where sediment transports can be of great importance 

 
Figure 2. Envisat-MERIS RGB composite image dated 16 September 2004 and 
acquired at 07h15m UTC. The image covers an area of approximately 580660 
km2 and shows a large-scale atmospheric ISW propagating southwest in the 
Mozambique Channel. The crestlength of the leading wave extends for more 
than 500 km. 
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(Bogucki et al., 1997; Cacchione et al., 2002; McPhee-Shaw, 2006; Quaresma et al., 2007). 
Also noteworthy, is their ability to carry energy and momentum, and it is here that some of 
the most interesting motivations can be found. In fact, ISWs can hold a sizeable amount of 
energy with the most energetic wave packets containing up to 1014 J (see e.g. Osborne and 
Burch, 1980) – enough energy to power an average light bulb for more than thirty thousand 
years… On the other hand, they are known to travel for great distances – like in the 
Mascarene Ridge (see Figure 3) where they depart from their point of origin for more than 
400 km (da Silva et al., 2011). Consequently, some attention has also been devoted to 
understand the ultimate fate of ISWs, which are bounded to breaking and dissipation 
processes somewhere along their propagation paths. This means that some energy must be 
being transferred to vertical mixing inside the water column – mainly over continental shelves 
and coastal areas where ISWs are more frequently observed. This in turn has major 
implications for biological processes, especially because vertical mixing in shallow areas is 
determinant to bring cool and nutrient rich waters from bellow to the surface. In addition, the 
amount of mixing induced by oceanic IWs may extend further into the deep-ocean areas. 
Therefore, they may constitute and important part of the thermohaline circulation, which 
needs to be accurately accounted for in any realistic modeling of global long-term processes 
(such as climate change). 

   
In the atmospheric domain, IWs of solitary-like form are usually termed Atmospheric 

Gravity Waves (AGWs). They can occur in a wide range of time and spatial scales, but are 
usually highly nonlinear, and are often identified to propagate in the lower troposphere, where 
they can form roll-cloud structures in packet-like configurations. Their origin can be 
attributed to various generation mechanisms, often involving convection, wind shear, gravity 
currents and air mass collisions. In summary, any atmospheric process leading to the 
displacement of density surfaces can be a potential source of AGWs, providing that suitable 
propagation conditions are previously met.  From an applicability point of view, AGWs have 
been shown to constitute a serious hazard to aircrafts operating at low altitudes and small 
speeds (Christie and Muirhead, 1983; Bedard et al., 1986). Some large-scale AGWs may also 
have a significant role in establishing low-level circulation and determining the local vertical 
structure of wind, temperature and moisture. They can even modify and trigger convective 
motions and induce significant rain, (Reeder et al., 1995). Their ability to transfer energy and 
momentum, together with the fact that they can propagate for almost a 1000 km (e.g. in the 
Mozambique Channel, da Silva and Magalhaes, 2009), makes them an important topic of 
research, especially since their influence can also extend into weather forecast and climate 
models. 

 
This ensemble of information, even if in the tip of the iceberg, was more than enough 

to capture this author’s attention, and attract him to embark in this quest for knowledge and 
research venture. Indeed, the very foundations of the present work can be traced back to the 
graduating thesis, where IWs where to be studied for the first time. At that point in time an 
observational study of the Mozambique Channel (MC), regarding IW signatures in satellite 
images, was undertaken as part of a first approach to some unusual observations. This ideal 
scenario thus joined the research field of IWs with the measuring capabilities of satellite 
remote sensing, particularly with Synthetic Aperture Radars (SARs). In fact, it is well known 
that both oceanic and atmospheric IWs are capable of producing roughness patterns on the 
ocean surface and that they can generate recognizable signatures in radar images. Usually, 
AGWs have significantly different time and scales than oceanic IWs and discrimination of 
these features is simple. Occasionally however, large oceanic ISWs or small AGWs can easily 
be misinterpreted, and discrimination using SAR imagery alone can thus be difficult or 
sometimes impossible (Alpers and Huang, 2011). For this reason, SAR images over MC 
initially suggested the presence of oceanic IWs. It was not until later that cloud bands, 
observed in MODIS and MERIS imagery, revealed excessively large atmospheric wave trains 
which coincided with SAR observations. This introduced ambiguities in our initial 
interpretations of the satellite data, and eventually led to the discovery of an IW hotspot 
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where both oceanic ISWs and AGWs could be frequently observed. In turn, this would 
ultimately lead to two major studies – one devoted to the atmosphere and another focused in 
the ocean (da Silva and Magalhaes, 2009; da Silva et al., 2009, respectively). 

 
During the final stages of studying the oceanic ISWs of MC, the author was given the 

chance to participate in a laboratory study dedicated to ISWs, which was held at the Grenoble 
Coriolis Platform (France) and coordinated by Dr. Theo Gerkema of the Royal Netherlands 
Institute of Sea Research (NIOZ). This set of experimental trials aimed to study, in a 
controlled environment, the influence of several parameters in a very unique generation 
mechanism for ISWs in the ocean – the so called ‘local-generation’ mechanism (New and 
Pingree, 1992; Gerkema, 2001; New and da Silva, 2002; da Silva et al., 2009). In this case the 
tidal currents are forced over rough topography (such as ridges, canyons or promontories), 
and tidal beams or rays are generated at critical bathymetry where baroclinic energy 
propagates at the same angle as the bottom slope. These rays then propagate towards the 
ocean floor, from which reflection occurs to re-emerge them upwards. As they reach for the 
surface they impinge on the thermocline from below, and create an interfacial disturbance 
there that can evolve into ISWs. The recreation of this mechanism for the first time in a 
laboratory scenario provided valued insights that further contributed to the understanding of 
this particular mechanism. 

 
After the IWs in MC, it was the Mascarene Ridge that draw further attention. 

However, the study of IWs at this location had long begun its way. A research cruise had 
already been undertaken early on, during the year of 2002, as an observational campaign 
aboard the R.R.S. Charles Darwin (New, 2003; New et al., 2005, 2007). One of the primary 
aims of the cruise was to assess energy fluxes and mixing produced by IWs in the vicinity of 
the Mascarene Ridge (particularly in two large banks called Saya de Malha to the north and 
Nazareth to the south). Consequently, a significant amount of data was gathered at that time 
on several aspects of oceanographic importance. Inclusively, an important correction was 
made to the previous knowledge of the local bathymetry, which would eventually prove of 
great importance to our investigations. However, it was not until the end of 2008 that the first 
SAR images were available. For this reason, no satellite imagery was acquired during the 
field work onboard the R.R.S. Charles Darwin (1 June to 11 July, 2002) – at that time there 
was no satellite antenna covering this remote region of the Indian Ocean. Only later could 
SAR reveal ISWs signatures of considerable crestlength (see Figure 3) propagating to both 
sides of the ‘suspected’ generation site – to the east and to the west – for very long distances 
exceeding 400 km to both sides of the ridge. This immediately amplified the cruise 
objectives, and led to a more exhaustive investigation of the IW field in this study region. 
Some of the world’s largest (in terms of crestlengths and propagation distances) oceanic ISWs 
were then discovered. Approximately during the same period, and still in eastern hemisphere, 
IW investigations were also being lured to the northeastern tip of Africa (near the Arabic 
Peninsula). Here, an amazing case study was collected, where large-scale ISWs literally 
engulfed the Red Sea area, as they propagated south along the sea’s main axis (see Figure 4). 
Similar case studies were further revealed after a more thorough analysis. However, just like 
the MC, it was soon realized that this region was prone to the occurrence of both types of 
ISWs – oceanic and atmospheric. A study aimed to understand these waves’ characteristics 
then took place, which eventually focused on the atmospheric IWs, due to their particular 
nature in size and frequency of occurrence (see also Magalhaes et al., 2011). 
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Figure 3. Envisat-ASAR image (Wide Swath mode) dated 11 February 2009 
and acquired at 18h31m UTC. The image is approximately 400400 km2 and 
shows large-scale oceanic ISWs propagating from the Mascarene Ridge. The 
crestlengths of leading waves can exceed 350 km, and the propagation 
distances can be more than 400 km from their point of origin. 

 

 
Figure 4. Envisat-ASAR (Wide Swath mode) image dated 11 May 2004 and 
acquired at 07h27m UTC. The image covers an area of approximately 400400 
km2 and shows a large-scale AGW propagating southeast in the Red Sea 
region. The crestlength of the leading wave extends for at least 250 km – but 
may be larger since the sea surface signatures are limited to the Red Sea 
surface.  
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In between the submission and review processes of the research articles submitted on 

the Mascarene and Red Sea IWs (in 2010), the author had the chance to participate in an 
airborne field campaign held off the Portuguese Coast (titled A.NEW and performed under 
the transnational access projects made available by EUFAR), and he also attended an 
international course solely dedicated to IWs (during November 2010 at the Institut d'Etudes 
Scientifiques de Cargèse-Corsica, France). Both would reveal precious for this thesis’s main 
work. On the one hand, a sizeable amount of images had been collected for the Portuguese 
Coast comprising a period of more than a decade. This large set of data clearly revealed that 
the Portuguese Coast was a unique study area where ISWs could be frequently observed. 
However, it also revealed that the majority of the observations were in fact concentrated 
around a major topographic feature – the Estremadura Promontory located to the west of 
Lisbon (in the west Iberian Peninsula). Despite that previous studies (Jeans and Sherwin, 
2001a, 2001b; Sherwin et al., 2002; Small, 2002; da Silva et al., 2007; Quaresma et al., 2007) 
had already dealt with other regions off the Portuguese Coast, it was clear that this particular 
set of powerful waves had not been studied before – partially due to the particular nature of 
the observations that just seemed too puzzling. It was the preparation stages for the airborne 
campaign and the airborne mission itself that created awareness on two important subjects: 
first it became clear that the meridional barotropic tides were somehow degenerating into 
west-east propagating ISWs, thus forcing barotropic to baroclinic energy conversion in 90 
turning patterns; secondly, the data collected in the very near coast areas revealed that the 
waves were reaching much closer to shore than previously realized (seen from the SAR data). 
On the other hand, the classes attended at the IW course also proved useful. After performing 
an energy analysis to the ISW field it was realized that there was a difference between the 
amount of wave energy propagating from the northern and southern flanks of the Estremadura 
Promontory, a fact somewhat unexpected if we considered the integrated barotropic forcing 
maps calculated based on methods developed by P.G. Baines (1982). The solution to this 
problem greatly benefited from the work developed by Legg and Klymak (2008). During the 
IW course at Cargèse there was a chance to discuss how barotropic energy may be converted 
to overturning in the presence of steep topography (rather than undergoing conversion to 
ISWs).  In their investigations, Legg and Klymak (2008) provide a hypothesis based on 
numerical experiments that would offer a possible explanation to the observed north-south 
ISW energy budget. All the ingredients then combined, and the cornerstone of this work was 
completed with the aim of amplifying the knowledge of IWs off the Portuguese Coast, and in 
the western Iberian Coast. 

 
The final stages of this PhD were spent in revisiting MC. This privileged location still 

had several observations that remained unexplained, and were left out of the first study. These 
included SAR signatures of oceanic ISWs consistent with a mode 2 vertical structure, 
propagating towards the coast near parallel 24S, and refraction patterns with several IW 
packets undergoing a near 180 rotation. The first set of observations are exceptionally 
important, since mode 2 waves were recently predicted to be generated through ‘local 
generation’ (Grisouard et al., 2011; Mercier et al., 2012), and such case studies are scarce in 
the literature – especially those using remote sensing, which can uncover the waves’ full two 
dimensional structure. The second set of observations came to unfold an apparent interaction 
between ISWs and eddy-like features, which propagate southwards along MC (see Swart et 
al., 2010). These rotating structures can apparently modify the local vertical structure of the 
ocean (dynamically and thermodynamically), thus influencing the ISWs usual propagation 
trajectories. 

 
This short description summarizes the chain of events that represent the PhD’s 

timeframe, together with the main developments and achievements. A detailed discussion of 
each individual subject is presented in the following chapters. 
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FRAMEWORK AND MAIN OBJECTIVES 

 
This thesis is intended to provide a state of the art description of several IWs fields 

located in various study regions. This encompasses the aim to access the various generation 
and propagation mechanisms, as well as identifying the waves’ main characteristics. This 
fundamental goal is not limited to the ocean, but is rather amplified by the need to better 
understand the separated dynamics of regions where IWs can coexist simultaneously in the 
ocean and in the atmosphere. These generic guidelines are supported by the following specific 
objectives: 

 
1. Provide active contributions to the expansion and development of updated 

databases with IW observations using remote sensing data at a global scale; 
 

2. Use remote sensing data to obtain synoptic insights into previously unknown 
hotspot regions for IW observations, both in the ocean and in the atmosphere; 

 
3. Characterize the IW fields from the different study areas in terms of their 

main characteristics, and spatial and temporal distributions; 
 

4. Attempt to identify and characterize the corresponding generation and 
propagation mechanisms, by combining knowledge learned from remote 
sensing data, in situ data, and modelling results (e.g. Baines body forcing, 
1982); 

 
5. Develop and incorporate new results and techniques into the already existing 

methodologies for IW investigations. 
 

6. Ultimately, add to the state of the art research in IW fields, and determine 
their importance in a wider spectrum of geophysical applications.  

 
OUTLINE 

 
This thesis is divided into eight different chapters including a general introduction, 

six research articles already published or submitted to pear-review indexed journals, and a last 
section of concluding remarks. The different chapters are organized as follows: 

 
- Chapter 1 consists of a general introduction that summarizes the most 

important concepts, definitions and properties related with IWs. It also 
provides a brief historical overview and delineates the main chain of events 
that render this thesis. 
 

- Chapter 2 presents a summary of the research work developed in MC, which 
was recently submitted to become part of a book dedicated to remote sensing 
in the African continent (titled Remote Sensing of the African Seas, edited by 
Dr. Vittorio Barale from the European Commission's Joint Research Centre, 
and Dr. Martin Gade from the University of Hamburg). It includes all the 
investigations and main results for the ISWs propagating in MC, both in the 
ocean and in the atmosphere. It is to be presented in the foreground (despite 
being the last work written) since it represents the beginning of these 
investigations. 

 
- Chapter 3 further extends Chapter 2 by providing the full research article 

published on the oceanic ISWs of MC. In this section the complete nature of 
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the observations are discussed, together with their main characteristics. The 
generation and propagation issues are also addressed in full detail. 

- Chapter 4 follows with the research achievements born out of the laboratory 
experiments performed on ISWs and the ‘local generation’ mechanism. In 
this particular case, the author and his supervisor (Prof. José da Silva) had the 
opportunity to participate in the experimental trials, and bridge the insights 
gained on the ‘local generation’ mechanism from remote sensing with the 
outcomes of the experimental data. Later, the data were processed and 
analysed by the remaining authors, and our contribution was fundamentally in 
linking the mode 2 waves found in laboratory with geophysical observations 
made in satellite data. 

  
- Chapter 5 turns to the Mascarene Ridge, to present the first detailed 

description of the full two-dimensional structure of some unusually large-
scale oceanic ISWs observed in SAR. These waves are observed to propagate 
in two opposite directions from a sill point between two large banks (Saya de 
Malha and Nazareth). They are believed to be generated by a large amplitude 
lee-wave on the west side of the sill, which results from an increased flow 
upstream of the generation site. Among other characteristics, SAR imagery 
shows that they are among the biggest ever reported in the literature. 

 
- Chapter 6 presents a research article dedicated to the AGWs observed in the 

Red Sea region, which aims to understand their dynamical properties in terms 
of propagation conditions. It also contains a weakly nonlinear wave analysis 
and discusses the miss-interpretation issues between ISWs radar signatures of 
oceanic and atmospheric nature. 

 
- Chapter 7 concludes the collection of research articles with a paper dedicated 

to the IW field observed off the Estremadura Promontory (in the west Iberian 
Coast). This work includes a statistical analysis of the waves’ characteristics 
and energy properties. It also discusses the likely generation locations, as well 
as their propagation characteristics. 

 
- Finally, Chapter 8 concludes this thesis by presenting some concluding 

remarks, a summary of the main achievements, and some suggestions for 
future work. 
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Abstract 
 
Synthetic aperture radar (SAR) satellite imagery (from Envisat and ERS) of the 
Mozambique Channel (MC) reveals sea surface signatures of oceanic internal solitary 
waves (ISWs). P.G. Baines (1982) predicted this region to be a major hotspot for the 
generation of internal tides (ITs) in the ocean. New results now show that the Sofala 
shelf (located near 20°S, 36°E) is indeed a strong and previously unknown source for 
the generation of ITs and ISWs. The hotspot area is localized between 20 and 21°S, 
where the barotropic tidal forcing and tidal transports are highest in the area, due to the 
particular nature of the bathymetry there. Two distinct types of ISWs are observed to 
travel offshore, away from the shelf-break, and possible generation mechanisms are 
discussed. Mode 2 ISWs propagating in the MC are also observed in SAR imagery and 
we suggest that these may be generated by a tidal beam impinging the thermocline from 
below, in a similar process to some of the Mode 1 ISWs generated off the Sofala shelf. 
ISW refraction patterns, often identified in SAR imagery in the MC are presented, and a 
particular example is shown where ISWs and eddy-like features are seen to interact. The 
influence of these rotating features in the refraction patterns is briefly discussed. Finally, 
it is shown that large-scale atmospheric gravity waves of solitary-like form are also 
frequently observed in the region, and thus care must be taken when discriminating 
oceanic and atmospheric ISW signatures in SAR images for a correct interpretation to 
be made.    
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1.1 Introduction 

Internal waves (IWs) are an important element in several processes within 
geophysical fluid dynamics. They are ubiquitous features in the oceans and atmosphere 
that can exist in a wide variety of time and space scales, and owe their existence to the 
vertical density stratification that characterizes both mediums. 

In the ocean, tidal flow over irregular bottom topography can force vertical 
motions at the tidal frequency and generate internal waves of tidal period that propagate 
along the thermocline and are often referred to as internal tides (ITs). These can then 
steepen and generate internal waves of shorter period that are usually termed ISWs. The 
term ‘solitary’ is used since they tend to occur in individual packets (usually trapped in 
the troughs of the IT), and have often been identified with the soliton solutions of 
nonlinear wave theory. In the atmosphere, these short-scale waves that are usually 
highly nonlinear, can also be identified to propagate in the lower troposphere (typically 
around altitudes of 3 to 5 km), and are often accompanied by roll-cloud structures that 
resemble the packet-like structure of their oceanic counter-part. Their origin can be 
attributed to various generation mechanisms, often involving convection, wind-shear, 
gravity currents and different air mass collisions. In summary, any atmospheric process 
leading to the displacement of density surfaces can be a potential source of IWs, 
providing that suitable propagation conditions are previously met. 

During the last few decades remote sensing has played a key role, in providing 
the scientific community with an increasing number of IW observations (both of 
oceanic and atmospheric nature). Imaging sensors such as SARs, and visible and near-
infrared spectrometers have proved to be particularly useful in proving new and 
valuable insights into these waves’ physical characteristics. These new measuring 
capabilities that boosted the number of observations led to several studies that indicated 
that the phenomenon is in fact much more frequent than previously thought (Jackson 
and Apel, 2002; Jackson, 2004; Jackson, 2007; da Silva and Magalhaes 2009; 
Magalhaes et al. 2011). SAR in particular has proved very useful in revealing the two 
dimensional structure of IWs, as well as their spatial and temporal distributions. It is 
well known that both oceanic and atmospheric internal waves are capable of producing 
roughness patterns on the ocean surface. Therefore they can generate recognizable 
signatures in radar images. The oceanic roughness patterns are a result of either 
hydrodynamic modulation of Bragg waves by surface current gradients or wave 
damping due to surface films (Alpers, 1985; da Silva et al., 1998). In contrast, the 
atmospheric internal wave signatures are a consequence of wind stress variability 
introduced by the disturbed wind velocity field associated with wave propagation 
(Alpers and Stilke, 1996). SAR imagery has also been playing a key role in indentifying 
and characterizing several IW hotspots as well as in providing valuable insights into the 
generation mechanisms (e.g. New and da Silva, 2002; Zhao et al., 2004; Vlasenko and 
Alpers, 2005; Nash and Moum, 2005; Azevedo et al., 2006; da Silva et al., 2007; da 
Silva and Helfrich, 2008; da Silva and Magalhaes, 2009; da Silva et al., 2009; da Silva 
et al., 2011; Magalhaes et al., 2011).  

IWs can play an important role in several dynamic aspects and in a wide variety 
of geophysical processes. A more special case of these waves are the solitary waves of 
finite amplitude and permanent form, which owe their existence to a delicate balance 
between linear wave dispersion and nonlinear wave steepening. These are usually found 
in rank-order packets (a consequence of their speed being an increasing function of 
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amplitude) and they have been observed to travel for considerable amounts of distance 
without significant changes in form. In turn this is a clear indication that these waves 
can in fact be responsible for transferring considerable amounts of energy throughout 
large distances, which is one of the main reasons why they are so important in the 
dynamics of the coastal oceans and in the lower troposphere. 

On the one hand, ISWs in the ocean have been proved to significantly contribute 
to ocean mixing, either during breaking processes in their final stages of propagation, or 
due to their highly turbulent character as they propagate along the pycnocline (Pinkel, 
2000; Moum et al., 2003; Haren et al., 2005; Lamb and Farmer, 2011). In fact, recent 
studies have shown that IWs contribute considerably to shelf dynamics in terms of 
vertical heat fluxes and ocean-shelf mass transports (Shroyer et al., 2010a, 2010b). 
Mixing due to IWs has also been shown to be important from a biological point of view. 
Several studies have shown that the dissipation of ISWs may constitute the primary 
mixing mechanism, and that it may be sufficient to induce strong upward fluxes of 
nutrients across the thermocline and produce bursts of primary production (Sandstrom 
and Elliott, 1984; Pingree et al., 1986). Da Silva et al. (2002) also suggested that 
enhanced primary production could simply occur due to the increase and decrease in 
available light experienced by phytoplankton during up and downward advection 
induced by IWs.  

On the other hand atmospheric gravity waves (AGWs) have been shown to 
constitute a serious hazard to aircrafts operating at low altitudes and small speeds 
(Christie and Muirhead, 1983; Bedard et al., 1986). Some large-scale AGWs may also 
have a significant role in establishing low-level circulation and determining the vertical 
structure of wind, temperature and moisture. They can even modify and trigger 
convective motions and induce significant rain, (Reeder et al., 1995). Their ability to 
transfer energy and momentum (together with the fact that they propagate for several 
hundreds of km) makes them an important topic for research, especially since their 
influence can also extend into weather forecast and climate models. 

Furthermore, ISWs can sometimes occur in regions where both mediums (ocean 
and atmosphere) can support simultaneously propagation. In these cases care should be 
taken to avoid miss-interpretation. It is also important to recognize that atmospheric 
internal waves may not always be associated with cloud structures since the ascending 
branches of the waves may not find the necessary conditions (high moisture in the 
atmosphere) for condensation to occur (Crook, 1986). In these cases there are no 
guaranteed methods to discriminate between oceanic and atmospheric wave SAR 
signatures. However, recent research based on solitary wave and radar imaging theory 
has provided useful criteria (sometimes with resort to other information on the ocean 
and atmosphere) to help in the distinguishing process (Alpers and Huang, 2011). 

The MC (sometimes referred to as the Strait of Madagascar) is a relative narrow 
passage centred at 20S between the African continent (Mozambique) and the island of 
Madagascar (see Figure 1.1). It extends approximately from the northeast to the 
southwest for more than 1500 km. The width of the channel is approximately 400 km in 
the narrowest passages, while at 20°S it reaches a maximum width of about 1000 km. 
The continental shelves on both sides are generally narrow, and are confined by super 
critical continental slopes. However, near 20S the shelf extends further into the ocean 
for more than 100 km (in the Sofala Bank region, see Figure 1.1 for location) and it is 
there that the tidal currents are the largest in the MC.  
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This region is a privileged site for the occurrence of IWs both in the ocean and in 
the atmosphere. The existence of oceanic IWs is in accord with the study presented by 
Baines (1982), which estimated tidal energy fluxes from several shelf regions of the 
world’s oceans, and showed that the MC was among the 12 most energetic regions for 
IT generation. Here, the (semidiurnal) barotropic tidal ranges are over 7 m, and the 
barotropic currents typically exceed 0.50 ms-1 at spring-tides, with significant spring-
neap variability. The shelf slope is also supercritical with respect to the M2 tide, 
allowing the existence of critical regions for IT generation at the shelf break. Also 
noteworthy is the fact that the flow in the MC is influenced by large, southward 
propagating eddies, which feed their waters into the Agulhas Current system, and 
therefore constitute a major contribution to the overall flow within the channel. 
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1.2 Oceanic ISWs 
 
1.2.1 Introduction 

Tidal energy generated at the shelf-break may radiate away either horizontally in the 
form of interfacial ITs that propagate along the thermocline, or as internal tidal beams 
that propagate into the deep stratified ocean below. Therefore, large interfacial ITs may 
form in the thermocline directly above the shelf break and evolve (through nonlinear 
processes) to higher-frequency ISWs packets. Another possibility is that the IT energy, 
which propagates downward into the deep ocean, may give rise to a second generation 
mechanism known as “local generation” (New and Pingree, 1992; Gerkema, 2001; New 
and da Silva, 2002; Akylas et al., 2007; da Silva et al., 2007; Grisouard et al., 2011; 
Mercier et al., 2012). Here, a beam (or ray) of internal tidal energy is generated at 
“critical” slope regions of the shelf-break where the bottom topographic slope matches 
the slope of the ray paths, and propagates at an angle (θ) to the horizontal into the deep 
ocean interior (see equation (1.2.1) where σ is the tidal frequency, f the Coriolis 
parameter and N the buoyancy frequency). These rays reflect from the seafloor (Pingree 
and New, 1989, 1991), and interact with the thermocline from below, causing large IT 
oscillations there, and “locally” generating ISWs (far from the shelf break where the 
beam is initially generated). We will show clear evidence (based on remote sensing 
SAR imagery and modelling results) that both generation mechanisms are taking place 
in the MC, which means that there are waves being formed directly at the shelf-break, 
and remotely through local generation. 
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We note that this hypothesis was originally proposed to be the case in the northern 
Bay of Biscay, where it was studied for the first time, and where SAR imagery helped 
to clearly distinguish a bimodal distribution of ISWs. This distribution results from the 
direct generation mechanism near the shelf-break and from the local generation 
processes taking place some 150 km into the ocean (New and da Silva, 2002). 
Nonetheless, the widespread occurrence of the local generation hypothesis in other 
regions of the world ocean has been recently put forward with the contribution of in situ 
and satellite data. In fact, several other studies have emerged since which have also 
identified locally generated waves. Namely, the southern Bay of Biscay (Azevedo et al., 
2006), the Estremadura Promontory (da Silva et al., 2007), and more recently the MC 
(da Silva et al., 2009), has also been found as a major hotspot region for the local 
generation mechanism. 

 
1.2.2 SAR evidence of ISWs 

Figure 1.2 is a subset of the Envisat ASAR image from 4 December 2009 (centred 
at 36.26E, 20.33S – see Figure 1.1 for location) and corresponds to an area of 
approximately 7777 km2. Several individual solitary waves can be identified as 
belonging to a packet resulting from direct generation over the shelf. The ISW sea 
surface signatures that can be identified in the centre of the image are consistent with 
mode 1 waves of depression. At least 3 individual solitons are already formed in the 
northeast end of the packet, but their coherence is lost towards the other end. This 
together with the short wavelengths is an indication that these waves have been recently 



 

 18 

formed. Another example of ISWs propagating farther off the Sofala Bank is given in 
Figure 1.3. This image shows a subset of an Envisat ASAR image (WS mode) dated 7 
April 2003 (centred at 36.6E, 21.3S – see Figure 1.1 for location), which corresponds 
to an area of approximately 76156 km2. It is a typical example of the local generation 
mechanism with waves being generated locally and farther off-shelf than the ones 
shown in the previous example. Three well-developed waves can be clearly 
distinguished propagating towards the southeast with larger crestlengths compared with 
those in Figure 1.2 (the first of which with more than 100 km). It can also be seen that 
these individual waves are organized in a rank-ordered fashion, and that there are 
brighter bands preceding darker ones in the direction of propagation (a typical feature of 
mode 1 waves of depression).  

Several other examples of ISW signatures have been found in similar images 
acquired over the MC. A composite map of these examples has been assembled (to be 
presented in the next section) where it will be clearly seen that (similarly to the Bay of 
Biscay) there are two distinct concentrations of ISW signatures. These local maxima are 
consistent with simultaneous generation near the shelf-edge and farther offshore, owing 
to the local generation mechanism. 

 

1.2.3 Tidal forcing 

We now examine the generation issue more closely in order to investigate the 
most likely locations for the generation of these IWs. To do so the methodology that is 
usually presented in the literature consists of two main approaches. On the one hand, the 
Baines (1982) barotropic tidal forcing is often used to search and identify hotspot 
regions of ISWs within a given study area. It has proved to be a valuable indicator in 
several other independent studies, particularly to study the possibility of the local 
generation mechanism. For instance, Azevedo et al. (2006) and da Silva et al. (2007) 
have used this method to investigate the local generation mechanism in the southern 
Bay of Biscay (near Cape Finisterre), and in the southern slopes of the Estremadura 
Promontory (off the west Iberian shelf). In addition, there have been other authors that 
also used this technique over the last decade, as a valuable indicator of where large ITs 
may be generated (Colosi et al., 2001, Merrifield and Holloway, 2002; Niwa and 
Hibiya, 2004). On the other hand, ray-tracing techniques are used to see if the location 
where ISWs first appear is consistent with the local generation mechanism (i.e. if the 
first ISW packets appear a few km ahead of the expected impact of an IT beam with the 
pycnocline). ITs in a continuously stratified ocean can be described by beams or rays 
that follow characteristic pathways (along which their energy can propagate – see 
equation (1.2.1)). In other words, this means that when the bottom slopes match the 
local value of  (called a critical region) the generation of ITs is more pronounced, 
particularly if the barotropic currents are strong. In such cases, the direction of the 
forcing barotropic flow is then coincident with the motion plane for free internal waves, 
resulting in resonant conditions and enhanced generation of the ITs and ISWs. 

The barotropic forcing term (following Baines, 1982) for ITs, resulting from the 
interaction of bottom topography and tidal flow, can be defined as 

 hdtzzNF Q 1.)(2  


                                               (1.2.2) 
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where z is the vertical coordinate (positive upwards), Q is the barotropic mass flux 
vector Q=(uh,vh) with u and v being the zonal and meridional components of the 
barotropic velocity, and h is the ocean depth. This means that F can be analytically 
integrated provided that Q is previously known. For the following calculations, the 
components of the barotropic velocity vector were taken from the 1/8 resolution OTIS 
model (Oregon state university Tidal Inversion Software, developed by Egbert and 
Erofeeva, 2002). The model included the M2 and S2 tidal constituents of the barotropic 
tide since these are the most important in this study region (da Silva et al., 2009). The 
bathymetry data is part of the one minute global bathymetry from Smith and Sandwell 
(1997), and N (assumed to be spatially constant) is the same used in da Silva et al. 
(2009) for the October stratification (see their Figure 2a). 

 Figure 1.4 shows the tidal ellipses for a complete semi-diurnal tidal cycle 
corresponding to the image in Figure 1.2 (4 December 2009). These current ellipses, 
that are needed to calculate Q, were derived using least-squares fits to the data in each 
grid point. Note that the original outputs do not form perfectly closed ellipses due to the 
slowly varying nature of the tide. It can be seen that the barotropic tidal currents achieve 
their biggest values over the continental shelf (in the Sofala Bank region), after crossing 
the 200 m depth contour. It can also be seen that these are approximately aligned with 
the bathymetry gradient. This indicates that there will be a strong tidal forcing owing to 
strong tidal currents passing directly over steep slopes. The magnitudes of these currents 
(see reference ellipse on the right) can reach relatively large values, some close to 1ms-1 
farther inside the inner-shelf. However, there is a rapid decrease in the tidal currents 
towards the open ocean areas that starts immediately after crossing the shelf-break (with 
an average depth of 50 m). We note in passage that these values over the Sofala Bank 
are in fact the biggest anywhere within the MC and are among the biggest anywhere in 
the world. 

 Figure 1.5 shows the overall maximum of the depth-integrated body force within 
a complete semi-diurnal tidal cycle for the Sofala Bank area (for the tidal currents 
computed for 4 December 2009, and shown in Figure 1.4). Together with this 2D body 
force a composite map of ISWs observations is also shown for ease of interpretation. 
The dataset used in the composite map contains a total of 6 images acquired from 2003 
to 2006, during the southern spring and summer (a complete description may be found 
in da Silva et al., 2009 – see their Table 1). Note that the present body force map shown 
in Figure 1.5 was computed for a different day of the ISWs represented in the composite 
map, but results would remain fairly the same for any other choice of dates. A closer 
inspection of the body force in Figure 1.5 shows that there are localized regions of 
maximum forcing coincident with steep slopes and focused along a narrow line (with 
depths approximately between 100 and 500 m) that is generally along the edge of the 
continental shelf. The tidal forcing is actually very weak everywhere else (in general) so 
that the body force values decay rapidly to zero in the shallower areas above 100 m, and 
in the deep ocean basin that extend farther away into the MC. 

 The black profile shown in Figure 1.5 that extends approximately perpendicular 
to the shelf edge from the northwest to the southeast is representative of a section for IT 
ray-paths (see the inset shown in the lower right corner). The red star marks the position 
of critical bathymetry along that same profile for the M2 tidal constituent and using the 
October stratification used earlier (the same used to calculate F – see Figure 2a in da 
Silva et al., 2009). The black square is the corresponding reemergence at the 
thermocline. It can be seen that there are internal tidal beams originating from critical 
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topography coincident with elevated regions of F that initially slope downward into the 
ocean interior. The IT beam then reflects upward from the seafloor between 1100 and 
1300 m, and reemerges later at the thermocline at about 90 km offshore. Considering 
the relative positions of the ISWs signatures and the geometry of the IT beam reflection, 
a region of low activity can be identified near the shelf-break that lies behind the 
reemergence of IT energy. This region is then followed by another elevated area of ISW 
activity that closely coincides with the surfacing positions of the IT rays. Similarly to 
the case in the Bay of Biscay, this suggests that there is a region of elevated forcing near 
the shelf edge that is simultaneously generating ISWs directly above, and IT rays that 
are propagating to the deeper ocean, reflecting from the sea floor, and locally generating 
ISWs some 90 km farther offshore. 
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1.3 Mode 2 ISWs 
 
1.3.1 Introduction 

Cases of satellite observations and in situ measurements of mode 2 oceanic 
ISWs are seldom, and they are hardly ever found in the literature. In fact, despite that 
they have long been predicted in theory, it was not until recently that they were seen to 
exist in nature using in situ and satellite image data (Farmer and Smith, 1980; Konyaev 
et al., 1995; Vázquez et al., 2006; Shroyer et al., 2011; da Silva et al., 2011).  SAR 
observations now suggest that mode 2 IWs can be more frequent than previously 
acknowledged. In this section it will be shown that mode 2 IWs can also be generated in 
the Mozambique Channel by IT beams with semi-diurnal frequency. 

Sea surface signatures of mode 1 and mode 2 ISWs can be unambiguously 
identified in SAR images provided the waves propagate in relatively deep water (when 
the lower layer is significantly deeper than mixed layer depth). If interfacial waves (in a 
two layer system) travelling along the pycnocline are waves of depression (which is 
often the case in deep waters), then mode 1 ISWs will be revealed in SAR images by 
bright bands preceding darker ones in their direction of travel (see Alpers, 1985). 
However, mode 2 ISWs will have exactly the opposite contrast in the SAR, since their 
radar signature consists of dark bands preceding bright bands in their direction of 
propagation (see Figure 1.6). This is because surface velocity fields induced by 
travelling ISWs of different modes can create different convergence and divergence 
patterns, which then modulate the surface roughness and thus the intensity of the radar 
backscatter signal. In particular, a mode 2 ISW travelling along the thermocline will 
generate a divergence pattern at the surface, followed by a convergence pattern in the 
propagation direction (see Figure 1.6). It is this dynamical feature, which is reversed 
with respect to mode 1 ISWs that produce the characteristic dark bands ahead of the 
bright bands in the direction of travel. 

Research on mode 2 ISWs generated by IW rays hitting a pycnocline have been 
recently presented using numerical models and laboratory experiments (Grisouard et al., 
2011 and Mercier et al., 2011, respectively). These studies were focused on the local 
generation mechanism (see Section 1.2), and have also addressed the generation of 
higher mode waves by IW rays. Grisouard et al. (2011) used a (nonlinear and non-
hydrostatic) numerical model and concluded that higher mode ISWs (particularly mode 
2) may also be generated by an IW beam hitting a pycnocline at an angle. In their 
studies, high mode waves are favoured by a strongly stratified pycnocline or, 
equivalently, by short-wavelength IT beams. Laboratory measurements of ISWs 
generated by an internal wave beam were presented by Mercier et al. (2011), and are in 
agreement with the results of Grisouard et al. (2011). Following these numerical and 
laboratory studies, we will  now show satellite observations of mode 2 ISWs, which are 
consistent with local generation by an IW beam impinging on the ocean pycnoclyne 
from below. 

 

1.3.2 SAR observations of mode 2 ISWs 

Figure 1.7 shows a typical example of a SAR image where two wave trains can 
be seen to propagate towards the shore (approximately in the west-northwest direction 
and approximately perpendicular to the local isobaths) in the southern end of the 
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Mozambique Channel (near parallel 24S). The left panel shows an ERS-2 SAR image 
dated 24 September 2001 (acquired at 7:39 UTC), which is centred approximately at 
23.75S and 35.75E. Note that land and coast lines are also marked in gray areas 
outlined by a black contour, respectively, and that bathymetry levels for 100 m, 200 m, 
500 m and 1000 m are also shown. The black filled circle on the image indicates the 
predicted position where an IT beam would impinge on the thermocline from below 
(assumed at an average depth of 50m), and the dashed line indicates its trajectory 
coming from deeper bathymetry to the east (passing through the centre and taken 
perpendicular to the wave crests). The right hand side of Figure 1.7 shows a vertical 
section which is aligned and partially coincident with the black dashed line on the left, 
together with a simulated IT beam of semi-diurnal frequency based on local 
stratification. The arrow indicates the direction of energy propagation and the inset 
shows the geographic location of the observation (the star in the inset denotes the 
geographic location of the image centre).  

The SAR image shown in Figure 1.7 reveals that the ISWs in the deeper wave 
packet are characterized by the usual rank-ordered bright and dark bands of radar 
intensity, which decrease in amplitude from the front to the rear. However, while these 
signatures look like many other typical SAR signatures of ISWs, it can be seen that in 
this case the contrast pattern is reversed in relation to the general pattern. Here, dark 
bands precede bright bands in the propagation direction, indicating that these radar 
signatures are consistent with mode 2 internal waves (see schematics shown in Figure 
1.6 for mode 2 ISWs). Another important characteristic of this image is that it shows the 
ISWs to appear close to (but in front of) the surfacing position of predicted IT rays of 
semi-diurnal frequency (with M2 tidal constituent), generated at the critical slopes 
farther east. This strongly suggests that these mode 2 ISWs are generated locally after 
the impact of an IT beam in the pycnocline from below. We note that this is in 
agreement with the numerical and laboratory studies done by Grisouard et al. (2011) 
and Mercier et al. (2011), respectively, since they too predicted the possibility of ISWs 
with higher mode structures being “locally generated”.  

 

1.3.3 Comparison of average propagation speeds with theory 

To reinforce the hypothesis that the observed ISWs in Figure 1.7 are of mode 2, 
we will also estimate an average phase speed from the SAR image, and compare it with 
a theoretical model. To do so the Taylor–Goldstein (TG) model is used, which is solved 
numerically to investigate the propagation speeds of the lowest IT modes (see e.g. 
Kundu and Cohen, 2004). For the MC case, we have assumed a semi-diurnal frequency 
for the IT with a M2 tidal constituent (with σ = 1.4 x 10-4 rad.s-1), and a mean density 
profile typical for the southern winter stratification (namely October, see Figure 2a of da 
Silva et al, 2009). Based on Figure 1.7, we also considered an average ocean depth of 
300 m to the west of the ISWs along their apparent propagation path (region between 
the two consecutive packets that are observed in the SAR). Additionally, we assumed 
that the two packets in Figure 1.7 were generated at the same phase of the tide and at the 
same position – that is near the impact point of the internal tide beams with the 
pycnocline. Under those assumptions, and considering that the two ISW packets in the 
SAR are separated along their apparent propagation path by an average distance of 13 
km (see black arrow on top of left panel in Figure 1.7), the estimated phase speed of the 
mode 2 ISWs in the SAR is 0.3 m/s. On the other hand, the TG model assuming an 
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average depth of 300 m predicts linear phase speeds of 0.4 and 1.0 m/s for mode 2 and 
mode 1 linear IWs of tidal frequency, respectively. This further suggests that the waves 
in Figure 1.7 are indeed mode 2 waves, since both signatures (discussed in section 
1.3.2) and phase speeds are concordant with a mode 2 vertical structure.  
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1.4  Eddy-like structures and IW refraction 
 
Da Silva et al. (2009) reported that on some occasions ISWs in the MC (off the 

Sofala Bank – see Figure 1.1 for location) were observed farther to the south than the 
average pattern. In their study, the seasonal variability of currents during the southern 
winter was the plausible explanation for this ISWs propagation anomaly. To justify this 
seasonal variability they referred to the work done by Maltrud et al. (1998), who 
believed that the Mozambique Current (which flows southward along the western slopes 
of the basin) was much stronger during the austral winter. Based on the knowledge of 
the Mozambique Current available at that time, da Silva et al. (2009) then proposed that 
the increased southward flow in the southern winter months could explain why some 
ISWs were refracted (or advected) towards more southerly pathways at that time of 
year. However, more recent research (Ridderinkhof et al., 2010; Ullgren et al., 2011) 
indicates that the MC currents are in fact highly variable, which is mainly due to the 
presence of eddy-like features that originate in the Indian Ocean and travel southwards 
throughout the MC. In this section we will show an example of ISWs propagating 
through eddy-like structures (which are observed in altimetry data) and undergoing 
dramatic refraction patterns. 
 

Figure 1.8 shows a map of ISWs based on our interpretation of an Envisat-
ASAR image (WS mode), acquired on 4 December 2009 at 20:07 UTC, that is centred 
approximately at 21.0S and 36.3E. For clearance two types of wave packets 
(discussed earlier in Section 1.2) where marked with ‘SG’ for shelf-generation and ‘LG’ 
for local generation), until they reach 21.5 S. This is because further south of 21.5 °S 
along their trajectory, the interpretation of the sea surface signatures starts to become 
ambiguous, mainly due to dissipation, interactions with currents and winds, and 
interaction among different ISW packets. We note that, this interpretation is further 
reinforced if the average propagation speeds of the several packets are taken into 
account. Indeed, according to Silva et al. (2009) the average phase speeds of these 
waves were found to be around 1.5 ms-1, and the same values can also be found for the 
sequences SG1, SG2, and SG3, and LG1 and LG2 based on distances measured in the 
SAR. The map in Figure 1.8 also displays Sea Surface Height (SSH) anomalies taken 
from altimetry data (SSALTO DUACS data products available online at 
http://www.aviso.oceanobs.com), where different colours and dashed quasi-circular 
lines are used to indicate the presence of eddy-like features observed at approximately 
the same time as the SAR image (4 December 2009 at 00:00 UTC, the closest product 
available in time). The blue and red curves refer to negative and positive SSH 
anomalies, respectively, and a green line has been drawn for reference indicating the 
boundary between them (an apparent reference level). There are tangential surface 
currents associated to these SSH anomalies, whose rotation directions are indicated by 
arrows in Figure 1.8. These currents can be rather large in the MC (as large as 0.5 m/s 
according to Swart et al., 2010, and thus of the order of the ISWs propagation speeds) 
and their influence can extend in diameter for some 200 km. In terms of vertical 
sections the SSH anomalies are associated with isopycnical deformations, which are in 
general in the opposite way to the surface displacements. From Figure 1.8 it is clear that 
the eddy-like features associated to the SSH anomalies interfere with the propagation of 
the ISWs, apparently causing an overall refraction pattern. This will be briefly discussed 
in the next paragraph.      

 

http://www.aviso.oceanobs.com/
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In the southern hemisphere eddies with an anti-clockwise rotation are warm 
eddies, whose SSH anomalies are positive at the surface but are characterized by bowl-
like (or bulge) downward displacements of their isopycnicals at depth (isopycnicals can 
be displaced some 100m downwards or more at the core of a warm eddy near the 
pycnocline). On the other hand, cold eddies spin in the clockwise direction, which are 
characterized by negative SSH anomalies, and have their isopycnicals displaced 
upwards near the core. This means that the eddy-like features identified in Figure 1.8 
are those of a cold eddy just off the Sofala Bank (in blue), and a warm eddy somewhat 
farther south and offshore (in red). It can be seen that the ISW crests showed in Figure 
1.8 are clearly interacting with the eddy structures that were measured in the SSH data. 
First the cold eddy closer to the shelf and afterwards the warm eddy farther offshore 
(and southwards of the cold eddy) are located directly along the ISWs path. Note that 
the sequence of ISW crests shown in Figure 1.8 also exhibits what appears to be a 
clockwise rotation pattern. In fact, the packets labelled SG1, SG2, LG1, SG3 and LG2 
(forming a chronological sequence) progressively propagate more to the south and less 
to the east, until they reverse the component of east-west propagation velocity and 
return back on to the shore, undergoing a near 135 clockwise rotation. In this 
interpretation we considered that the ISW crest sequence mentioned above is 
progressively older in time, with respect to their generation sites and propagation paths. 
We believe that the pattern of ISWs rotating clockwise in their direction of propagation 
is essentially caused by interaction with the near-surface currents produced by eddies. 
However, refraction may also be caused (at least to some extent) by different 
stratifications and mixed layer depths resulting from the relative positions of eddies 
along the ISWs propagation pathways. The latter effect has been explained successfully 
by Sherwin et al. (2002) off the northern Portuguese shelf (in the west Iberian Coast), 
where refraction of ISWs occurs basically due to an offshore downward tilt of the 
isopycnicals. In the Iberian case, similarly to the MC, ISWs were first found to 
propagate in an off-shelf direction and then refract back onto the coast some 50 km 
north of their generation site (roughly the same distance that ISWs need in the MC to 
refract back to shore). 
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1.5 AGWs in the MC and oceanic ISW look-alikes 
 

In the previous sections we have clearly shown that the MC is a hotspot for 
oceanic IWs, which adds to the idea that these features represent ubiquitous phenomena 
in the world ocean. However, the MC is also a region where atmospheric IWs are 
frequently observed, being amongst the largest (in terms of spatial scales and 
crestlengths) observed anywhere in word (da Silva and Magalhaes, 2009).  

A particular case of large-scale AGWs propagating in the MC can be found in 
Figure 1.9, where we present a RGB image from Envisat-MERIS dated 16 September 
2004, acquired at 07:15 UTC. The image covers an area of about 580660 km2 in the 
southwest part of the MC, and it is centred near 20.4S and 38.0E. A large-scale AGW 
can be seen travelling southwest towards the south end of the MC, in the centre of the 
image (labeled L). The crestlength of the leading wave, in this case, extends for more 
than 500 km and its crest-to-crest spatial scale is approximately 10 km on average. It is 
interesting to note that several of these individual waves are made visible by 
characteristic cloud bands, which have considerable lateral extensions and uniform 
cross-sections.  

Satellite imagery (mainly SAR, visible and near infrared) exhibiting these large-
scale AGWs are a regular occurrence in the MC, particularly between July and October 
when they are more frequently observed. Satellite data such as MODIS, MERIS and 
ENVISAT ASAR in Wide Swath (WS) mode has been used to characterize the 
horizontal structure of these AGWs, which have mean dispersive wavelengths between 
3.5 and 8.5 km, mean crestlengths of 443 km, and propagation speeds that can exceed 
10 ms-1. Two preferential pathways were found to dominate the AGWs, which 
propagate mainly to northeast (form the south end of the MC) and to southwest (coming 
from Madagascar). It was also found that high pressure systems born in the Polar 
Regions (known as Moving Polar Highs, MPHs), which are associated with air 
subsidence in the MC, can play a major influence on the propagation of these waves. 
This is because MPHs change the atmosphere’s stability, which enables its vertical 
structure to form suitable waveguides necessary for AGWs to propagate, and can even 
trigger their generation (see da Silva and Magalhaes, 2009 for a detailed study). 

The sea surface signatures of the AGWs in the MC can usually be distinguished 
from their oceanic counter parts (discussed in Sections 1.2 to 1.4) due to their large 
dimensions (wavelength and crestlength). However, in many cases, other smaller-scale 
AGWs can also be found to propagate across the MC, including those areas where 
oceanic ISWs are frequently present (e.g. see composite map in Figure 1.5). A good 
example is the MERIS image in Figure 1.9 where a small-scale AGW (labeled S, and 
smaller than the largest packet labeled L) is seen to travel southeast, in an almost 
perpendicular direction to the larger-scale AGW (labeled L) that is travelling southwest. 
In fact, this observation is very similar to the oceanic ISWs presented in Section 1.2 
since it has the same main characteristics (namely, spatial scales, crests orientation, 
propagation direction and geographic location). 

 Care should be taken when interpreting sea surface manifestations of internal 
waves in SAR (as mentioned in Section 1). SAR images cannot detect the presence of 
cloud structures, which would clearly indicate the atmospheric nature of AGWs. On the 
other hand, clouds may not form at all in the presence of large amplitude AGWs, since 
the ascending branches of the waves may not meet the necessary moisture for 
condensation to occur. In fact, Figure 1.9 shows that some of the solitary waves in the 
trailing edge of the large packet (labeled L) are only partially recognizable as clouds – 
the remaining segments are merely seen as sea surface patterns of banded roughness on 
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a smoother background. In such cases, alternative methodologies should be taken under 
consideration to discriminate between oceanic and atmospheric internal waves. A 
detailed discussion of these issues can be found in the work presented by Alpers and 
Huang (2011), where lists of discriminating criteria were presented based on soliton and 
SAR theory, and further complemented by additional information on the ocean and 
atmosphere. 
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1.6 Summary 
 
This chapter describes remote sensing data from SARs and image spectrometers 

to clearly show that the MC is a hotspot for observing ISWs in the ocean and in the 
atmosphere. Oceanic ISWs have been found to be generated directly off the shelf by 
steepening of an interfacial tidal wave and through a different generation mechanism by 
which the impact of a tidal beam from below the thermocline generates ISWs, known as 
local generation of ISWs. Both mechanisms are associated with an elevated region of 
body forcing near the Sofala Bank, which results from strong barotropic tidal currents 
interacting with critical slopes. SAR imagery has also revealed that the MC is a 
preferential region for observing other IW phenomena such as mode 2 ISWs and 
refraction patterns. The data suggests that the mode 2 ISWs have also been generated by 
tidal beams, similarly to some of the mode 1 waves observed in the SAR. This confirms 
some conclusions drawn from other independent studies using modeling and laboratory 
experiments (Grisouard et al., 2011 and Mercier at al., 2011, respectively) about the 
origin of mode 2 solitary-like waves by tidal beams. The refraction patterns in SAR 
revealed that it is likely that ISWs in the MC frequently interact with oceanic features 
such as eddy-like structures, which propagate year-round through the MC and affect the 
local vertical structure of the ocean. Large-scale AGWs are also a ubiquitous feature in 
the MC, especially from July to October, and care should be taken to avoid miss-
interpretations in SAR with oceanic ISWs. 
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Figures 

 

 

Fig. 1.1 Detailed bathymetry and location of the Mozambique Channel (labelled MC) in 
the southwest Indian Ocean. The labels MO and MA stand for Mozambique and 
Madagascar, respectively, and a reference location for the Sofala Bank is labelled SB. 
The inset in the top-right corner shows the locations of Mozambique and Madagascar in 
relation to the African continent. White areas represent land and black contours with 
grey areas mark isobaths for 200, 1000, 2000, 3000 and 4000 m. The white rectangular 
frames delineate the area surveyed in the SAR images shown in Figures 1.2 and 1.3.The 
black rectangular frame is shown for reference and outlines the detailed area in Figures 
1.4 and 1.5. 
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Fig. 1.2 Subset of an Envisat-ASAR image (WS mode) showing a case of an ISW 
packet generated directly over the shelf. The image is dated 4 December 2009 and was 

acquired at 20h07m UTC. It is centred approximately at 36.26E, 20.33S, with an area 
of about 77x77 km2 to the east of Mozambique, which is outlined in Figure 1.1 by the 
white square line. 
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Fig. 1.3 Subset of an Envisat-ASAR image (WS mode) showing a typical case of 
locally generated ISWs. The image is dated 7 April 2003 and was acquired at 07h09m 

UTC. It is centred approximately at 36.6E, 21.3S, with an area of about 76x156 km2 
to the east of Mozambique, which is outlined in Figure 1.1 by the white rectangle. 
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Fig. 1.4 Detailed bathymetry of the area outlined by the black rectangle in Figure 1.1 
together with ellipse tidal currents for the date of the image in Figure 1.2 (4 December 
2009). A reference ellipse is shown on the right-hand side (with both axes representing 
a speed of 1 ms-1). For clarity ellipses with axes below 0.05 ms-1 are not represented. 
Depth contours are also shown in meters (starting at 200m, 500m, 1000m, 1500m and 
2000m). A reference location for the Sofala Bank is labelled SB. 
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Fig. 1.5 Maxima of Baines (1982) depth-integrated body force (F) over a complete tidal 
cycle, calculated using Equation (1.2.2) for 4 December 2009 (same date as Figure 1.2 
and 1.4). The area shown corresponds to the black rectangle in Figure 1.1. A reference 
location for the Sofala Bank is labelled SB. The coastline is marked by a black contour 
and the thin lines are the 200 m and 1000 m isobaths. A composite map of ISW 
observations (six in total, see text for details) propagating in the MC is also shown in 
grey thick lines. The inset on the bottom-right corner is a vertical section corresponding 
to the black profile, which goes from the region of maximum F towards the southeast 
along the ISWs propagation path. The vertical and horizontal axes are depth in meters 
and distance in km (measured from the northwest end). The vertical section shows a 
ray-tracing diagram for the M2 tidal constituent and assuming stratification typical for 
the summer in the MC. The red star in the map represents the critical bathymetry from 
where IT beams are generated, and the black square is the corresponding reemergence 
at the thermocline (see text for more details). 
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Fig. 1.6 Examples of SAR images with sea surface signatures of mode 1 and 2 internal 
solitary waves are shown at the top (left and right, respectively). The ISWs are assumed 
to be moving from right to left. From top to bottom the horizontal profiles represent the 
following features: SAR intensity profile along the ISWs, with bright enhanced 
backscatter (b) preceding dark reduced backscatter (d) in the direction of propagation of 
mode 1 waves; surface roughness representation indicating how rough (r) and smooth 
(s) the surface is along an ISW wave packet; surface current variability induced by 
ISWs (note indication of convergence and divergence fields near the surface); 
isopycnical displacements produced by ISW propagation. Note how the SAR 
signatures, surface roughness, current fields and convergence and divergence patterns 
are all reversed between mode 1 (on the left) and mode 2 (on the right) ISWs. 
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Fig. 1.7 ERS2-SAR image dated 24 September 2001 and acquired at 7:39 UTC, 
showing two packets of ISWs consistent with a mode 2 vertical structure (separated by 
approximately 13 km – see black arrow on top). Isobaths for depths of 100, 200, 500, 
and 1000 m are also shown. On the right hand side a vertical section corresponding to 
the dashed profile on the left (perpendicular to the ISW crests) is shown with a 
simulated ray trajectory (dashed line) coming from critical bathymetry and based on 
local stratification (the arrows indicate the direction of energy propagation). The black 
circle on both panels indicates the predicted position where an internal tide beam 
impinges on the thermocline from below. The inset shows the geographic location of 
the observation in the Mozambique Channel. 
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Fig. 1.8 Location map for ISWs observed to propagate in an Envisat-ASAR image (WS 
mode) over the Mozambique Channel, dated 4 December 2009 and acquired at 20h07m 
UTC. Land is shown in grey areas and isobaths for 200, 1000, and 2000m are marked in 
thin black lines. ISWs interpreted to be generated directly over the shelf (SG) are in 
solid black lines, while locally generates waves (LG) are in dashed black lines. Each 
group is numbered chronologically from their generation to later stages of development. 
ISWs that could not be discriminated (for their generation mechanism) are marked in 
grey (see text for details). The red star, black square and black profile are the same as in 
Figure 1.5, and are shown here for a reference location of critical bathymetry and the re-
emergence of IT rays at the thermocline. The blue and red dashed lines mark the 
locations of eddy-like features detected in altimetry data, and whose rotation is 
indicated by arrows. The green line represents a reference level of neutral sea surface 
height. 
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Fig. 1.9 Envisat-MERIS image dated 16 September 2004 acquired at 07h15m UTC. The 

image covers an area of about 580660 km2 and it is centred near 20.4S and 38.0E. 
The black compass overlaid on the top-right corner indicates north, and the back circle 
has been drawn to have approximately 70 km in diameter (for a scale reference). Two 
waves can be seen to propagate in the southwest part of the Mozambique Channel, one 
large-scale AGW (L) going southwest and a smaller AGW (S) going southeast. 
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Abstract 

A comprehensive dataset of Synthetic Aperture Radar (SAR) images from the west 

Iberian coast is used to identify the Estremadura Promontory as an oceanic hotspot for 

internal solitary waves. The full two-dimensional structure and the main physical 

properties of these waves are revealed for the first time. Composite maps and a 

statistical analysis show that these waves have two main propagation paths coming from 

the northern and southern slopes of the promontory, and that on average they have 

horizontal scales of the order of 400 m and crestlengths around 9 km. The overall 

propagation of the internal solitary wave field observed in the SAR images is evaluated, 

using a proxy measure for energy based on observed wavelengths, crestlengths and 

radar backscatter intensities. A refraction pattern is found to divert the meridionally 

propagating waves to the east, where they eventually dissipate in the inner-shelf regions 

close to shore. The barotropic body force is calculated and the most likely generation 

locations are identified. It is found that there is more ‘energy’ emanating from the south 

while the tidal forcing seems to be equally divided between both flanks of the 

promontory. Calculations using the vertical excursion inverse Froude number (defined 

by Legg and Klymak, 2008) indicate that this is probably related to the steeper slopes 

located in the northern side. This pronounced bathymetry is more likely to generate 

internal hydraulic jumps and overturning, which may inhibit the disintegration of the 

internal tide into solitary waves.  

Keywords: Iberia coast; Portugal; Estremadura Promontory; Internal tides; Internal 
solitary waves; SAR; Refraction. 
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1. Introduction 

Oceanic internal waves (IWs) owe their existence to the vertical density 

stratification that characterizes the oceans. Strong tidal flow over irregular bottom 

topography induces vertical motions at the tidal frequency, which can generate internal 

waves of tidal period that propagate along the thermocline (internal tides, ITs). These 

can then steepen and generate internal waves of shorter period that are usually termed 

internal solitary waves (ISWs), since they tend to occur in individual packets 

(frequently trapped in the troughs of the internal tide), and have often been identified 

with the soliton solutions of nonlinear wave theory. 

The first observations and (in situ) measurements of oceanic IWs can be traced 

back for more than a century (Hansen and Nansen, 1909). However, the number of IW 

observations has been increasing significantly only over the last few decades, owing to 

the development of satellite technology and remote sensing techniques. These new 

measuring capabilities boosted the number of observations, which led to several studies 

that indicated that the phenomenon was in fact much more common than previously 

thought (Jackson and Apel, 2002; Jackson, 2004; Jackson, 2007). Indeed, recent studies 

have added to this conclusion by revealing that ISWs are not limited to shelf-break 

regions, but rather that their effects can extend far into open ocean areas at considerable 

distances from any generation sites (New and da Silva, 2002; Zhao et al., 2004; 

Azevedo et al., 2006; da Silva et al., 2007; da Silva et al., 2009; da Silva et al., 2011; 

Klymak et al., 2011). In particular, SAR satellites are very useful in revealing the two 

dimensional horizontal structure of oceanic ISWs, as well as their spatial and temporal 

distributions. This is because oceanic ISWs can be easily detected in SAR imagery as a 

result of the sea surface roughness patterns that they produce either from hydrodynamic 

modulation of Bragg waves by surface current gradients, or wave damping due to 
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surface films (Alpers, 1985; da Silva et al., 1998). SAR imagery has also been playing a 

key role in identifying and characterizing several ISW hotspots as well as in providing 

valuable insights into their generation mechanisms (e.g. New and da Silva, 2002; 

Vlasenko and Alpers, 2005; Nash and Moum, 2005; Azevedo et al., 2006; da Silva et 

al., 2007; da Silva and Helfrich, 2008; da Silva et al., 2009; and da Silva et al., 2011). 

(See da Silva et al., 2007 and da Silva et al., 2011 for a more detailed description on the 

role of SAR for observing ISWs and their corresponding generation mechanisms). 

Satellite altimetry has also been extensively used to observe and study the IT on 

a global scale (see e.g. Ray and Mitchum, 1997), and to address tidal energy dissipation 

issues related with IW activity. For instance, important tidal energy sinks were found to 

be located in the open ocean far from any continental borders. Egbert and Ray (2003) 

found that one third of the total tidal energy dissipation was actually occuring over 

rough topography, in deep ocean areas such as the Hawaiian Ridge and the Mascarene 

plateau (Egbert and Ray, 2003). Numerical modelling and field data collected in the 

Mascarene Ridge also indicated similar conclusions (Lozovatsky et al., 2003). In fact, 

energy sinks in those locations were found to be related with energy from the surface-

tide being lost in large amounts through conversion to ITs and to ISWs. 

Considering that ISWs can hold a sizeable amount of energy (with the most 

energetic waves containing up to 0.1 Jm-1 in the Andaman Sea and 1.8109 Jm-1 in the 

South China Sea; see Osborne and Burch, 1980 and Klymak et al., 2006, respectively) 

and that they can propagate along considerable distances (of the order of hundreds km), 

some attention has also been devoted to understand the ultimate fate of IWs. Despite the 

fact that most of the energy is expected to be dissipated during breaking processes near 

shallow and coastal areas, it was found that IWs may have a highly turbulent character 
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as they propagate along the pycnocline, and that they are in fact continually triggering 

instabilities (Pinkel, 2000; Moum et al., 2003; Haren et al., 2005; Lamb and Farmer, 

2011). Shroyer et al. (2010a, 2010b) in a comprehensive experimental set over the New 

Jersey’s shelf have shown that IWs start to lose energy to turbulent mixing shortly after 

crossing the shelf-break, and that they contribute considerably to shelf dynamics in 

terms of vertical heat fluxes and ocean-shelf mass transports. ITs and IWs have also 

been shown to interact with other oceanographic phenomena such as upwelling jets, and 

drive intensified turbulence and dissipation in the water column (Avicola et al., 2007; 

Kurapov et al., 2010; Schafstall et al., 2010). 

Klymak et al. (2006) and Legg and Klymak (2008) have also reported that a 

substantial amount of overturning can occur in the open ocean, in the presence of tidal 

flow over tall steep ridges. Legg and Klymak (2008) used numerical simulations to 

explore the influence of topographic slopes, tidal velocities and frequencies, and 

stratification in episodes of overturning and strong dissipation observed in the Hawaiian 

Ridge. They were able to identify two different regimes based on a vertical excursion 

inverse Froude number that was defined as 

N

x

h
FrZ 


1 , where ∂h/∂x represents the 

bathymetric slope, ω is the tidal frequency evaluated, and N is the Brunt-Väissälä 

frequency found at the bottom. In particular, for large values of 1
ZFr  (approximately 

above 3, see their Fig. 11) highly nonlinear jump-like lee waves were found to 

propagate upslope with overturning and enhanced dissipation, whereas small values of 

this quantity were only associated with linear responses and no overturning. 

Mixing due to IWs is also important from a biological point of view. Sandstrom 

and Elliott (1984) have shown that in some regions, such as the Scotian shelf-break, the 
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dissipation of ISWs may constitute the primary mixing mechanism, and that it may be 

sufficient to induce strong upward fluxes of nutrients across the thermocline and 

produce bursts of primary production. Pingree et al. (1986) have reported increases in 

biomass and nutrient rich surface waters in the Celtic Sea shelf-break, which they 

concluded to be related with IW mixing, particularly when the tidal amplitude was at its 

maximum. Da Silva et al. (2002) showed that ISWs could furthermore influence 

primary production by a different mechanism. They suggested that enhanced primary 

production could simply occur due to the increase and decrease in available light 

experienced by phytoplankton during upward and downward advection induced by 

ISWs. More recently, Moum et al. (2008) have also conjectured that ISWs may interact 

with the geostrophic flow and cause shear-driven mixing responsible for vertical 

redistributions of heat and nutrients. 

The Estremadura Promontory (labeled EP in Fig. 1b) region is located in the 

west coast of Portugal, to the west of Lisbon (see Fig. 1a). It is a large feature that 

broadens from the open ocean towards the coast for more than 150 km, and extends in 

the along-shore direction for more than 100 km. It is a complex region from a 

topographic point of view, with a series of smaller features like small-scale canyons and 

ridges, and where large canyons can also be found on either side of the promontory. The 

north boundary is dominated by the Nazareth canyon (labeled NC), one of the largest in 

the world, with its axis in an almost east-west direction, while to the south the Setubal 

Canyon (labeled SC in Fig. 1b) and the Lisbon Canyon (labeled LC) delineate the 

boundaries of EP. In this particular study we concentrate on the rectangular area 

outlined in Fig. 1a (shown in detail in Fig. 1b), which extends approximately between 

8.5–11.5W and 38–40N, and over which the barotropic tidal flow is forced in a near-
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perpendicular direction to the isobaths in the northern and southern slopes (in the 

western slopes the tide is mainly aligned with the isobaths). 

ISWs have previously been reported to emanate from the southern edge of the 

promontory and propagate south by da Silva et al. (2007), in a process that is consistent 

with the local generation mechanism (New and Pingree, 1992; Gerkema, 2001; New 

and da Silva, 2002; Akylas et al., 2007; da Silva et al., 2009; Grisouard et al., 2011). In 

addition, both ITs and ISWs have been measured farther south (near Cape Sines, see 

Fig. 1a) using SAR imagery and in situ measurements (Small, 2002). Quaresma et al. 

(2007) have also used SAR together with in situ measurements to study the importance 

of large ISWs (generated at the Nazare canyon, see Fig. 1b for location) in sediment 

dynamics above the northern boundary of EP, but propagating northwards. 

Of further relevance to this study is the oceanographic campaign undertaken as 

part of the MORENA project (EU MAST II Multidisciplinary Oceanographic Research 

in the Eastern Northern Atlantic) in the summer of 1994 (during the upwelling season) 

off the northern Portuguese coast, where large ITs and large amplitude ISWs (with 

thermocline displacements of more than 45 m and phase speeds in the order of 0.6 ms-1) 

were observed to propagate towards the shelf (near the 41N parallel). The ISWs 

evolution, energy and variability are discussed in Jeans and Sherwin (2001a, 2001b), 

and it was found that their periodicity was closely related with the semi-diurnal tidal 

cycle, but strong upwelling favorable winds could delay their arrival near coastal areas 

for more than 5 hours. It was also found that there was little variation in the waves’ 

amplitudes between spring and neap-tides, and therefore that these waves constituted an 

important source of vertical mixing during the entire summer period within the inner-

shelf regions (with individual waves associated with a total energy of the order of 
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3106 Jm-1). The underlying generation process for these ISWs was addressed 

subsequently by Sherwin et al. (2002). According to these authors the explanation for 

these unusually large waves was related to an along-slope generation mechanism that 

took place in a major westward projection of the shelf-edge located farther south (about 

50 km long near 40.4N). From there the ITs would propagate in the off-shelf direction, 

and subsequent refraction would bring them back onto the shelf. Only then steepening 

would occur to form ISW packets so that the refraction hypothesis could explain the 

orientation and location of ISW signatures observed in SAR imagery (see their Fig. 3). 

The present study was initially motivated by a large number of satellite 

observations of oceanic ISWs identified off the west coast of Portugal. In fact, the 

authors have been collecting images from this study region for more than a decade, and 

a preliminary survey had readily shown that EP is a major hotspot for oceanic ISWs in 

the west Iberian margin. (Considerable ISW activity has also been detected farther north 

and south, although the largest numbers of observations were located within the 

promontory region). This was not surprising since this region exhibits the largest tidal 

currents over the entire west Iberian coast, and also because these tend to be aligned in 

the north-south direction, and therefore perpendicular to the isobaths (see Fig. 1b for 

detailed bathymetry). However, our analysis revealed that the majority of the ISW 

signatures were observed to have a strong eastern component in their direction of 

propagation, which increased as the waves approached the coast. This was somewhat 

unexpected given that the tidal forcing was mainly oriented in an orthogonal direction to 

the ISWs general propagation direction. 

This paper focuses on characterizing the full two-dimensional spatial structure of 

the ISW field in the EP study region. Section 2 begins by presenting two typical case 
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studies of ISWs propagating in this study region, together with a comprehensive SAR 

image dataset. The corresponding statistical analysis and the main properties of the 

observed waves follow in Section 3, together with a quantitative analysis of their 

energetics. In Section 4 the most likely generation sites are examined using the Baines 

(1982) barotropic body forcing together with satellite observations. Discussions and a 

summary of our findings are presented in Section 5. 
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2. SAR Observations 

 The dataset that was used in the present study is composed of a selection of 29 

satellite images (17 ENVISAT-ASAR images – 4 of which in Wide Swath mode and 13 

in Image Mode, 8 images from the ERS-1&2, and 4 TerraSAR-X ScanSAR images). 

These were selected from a wider collection as being representative of the ISW field in 

EP. The complete dataset spans a time period that ranges from July 1992 to September 

2010, all acquired during the summer period (from late June to late September), when 

stratification conditions are known to be favorable for oceanic ISWs to propagate. Note 

that to avoid tidal aliasing the dataset was selected such that the images could be fairly 

spread (in time) over both the semi-diurnal and the fortnightly tidal cycles. (Sun-

synchronous polar-orbit satellites, such as ENVISAT and ERS-1&2, are phase locked 

with the fortnightly tidal cycle so that all spring/neap-tides always correspond 

approximately to the same semi-diurnal tidal phase). 

 Fig. 2 shows two typical SAR images observed in EP that exemplify the two-

dimensional spatial coherence of the ISWs. The image in Fig. 2a was acquired from the 

ERS-2 on 14 July 1999 at 11h21m UTC and covers an area of approximately 8070 

km2, and the image in Fig. 2b was acquired from the ERS-2 on 30 July 2010 at 22h55m 

UTC and covers an area of approximately 8060 km2. 

A significant amount of ISWs travelling in different directions can be seen in 

both images, which are organized in rank-ordered packets of individual waves, and 

where the most prominent packets appear to be one or more tidal periods apart (as is 

usually found over the shelf). Nonetheless, both images seem to have different 

preferential directions of propagation (mainly towards the northeast and southeast in 

Fig. 2a and 2b, respectively), and the general appearance of the ISWs is that they are 
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radiating from different sources located somewhere along the southern and northern 

slopes of the promontory (in Fig. 2a and 2b, respectively). Examination of these and 

other similar images shows that they are consistent with mode 1 deep-water ISWs of 

depression that are usually trapped in the ITs troughs. Note that mode 1 internal waves 

will appear in SAR images as bright bands ahead of dark bands in the direction of 

propagation (see e.g. Alpers, 1985). 

Further inspection of Fig. 2a reveals that the most prominent packets are 

separated along their apparent propagation path by distances roughly from 10 to 30 km 

(see labels from ‘A’ to ‘D’). These distances can be translated into average propagation 

speeds (if a semi-diurnal period is assumed for their generation, at the same position and 

tidal phase) that decreases from 0.7 ms-1 in the deeper parts of the promontory to 0.2 

ms-1 in the shallower areas. The same order of packet separation distances can be found 

in Fig. 2b, although identifying packets that are one tidal period apart is not as easy to 

identify as in Fig. 2a. Here inter-packet separations are approximately of the order of 20 

km and the corresponding propagations speeds are around 0.4 ms-1. These values are 

also confirmed using satellite (SAR/SAR) synergies such as the ones between 

ENVISAT-ASAR and TerraSAR-X (namely the images acquired on 12 September 

2010 at 18h32m UTC and 22h14m UTC, respectively – not shown), where the average 

propagation speeds of several packets located in the centre regions of the promontory 

are estimated to be around 0.4 ms-1. Finally, we note that similar propagation speeds for 

the IT have also been reported farther north (near parallel 41N with 0.57 ms-1) by Jeans 

and Sherwin (2001a), as well as farther south (off Cape Sines between 0.35 and 0.45 

ms-1) by Small (2002). 
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Figure 3 presents a composite map showing the interpretation of all ISW packets 

of significance that could be identified in a subset of 10 images selected from the initial 

dataset, and where the two images presented in Fig. 2 are included (a smaller set was 

preferred for clarity since mapping the entire dataset would result in an excessive 

overlap of ISW crests). We stress that the smaller collection of images was selected to 

still include examples from several different stages of the semi-diurnal and fortnightly 

tidal cycles. This in turn indicates that ISWs are observed throughout the entire spring-

neap tidal cycle (take for example the two images in Fig. 2a and 2b, which were 

obtained during spring and neap-tides, respectively). This also means that the EP region 

is similar to the one surveyed farther north by Jeans and Sherwin (2001a, 2001b) where 

waves were also found during neap-tides with similar amplitudes to spring-tide waves. 

This is not the case in other regions such as the Bay of Biscay (New and da Silva, 2002) 

and the Mascarene Ridge (da Silva et al., 2011), where waves are more frequent and 

strongest during spring-tides. 

For clarity, the overall result of merging all the available observations has been 

divided into different maps, each representing a different propagation path: one from the 

south and another from the north flanks of EP. It can be seen that all the waves that have 

been identified fall (to some extent) into one of two major directions of propagation 

(waves with a northeastern and southeastern propagation are depicted in Fig. 3a, 3b, 

respectively). Also note that there is no propagation to the west, and that the majority of 

the waves seem to radiate from point sources located somewhere along the outside 

borders of the promontory (one can take for instance the regions around 1000 m). 

Furthermore, the general directions of propagation appear to converge towards an east 

component, which strengthens as the waves approach the shallower near-shore regions. 
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In fact, the majority of the wavecrests that are located east of 9.6W (meaning already 

in the inner-shelf) are strongly aligned in the north-south direction, and propagate 

directly towards the coast. These variations in direction along the waves’ propagation 

paths can also be distinguished in the examples shown in Fig. 2. For instance, in Fig. 2a 

the labeled packets (from ‘A’ to ‘D’) begin with an initially north/northeast propagation 

and then start to align meridionally as they reach the inner-shelf. This refraction pattern 

is less evident but still noticeable in Fig. 2b where the waves develop from the north in 

a general south/southeast direction of propagation. Note that there are weaker signatures 

in this case that tend to fade away into the background backscatter as the waves 

approach the coast. 

Also noteworthy, is the fact that many of the observations in Fig. 3b (showing 

southeast propagating waves) seem to be radiating from a localized region partially 

coincident with a smaller topographic feature of interest (a canyon-like structure just 

south of 39.4N, oriented in the north-south direction along 10ºW approximately) 

located in the northwestern boundary of the promontory (see area corresponding to 

section II in Fig. 3b), and whose influence will be further discussed in Section 4 of this 

paper. 

Finally, we also note in passing that some ISW signatures that were seen in the 

satellite images appear to reach very close to shore (sometimes less than 3 km away 

from the shore line, e.g. in Fig. 2a), and that the nature of these near-shore signatures 

seems to change in comparison with the ones observed farther out (e.g. packects ‘A’ and 

‘D’ in Fig. 2a). Namely, the packet-like structure that is usually observed tends to fade 

and degenerate into a (lower frequency) blurred gray backscatter signature on top of a 

lighter background. Similar observations have also been reported by Small (2002) 
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farther south (off Cape Sines) with large amplitude internal waves (40 m in amplitude) 

propagating in areas with less than 100 m water depth. 
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3. Quantitative Analysis 

We now present a quantitative analysis of the selected dataset. First we recall 

that 29 satellite images were analyzed for the presence of ISWs, and that from these a 

total of 759 different wave packets and 2056 individual ISWs were accounted for. 

Fig. 4 presents some basic statistics concerning the waves’ main properties. Fig. 

4a shows the distribution of the along-crest coherence lengths (or crestlengths), and it 

can be seen that it is strongly skewed towards the lower end, with values ranging from a 

few km up to more than 40 km. However, the majority of the observations are 

characterized by crestlengths below 15 km, and the mean value for all the waves is 

around 9 km. Fig. 4b refers to the distribution of the wavelengths (L), which are 

considered here to be the separation between individual waves within a given packet 

(see also Fig. 5). These values range from a few hundred meters to more than 1 km and 

their distribution is also biased towards low values, but not to the same extent as for the 

crestlengths. More than 90% of the observations have horizontal length scales between 

200 m and 600 m, and the dataset has a mean value of approximately 400 m. As a 

comparison, we note that Small (2002) encountered similar values off Cape Sines. Da 

Silva et al. (1998) and da Silva et al. (2000) also found that the observations near 

Oporto (parallel 41N) had horizontal length scales of approximately 500 m (see our 

Fig. 1 for locations). 

We now attempt (in a similar fashion to New and da Silva, 2002) to quantify and 

characterize the energy distribution associated with the ISW field in the study region. 

This is done by analyzing satellite profiles of backscatter SAR intensity (I) that are 

taken perpendicularly to the wavecrests and go through the (approximate) centre of the 

packets. Such an example is shown in Fig. 5 with respect to the profile illustrated in Fig. 
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2b by a line that extends approximately from the east-northeast to the west-southwest, 

and crosses the centre of the packet located in the upper centre of the image (which 

appears to be travelling east-northeast). Only three ISWs are shown here for clarity, and 

for ease of interpretation the distances in the horizontal axis are measured from the 

southwest end of the profile. From this profile it is then possible to define a measure for 

the waves’ wavelengths and a proxy for their backscatter ‘amplitudes’ (see ‘L’ and ‘a’ 

in Fig. 5, respectively) – we stress that here ‘L’ is the distance between solitons (not the 

characteristic length of the solitary wave), and that ‘a’ is not to be taken as a real 

amplitude but rather a measure of the waves’ ‘strength’ (note that large amplitudes are 

expected to have stronger signals in radar backscatter images and vice-versa). 

We recall that the bright and dark bands typical of ISWs in SAR images can 

differ in appearance, depending on several parameters such as the wind speed and 

direction relative to wave propagation, and presence of organic surface films (see 

Alpers, 1985; da Silva et al., 1998; Brandt et al., 1999; Araújo et al., 2002 for a detailed 

discussion).  In these cases the relative intensity variations, which are usually 

symmetrically distributed about a mean value close to zero (such as in Fig. 5), can be 

shifted towards more positive or negative values depending if the waves are seen as 

bright bands in a darker background or vice-versa. In such cases the appropriate 

definitions have been taken to correctly evaluate wavelengths and amplitudes. 

As part of the usual SAR processing, the influence of the slant range effect 

(responsible for the along-range decrease in brightness observed for instance in Fig. 2b) 

is removed by taking the normalized backscatter intensity, which allows for wave 

amplitudes at different ranges to be compared within a given packet. The normalized 

backscatter intensity (or relative intensity) is given by K=(I-I0)/I0, where the reference 
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background value for intensity (I0) is calculated by averaging I over an area typically 

larger than 2525 pixels (about 6 km2 for a spatial resolution of 30 m) that is usually 

ahead, and not disturbed by, the ISW packet (see da Silva et al., 1998, for details).  

SAR profiles were therefore calculated to retrieve wavelengths and amplitude 

equivalents for the entire dataset, which were then used together with the crestlengths to 

define an ‘energy’ proxy for each ISW packet. The ‘energy’ proxy was defined 

according to the methodology of New and da Silva (2002) by using an analogous 

expression to surface waves, which defines the total ‘energy’ in a wave packet as 

iii

n

i lLaE
2

1                                                         (1) 

where n is the number of individual waves in the packet, a and L are the amplitude and 

wavelength (as defined above), l is the crestlength, and the indexation variable (i) refers 

to the ith wave in the packet. Note that this quantity (E) should not be identified with 

the physical (mechanical) energy contained in a wave packet; it is only a proxy of that 

energy, meant for comparison between different packets. 

The methodology described above can now be used to assess the energy spatial 

distribution in the ISW field, but to do so the overall contribution from every ISW 

packet needs to be accounted for. This means that different energies from different 

images will have to be taken into account. However, the SAR intensity amplitudes can 

differ simply due to variations in the wind speed, as discussed by Brandt et al. (1999) 

and Araújo et al. (2002). ISW profiles of different images need to be taken into account 

if a meaningful ‘energy’ spatial distribution is to be made. This problem can be solved 

if the contributions from the different packets in each image are considered individually 

(each with its own ‘energy’), but summed together over the entire dataset (meaning all 
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packets from all images) to reach an overall assessment of the energy distribution. By 

doing so the bias in the distribution of E throughout the different images will disappear 

since there will be no direct comparison between images, and only the overall 

contribution will prevail. The only assumption that needs to be made is that the wind 

field must be fairly constant over each individual image, which seems reasonable since 

the area of the promontory over which the observations are being measured is too small 

(less than 100100 km2) for significant variations in winds to occur. Note that during 

the selection process of the SAR images used in this study, we only considered images 

where the backscatter was reasonably uniform. 

To see how E varies over the promontory region, the whole area has been 

divided into four meridional sections, each covering different longitude intervals that 

are labeled in Fig. 3 (separated by dashed lines and identified on top of each panel with 

‘I’, ‘II’, ‘III’ and ‘IV’). The preferred choice for this division was such that the 

promontory region could be divided into a main area covering the centre (sections II and 

III), located between two adjacent areas representative of the borders towards the open 

ocean and the inner-shelf (sections I and IV, respectively). This separation enables the 

longitudinal variations in the ‘energy’ field to be evaluated, while also allowing to track 

the waves’ propagation paths (which were already seen to suggest refraction with a 

strong east component).  

For the reason explained above, the corresponding ‘energy’ distributions were 

normalized by the corresponding area of the ISWs observation inside each of the 

meridional sections (just the area with ISW observations and not the entire section), and 

it is this quantity E* that is shown in Fig. 6 (with matching longitude intervals annotated 

on top of the figure). To take into account how E* is distributed among the different 
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directions of propagation, circular diagrams are used with intervals of 30 degrees that 

represent the ISW propagation directions. Therefore, each slice in these circular charts 

represents the overall contribution for E* (summed continually over the entire 759 wave 

packets) for all ISWs inside the corresponding longitude interval that were identified as 

having a direction of propagation between the two matching limits of that particular 

slice. For reference, we also note that the outer dashed circular line corresponds to the 

value marked on top of each diagram in bold, while the smaller white circle in the 

centre is one order of magnitude less. 

A close inspection of Fig. 6 reveals that there is an order of magnitude difference 

between the two middle sections and sections I and IV (see the summed contribution of 

‘energy’ at the bottom of each section diagram), and that there is a local maximum of 

E* in the centre of the promontory. This is closely related to how the different longitude 

intervals were selected, and means that regions II and III (in the centre) have more 

‘energy’ per unit area than the adjacent regions. In fact, Fig. 3 adds to this remark since 

it shows that the majority of the ISWs and the largest crestlengths are more frequently 

observed in the centre regions (meaning that the waves are more developed there, to the 

east of EP western flanks and to the west of the inner-shelf). Furthermore, the 

distribution of the ISW crests in Fig. 2 reinforces this idea. It can be seen that the waves 

located farther offshore (see for instance packet A) have smaller crestlengths, which 

then develop towards the centre region (packet B), before starting to dissipate in the 

near-shore areas (e.g. D in Fig. 2a). 

One other observation that can be drawn from Fig. 6 is that there is a clear sign 

of refraction along the waves’ propagation paths. This can be seen by examining how 

E* is distributed along the directions of propagation, and how these distributions vary as 
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the waves propagate towards shallower areas near the shore. Farther offshore (in region 

I) the waves’ crests are mainly propagating in the north-south direction, which is not 

surprising since the tidal forcing has the same direction. In the centre regions (II and III) 

the waves reach a fully developed state (and hence there is more ‘energy’ in total) and it 

can be seen that refraction starts to increase the amount of ‘energy’ in the east 

propagation direction, while other waves must still be forming since there is also some 

‘energy’ associated with meridionally oriented waves. After crossing the inner-shelf (in 

region IV) the waves start to dissipate (and so the total ‘energy’ per unit area decreases) 

and refraction has driven nearly all the ‘energy’ to focus in the east direction. 

As already mentioned above, it is not surprising that the waves in the offshore 

regions tend to align with the tidal forcing, which is oriented perpendicularly to the 

main axis of the promontory. However, there is a clear asymmetry between the amount 

of wave energy that propagates towards the north and south. This asymmetry is best 

seen in the circular diagram of Fig. 7, which shows the total distribution of ‘energy’ for 

the entire domain along the propagation directions. In this diagram, all the sections (I to 

IV) were merged together and considered as a single area. The distribution in Fig. 7 

clearly shows that more energy is flowing to the north than to the south (43% of the 

total normalized ‘energy’ is going north and only 16% is going south), but it also shows 

that the flow energy is directed mainly to the east (41% in total, which is also a clear 

sign of refraction). These issues will be further discussed in the following sections. 
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4. Analysis of Wave Generation 
  

 The analysis made on the composite maps (in Fig. 3) suggests that the general 

appearance of the ISWs is that they seem to be radiating from several point sources, 

with distinct locations in the northern and southern slopes of the promontory. Therefore, 

we now turn our investigation to identify possible candidates for the generation of the 

observed ISWs using the barotropic tidal forcing of Baines (1982). 

This methodology has often been used to search and identify hotspot regions for 

IT generation. Azevedo et al. (2006) have used this method to investigate ISWs in the 

southern Bay of Biscay (near Cape Finisterre, Iberia Peninsula). In some independent 

studies, Pichon and Correard (2006) and Pichon et al. (2011) have also calculated the 

barotropic tidal forcing, and similar sources for the waves discussed in Azevedo et al. 

(2006) were found. Da Silva et al. (2007) have used similar methods to study other ISW 

observations in the same region studied by Azevedo et al. (2006), but propagating in a 

different direction, as well as in the southern slopes of EP, but propagating to the South. 

More recently, Baines (1982) barotropic body force has been used to identify ISWs 

hotspots (observed in SAR imagery) along the Mozambique shelf-edge of the 

Mozambique Channel (da Silva et al., 2009). Of further importance to the present paper 

is the body force analysis undertaken by Sherwin et al. (2002) to explain the large ISWs 

found to propagate in the inner-shelf off Oporto (see Fig. 1a for location). Many other 

authors have also used this technique during the last decade, as a valuable indicator of 

where large ITs may be generated (e.g. Colosi et al., 2001; Merrifield and Holloway, 

2002; Niwa and Hibiya, 2004).  

 According to Baines (1982) the method of finding the solutions for the 

linearized equations of motion (assumed in a rotating, stratified, inviscid ocean), which 
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represent IT generation resulting from the interaction between surface tides and bottom 

topography, can be divided in two different problems: the first problem is to find the 

solution in an ‘equivalent’ non-stratified ocean; while the second is concerned with 

determining the additional motion resulting from the vertical stratification in density. 

This means that the equations of motion need to be divided into the barotropic and 

baroclinic components (corresponding to the non-stratified ocean and the internal 

waves, respectively). The equations that involve the body force (F), which drives IW 

motion can then by written as 
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where ui are the velocity components of the internal wave motion, 0(z) is the vertical 

density profile in static equilibrium (from which the vertical average 0  is calculated), 

B and I are the density perturbations relative to 0 due to the barotropic and internal 

wave motions, respectively (which means that the total density perturbation is given by 

 = B + I), and PI is the internal wave pressure perturbation. The notations for time, 

Coriolis parameter, gravity, and unit vector for upward direction, follow their standard 

representations (t, f, g and 


z , respectively). 

 From the continuity equation, it can be written that
 
∂ρB/∂t = -wB ∂ρ0/∂z, which 

means that the vertical velocity of the barotropic flow wB (resulting from the barotropic 

flow over submarine topography) will introduce perturbations in the density field B 

(since the mean density field will be displaced vertically). If the barotropic tide can be 

considered to be in the hydrostatic regime (which strictly speaking can only be a valid 

assumption if the baroclinic tide is also hydrostatic, see Garrett and Gerkema, 2007), 
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then wB can be expressed in terms of a volume flux vector given by Q = (Qx, Qy) = (uBh, 

vBh). In this case the vertical velocity of the barotropic flow can be rewritten as 
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where uB and vB are the zonal and meridional components of the barotropic flow 

(respectively), and h is the ocean depth. 

 In equation (2) the last term, which represents the body force F, can then be 

changed to include the above definitions, and be rewritten as 
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where the Brunt-Väisällä frequency is again given by N, and the integration in time is 

made with respect to some interval within the tidal period. This expression thus 

represents the barotropic tidal forcing that arises from the oscillating surface tide going 

back and forth over submarine topography, and which drives the internal motions such 

as the internal tide. 

In our calculations, the tidal velocities were taken from the 1/12 resolution 

OTIS model (Oregon state university Tidal Inversion Software, developed by Egbert 

and Erofeeva, 2002), the bathymetry data is part of the one minute global bathymetry 

(available online at http://topex.ucsd.edu/www_html/srtm30_plus.html) from Smith and 

Sandwell (1997), and N (assumed to be horizontally constant) was calculated by 

smoothing in the vertical a typical summer stratification of the study region (taken from 

the World Ocean Circulation Experiment – WOCE, 3rd of September 1992 located 

approximately at 38.90N 10.23W and thus close to the southwestern flanks of the 
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promontory). To compute the body force, the M2 and S2 tidal constituents were 

assumed, since these are the most representative for EP (see also da Silva et al., 2007). 

We note that similar calculations were performed with the eleven constituents (4 

diurnal, 4 semi-diurnal, and 4 from the fortnightly tidal cycle) available in the OTIS 

model, and that F remains nearly the same. The tidal current ellipses needed to calculate 

Q were then derived using least-squares fits to the data in each grid point, since the 

original outputs do not form perfectly closed ellipses due to the slowly varying nature of 

the tide. The resulting tidal ellipses were interpolated to a 1’ spatial resolution grid 

using a bilinear scheme, which enabled F to be calculated in the finer bathymetry grid. 

Lastly, the resulting body force was integrated over the vertical coordinate (to include 

the contribution from the entire water column at each grid point), and the maximum 

value for the tidal cycle under consideration was used to create a two dimensional map 

that enables F to be evaluated in a concise manner (see Fig. 9a). 

The data needed to compute the body force was taken from the same date as the 

image presented in Fig. 2a, which was selected as being representative of F over the 

study region. We note that this image was acquired during spring-tides and that the 

forcing maps remain qualitatively the same in neap-tides (although the magnitudes 

decrease roughly by a factor of two). The corresponding tidal ellipses and the absolute 

maximum of the depth-integrated body force over a complete (semi-diurnal) tidal cycle 

are thus shown in Figs. 8 and 9, respectively. 

On the one hand, it can be readily seen that the tidal currents achieve their 

largest values over EP (aligned mainly in the meridional direction and reaching values 

above 10 cms-1, see reference ellipse on the right side of Fig. 8). We reiterate that the 

major axis of the tidal ellipses are nearly aligned with the bathymetric gradient on the 
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northern and southern flanks, but are roughly parallel to the isobaths over the western 

slopes of EP. However, there is a rapid decrease in the tidal currents towards the open 

ocean areas that is noticed immediately after crossing the promontory region in the 

north-south direction. We note in passing that the tidal current velocities over EP are in 

fact among the largest anywhere along the west Iberian margin, including the Gulf of 

Cadiz (Quaresma and Pichon, 2011). 

On the other hand, a closer inspection of the body force in Fig. 9a shows that 

there are localized small regions of maximum forcing coincident with steep slopes (with 

depths approximately between 200 and 1500 m, except for region 4) that are located 

around the northern, southern, and western boundaries of the promontory (see Table 1 

for a list of the major localized forcing regions). The tidal forcing is (in general) very 

weak everywhere else so that the body force decays rapidly to zero in the shallower 

areas above the 500 m depth contour, and in the deep ocean basins that surround the 

promontory. A total of four main regions with particularly elevated forcing can be 

identified, all within the steep slopes of the promontory. There is one large region to the 

north that immediately stands out since it covers a wide area that extends in the east-

west direction (region 1 in Table 1) and is partially coincident with the canyon-like 

structure near 39.4N (already identified in Fig. 3b) and the southern slopes of the 

Nazare canyon. There are several smaller potential sources with local maxima of F 

located farther to the west that are nearly aligned with the western flank of the 

promontory, the strongest of which is located near 39.1N (Table 1, region 3). Finally, 

there are several more maxima in the southern slopes (see regions 4 to 6 in Table 1). 

The majority of these seems to be associated with the horseshoe-like elevation located 

at 38.8N that extends offshore. The remaining maxima are scattered farther inshore, 
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but still located along the steep slopes in the south flank. These sites of elevated forcing 

are to be discussed in the next section. 



151 

 

5. Summary and Discussion 
  

 A selection of 29 SAR images acquired during the summer season between 1992 

and 2010 in the EP region has been investigated in this paper. The presence of 

significant ISW activity in this area has been revealed by satellite imagery and it has 

been confirmed that EP is a hotspot for the occurrence of oceanic ISWs. This 

investigation adds to previous studies made farther north (Jeans and Sherwin, 2001a, 

2001b; Sherwin et al., 2002) and farther south (Small, 2002; da Silva et al., 2007), 

which had previously identified other hotspot regions, and confirms that the west 

Iberian coast is an important region where oceanic ISWs can be frequently and 

continuously observed during the summer season. 

A statistical analysis based on the initial dataset of 29 SAR images has shown 

that these ISWs have average crestlengths and horizontal scales of about 9 km and 400 

m, respectively. Additionally, composite maps based on a subset of 10 images strongly 

suggested that there are two major paths of propagation emanating from the northern 

and southern flanks of the promontory. This idea is also supported by the ‘energy’ 

results presented in Figs. 6 and 7. The increasing concentration of ‘energy’ into east 

propagating ISWs suggests that the bathymetric structure of the promontory refracts the 

waves generated to the north and south such that wavecrests become basically aligned 

with the meridional direction. This can also be seen in Fig. 3, where the majority of the 

waves in section IV are travelling parallel to the isobaths and essentially aligned with 

the coastline. Fig. 2a also shows clear signs of refraction along the several tidally 

separated packets that go from ‘A’ to ‘D’. The overall impression then is that the 

promontory seems to have some sort of a ‘lens-like’ effect that causes meridionally 
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propagating waves to refract to the east and diverts the waves towards the inner-shelf 

regions.  

The ‘energy’ analysis has also shown that there is an increase followed by a 

decrease in the total normalized ‘energy’ E* from the deeper areas (offshore) towards 

the coastline (that is from section I to section IV). A possible interpretation for the local 

maximum in the centre of the promontory is that sections II and III have ISWs in larger 

number and in more developed stages (longer crestlengths), while sections I and IV are 

associated with generation and dissipation/breaking processes, respectively. This is 

indeed the idea born out of the composite maps (Fig. 3a and 3b) as well as from the 

images like the one in Fig. 2a, where the signatures in SAR clearly indicate that there is 

a chronological sequence between early stages offshore, fully developed packets in the 

centre of EP, and dissipation processes near the shore. 

Baines (1982) depth integrated body force has been calculated and used to 

determine the most likely generation regions in the study area. Four regions of 

particularly elevated values have been found, all of which within the steep slopes that 

surround the promontory area (generally between 200 and 1500 m – see Table 1 for a 

complete list). These regions are identified as the main candidates for the generation of 

the ISWs observed to propagate in EP. Moreover, the majority of the observations are 

characterized by crestlengths below 15 km (see Fig. 4a), and the mean value is only 9 

km. These crestlengths are small compared with other fully developed ISWs in nearby 

regions farther north and south, suggesting localized sources for the generation of ISWs 

on the flanking areas of EP. We also note in passing that the maximum labelled N1 in 

Fig. 9b is coincident with the small-scale canyon-like feature, which is anticipated here 

to be one of the most important generation regions on the northern flank of EP 
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(confirming the overall impression already discussed when we analyzed the composite 

maps of Fig. 3). 

We now comment on the pertinent asymmetry between the body force and the 

‘energy’ distribution of the ISWs. While Fig. 3 shows the majority of waves within the 

deeper areas of EP propagating with north and south components (which then refract 

towards the coast), Fig. 7 clearly indicates that there is an asymmetry between the 

amount of ‘energy’ with north and south components (43% and 16%, respectively). In 

principle this should translate into more generation sources (and hence more tidal 

forcing) available in the southern flanks rather than in the north side of the promontory. 

However, this does not seem to be the case, since Fig. 9a indicates that the area where 

the body force is more significant is equally distributed between the northern and 

southern flanks. This is even clearer in Fig. 9b which shows the body force integrated in 

the longitudinal direction along EP, which will be further discussed in the following 

paragraphs. 

This apparent inconsistency may be related to the significant difference of 

bottom slopes between the northern and southern flanks. According to Legg and 

Klymak (2008) this could have a major influence in the processes by which the internal 

tide develops, since the steepness of the bathymetry together with stratification can 

dictate the existence of internal hydraulic jumps with overturning rather than the usual 

steepening and disintegration into solitary waves. 

These two different regimes can be parameterized using the vertical excursion 

inverse Froude number 1
ZFr  already defined in the Introduction. To see how the 

previous analysis of the generation regions based on F changes in light of these new 

arguments a longitude integrated plot of the maximum body force was calculated in Fig. 
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9b with and without the restriction of elevated regions of 1
ZFr  (which are characteristic 

of overturning events). We first notice that there is a clear increase in the longitude 

integrated forcing that matches the outer borders of the promontory area. Within this 

elevated widespread region of F there are several local maxima that can be identified 

(see dashed line in Fig. 9b): one in the north (N1, which is also the overall maximum), 

one in the centre (C1) and two in the south (S1 and S2). However, this distribution of F 

changes significantly when a restriction is added to eliminate the contribution of F 

whenever 1
ZFr  is greater than 3.5 (solid line). This value was set based on the two 

regimes identified for the Hawaiian Ridge by Legg and Klymak (2008), and above 

which internal hydraulic jumps and overturning may be found (see the Introduction 

section). 

The solid line (where the restriction has been applied) shows that N1 is 

significantly reduced, whereas C1, S1 and S2 remain practically unchanged. In fact, 

while the overall contribution represented by the dashed line (where no restrictions are 

applied) is divided roughly in two equal parts between the northern and southern EP, the 

solid line (where 1
ZFr  is limited) shows quite different values of forcing, with the south 

part overtaking 60% of the overall forcing. We thus suggest that the steeper slopes on 

the northern flanks may cause the internal tide to enter a regime with internal hydraulic 

jumps and strong overturning (similar to the Hawaiian Ridge case described in Legg 

and Klymak, 2008), and that this may contribute (at least partially) to the different 

amounts in ‘energy’ propagation evident from Fig. 7. 

Moreover, according to Legg and Klymak (2008), the isopycnical vertical 

displacements in this overturning regime are scaled by U0/N rather than by the vertical 
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tidal excursion (
x

hU





0 ). Using typical values for the study region this means that 

isopycnal displacements generated over  the northern slopes would be roughly an order 

of magnitude lower than the isopycnal displacements in the south before overturning 

occurs. This means that steep slopes (like those in the northern flanks of EP) prevent the 

IT to grow beyond a certain limit, and therefore over those steep slopes the IT would be 

more unstable than over the more gentle southern slopes. We anticipate this to be a 

plausible reason why there is less ‘energy’ and fewer waves generated at the northern 

flanks of EP propagating to the south, as well as a possible explanation for the ISW 

radar signatures being systematically weaker over the northern slopes when compared 

with the south. In fact, we underline that this result is evident in the overall dataset of 

SAR profiles: on average backscatter intensities for waves with northerly components 

are 0.53, compared to 0.39 for waves with southerly components. 

Finally, we stress that the ‘lens-like’ effect identified in EP may be important in 

terms of near-surface mixing. On the one hand, the results presented by Legg and 

Klymak (2008) indicate that the internal hydraulic jumps with overturning may 

constitute an important source for local tidally generated mixing when in the presence 

of tall steep topography. We suggest that the northern flanks would produce more 

mixing since 1
ZFr  is higher there (and above the critical value for overturning to occur) 

than over the southern flanks. On the other hand, the SAR images (and also Fig. 6, last 

panel) suggest that a significant amount of energy may be reaching very close to shore 

due to refraction. Consequently, the cross-shelf energy budgets may be reaching farther 

into the inner-shelf than previously thought, and a significant amount of energy may be 

available to mixing in near-shore areas very close to the coast. 
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We thus conclude that the elevated ISW activity over the large-scale EP (one of 

the largest promontories in the world’s oceans) reported in this paper reveal evidence 

that a significant amount of barotropic tidal energy is being converted to ITs and ISWs 

during the summer. Furthermore, such barotropic to baroclinic conversion of tidal 

energy is largely focused along the major axis of EP through refraction of ISWs. Other 

parts of the ocean with similar promontories and bathymetry features may also be 

responsible for significant barotropic to baroclinic tidal conversion and mixing, through 

ISWs propagating and breaking over the shelf. 
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Figures and Tables 

 

Table 1. Main hotspots and local maxima of Baines (1982) depth-integrated body force F 
identified in Fig. 9a, in the region surrounding the Estremadura Promontory. 

 

 
Fig. 1. (a-left) Study area for the present work in relation to the western Iberian 
Peninsula. The contours mark isobaths in meters (0, 200, 2000 and 4000 m). The dark 
rectangular frame shows the study area surveyed with SAR, which is shown in detail in 
Fig. 1b. The labels P, L and S stand for locations of Oporto, Lisbon and Sines, 
respectively. (b-right) Detailed bathymetry of the study area. Gray areas represent land 
and the isobaths for 200 m, 1000 m, and then every 500 m until 3500 m are shown in 
black contours. The reference location for the Estremadura Promontory is labeled EP, 
and L marks the city of Lisbon. Three major canyons enclose the promontory: Nazare 
canyon (NC), Lisbon canyon (LC) and Setubal canyon (SC). 

 

 

# Latitudes (
o
N) Longitudes (

o
W) Depths (m) Local Maxima (m

2
s

-2
) 

1 39.3 – 39.5 10.1 – 9.7 500 – 1500 1.0 
2 39.3 10.2 – 10.1 500 – 1000 0.3 
3 39.0 – 39.1 10.3 – 10.2 400 – 1000 0.6 
4 38.7 – 39.0 10.3 – 10.1 500 – 2000 1.0 
5 38.7 – 38.9 10.1 – 10.0 200 – 1500 0.9 
6 38.7 9.9 – 9.8 200 – 1000 0.4 
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Fig. 2. (a-top) Subset of an ERS2-SAR image dated 14 July 1999 acquired at 11h21m 
UTC showing an area to the northwest of Lisbon with approximately 8070 km2. (b-
bottom) Subset of an ERS2-SAR image dated 30 July 2010 acquired at 22h55m UTC 
showing an area to the southwest of Lisbon with approximately 8060 km2. The black 
transect shows the position from where the radar backscatter profile in Fig. 5 is taken, 
and the square box was chosen as an adequate image background  unperturbed by the 
ISWs. Both images show ISWs propagating in rank-ordered packets which are 
propagating with an east velocity component, probably generated over the northern and 
southern flanks of the promontory, respectively. Depth contours for the 200 m and 
2000 m levels are also shown. 
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Fig. 3. (a-top) Composite map of ISW observations propagating from the southern 
flanks based on a subset of 10 images for the study region. Contours mark isobaths in 
meters at 200 m, 1000 m and 2000 m. For reference four meridional sections are 
labelled from I to IV and delineated by dashed vertical lines (see text for details). (b-
bottom) same as Fig. 3a but for ISWs coming from the northern flanks of the 
Estremadura Promontory. 
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Fig. 4. Distribution of ISW main properties in the Estremadura Promontory 
accumulated over the entire dataset of 29 SAR images. (a-top) Crestlength (km). (b-
bottom) Wavelength (m). 
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Fig. 5. Example of a normalized radar cross section profile along the transect shown in 
Fig. 2a (small dark line). The values are normalized by the average radar backscatter of 
the squared box also shown in Fig. 2a (small dark square). The parameters a and L used 
to calculate E are also shown. 
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Fig. 6. Normalized energy E* circular diagrams (divided in 30 intervals) for the entire 
dataset and for each of the meridional sections in Fig. 3 (corresponding longitude 
interval annotated on top of each diagram). The outer dashed line represents the value 
for the wave energy marked on top and the smaller dashed circle is an order of 
magnitude less. The total energy normalized by the area of observation () is shown for 
each section at the bottom of each panel. 
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Fig. 7. Same as Fig. 6 but for all the sections (I, II, III and IV) merged together, that is 
the energy budget for the whole study region. 
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Fig. 8. Tidal current ellipses for 14 July 1999 (see text for details). A reference ellipse is 
shown on the right-hand side (with both axes representing a speed of 10 cms-1). Depth 
contours are also shown in m (starting at 200m, 500m, 1000m, 1500m, 2000m 3000m, 
and 4000m). 
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Fig. 9. (a) Maxima of Baines (1982) depth-integrated body force F over a complete tidal 
cycle (calculated using Eq. (4)) for 14 July 1999. The regions in Table 1 are highlighted 
in black circles, with the corresponding number placed next to them. Depth contours are 
the same as in Fig. 8. (b) Same as Fig. 9a but integrated along longitude (dashed line) 
and restricting values of F to areas where 1

ZFr   is less than 3.5 (solid line). Regions of 

elevated forcing are labeled in the north part of the promontory (N1), centre (C1) and 
south (S1 and S2). 
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Chapter 8 
 

 

Concluding Remarks 
 

This thesis describes how satellite remote sensing data (mainly SAR and MODIS) are 
used to identify IW hotspots in several regions of the world’s oceans, and how satellite imagery 
can be combined with other data sources to study and characterize IW fields. The main 
achievements and conclusions can be summarized into four different study regions as follows: 

1 – Mozambique Channel 

 It is shown that MC is a hotspot for observing ISWs in the ocean and in the atmosphere. 
SAR imagery clearly identifies the Sofala shelf (between 20° and 21°S) as a hotspot for 
the generation of ISWs and Internal Tides (ITs), which travel oceanwards away from the 
shelf-break. This location is characterized by strong barotropic tidal forcing and large 
tidal transports, coupled with critical topography at the shelf-break. Farther north and 
south, the forcing is reduced and insufficient to generate ISWs. It is suggested that the 
ISW packets observed in satellite result from both direct generation at the shelf-break and 
from local generation at about 80 km oceanwards from the break, where the surfacing of 
IT rays reach the thermocline. Some seasonal differences in the wave patterns are 
investigated, where waves seem to penetrate more extensively into the channel during the 
southern summer, and appear slightly farther to the south during the southern winter. We 
also conclude that the local generation process is more likely to occur during the winter 
when the stratification is reduced. SAR imagery reveals that the MC is a preferential 
region for observing mode 2 solitary-like IWs and refraction patterns. The data suggests 
that these waves can also be generated by tidal beams – similarly to some of the mode 1 
waves. This confirms some conclusions drawn from other independent studies using 
modelling and laboratory experiments (Grisouard et al., 2011; Mercier et al., 2012, 
respectively) about the origin of mode 2 solitary-like waves by tidal beams. Synergies 
between SAR images and altimetry data revealed that ISWs in MC frequently interact 
with oceanic features such as eddy-like structures, causing significant IW refraction. 
These eddies, which propagate year-round through MC, affect the local vertical structure 
of the ocean (both dynamically and in terms of stratification), being capable of 180° 
changes in the ISWs propagation directions. Finally, large-scale AGWs are also found to 
be a ubiquitous feature in MC, especially from July to October (see da Silva and 
Magalhaes, 2009), and care should be taken to avoid miss-interpretations of the 
oceanic/atmospheric nature of these waves in SAR images. 

2 – Mascarene Ridge 

 A large dataset of Envisat-ASAR and TerraSAR-X images shows the presence of 
packets of large ISWs propagating from a submarine sill between Saya de Malha and 
Nazareth Banks, near 12.5°S in the Mascarene Ridge of the Indian Ocean. The waves 
propagate for at least 400 km to the west and 300 km to the east of the sill, with crest 
lengths as large as 350 km. This exceeds ISW crest lengths in other regions such as the 
Sulu Sea (crest lengths of up to 170 km), the Andaman Sea (150 km) and in the Bay of 
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Biscay (50 km), and is only comparable with those in the south China Sea with crest 
lengths in excess of 250 km (see e.g. Zhao et al., 2004). The Mascarene Ridge is therefore 
classified as a major hotspot of ISW activity in the open ocean. The propagation 
characteristics of these ISWs in terms of phase speeds are in close agreement with those 
predicted from linear theory for mode 1 long interfacial waves. A travel-time diagram 
inferred from the SAR image dataset indicated that the waves were generated from a 
location just westwards of the sill crest at the time of maximum westward flow. 
Therefore, it is proposed that both sets of ISWs are formed from the splitting of a large 
tidally-generated depression of the upper thermocline (or lee wave) which forms on the 
western side of the sill at that time. ISWs are expected to be stronger on the western side 
of the sill, since the tidal flow and steady westward background flow (that of the south 
Equatorial Current) combine to give an enhanced flow in the downslope direction (to the 
west). We also consider that a likely explanation of the stronger wave packets to the west 
(which also propagate further) of the sill is that those travelling towards the east would 
need to pass over the sill itself. Since the sill is only 400-450 m deep, the ITs or ISWs 
which pass over the sill would be long compared to the water depth and so would be 
expected to dissipate to some extent. In addition, the eastward-propagating waves travel 
against a “steady” shear flow in the south Equatorial Current, while the westward-
propagating waves travel with the flow. It is possible that this may also lead to additional 
dissipation effects due to wave-current interactions for those waves travelling eastwards. 
Satellite evidence is also found for mode 2 ISWs near the sill where the flow becomes 
supercritical, and where resonant generation of mode 2 solitary-like IWs can be expected 
to occur. 

3 – Red Sea region 

 In this study region satellite images are combined with in situ data to reveal a major 
hotspot for the observation of AGWs. Although these waves can be found year round, 
their occurrence is seasonal with a clear increase between April and September. The 
dominant propagation directions are between east-southeast and northeast, and between 
northwest and west-southwest. The atmospheric buoyancy frequency was used to 
investigate the existence of waveguides that can trap and prevent energy to radiate away 
in the vertical. The results show that the stratification plays a key role in determining 
favourable propagation conditions for AGWs. A weakly nonlinear long wave analysis is 
presented for some case studies, and the models predict phase speeds which are consistent 
with typical values of observed AGWs, with the KdV model performing slightly better 
than the Benjamin-Davis-Acrivos-Ono model as far as estimated phase speeds are 
concerned. The amplitudes found with both models are relatively small compared to the 
waveguide height, thus being consistent with the use of weakly nonlinear theory. 
However, these amplitudes are generally smaller than those presented by other studies 
(e.g. Porter and Smyth, 2002), where amplitudes can have half of the waveguide height 
(like in the Australian Morning Glories). Nevertheless, in these cases weakly nonlinear 
theory also found reasonable agreement with the observations. Some possible generation 
mechanisms are briefly discussed for the observed AGWs, whereas a more developed 
study is beyond the scope of this thesis. Mountain chains surrounding the Red Sea help 
constrain the average flow along its main axis (Patzert, 1974). However, mesoscale 
atmospheric modelling (validated by in situ data) was used by Jiang et al. (2009) to add 
important results focusing on the cross-axis zonal winds within the Red Sea region. In 
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fact, they found that the complex topography of the Red Sea contains several gaps along 
the coast, and that these direct numerous strong jet-like winds up to 15 ms-1 to flow 
frequently across the longitudinal axis of the Red Sea. This general frame of circulation is 
in agreement with the AGWs preferential directions of propagation. This suggests that 
several AGW wind driven generation mechanisms may be at work in the Red Sea, and 
that these are most likely related to the strong jet-like winds and variable topography. 
Particularly interesting is also the fact that some AGWs have phase lines (crests) almost 
parallel to the coastlines. Since there are usually strong (daily) temperature contrasts 
along the Red Sea coasts (Pedgley, 1974) that could result in sea/land breezes, these 
could generate AGWs when they are sufficiently strong. Finally, distinction issues 
between oceanic and atmospheric IWs in satellite images should be taken into 
consideration in regions such as the Red Sea (characterized by dry conditions and absence 
of roll clouds). Whilst many of the IWs in satellite observations in the Red Sea region can 
be interpreted as AGWs based solely on scale, refraction patterns and surface signatures 
(such as the case study in Figure 4, see the Introduction Section), there are oceanic IWs in 
the Red Sea (as shown by Jackson, 2007) that cannot be interpreted based on these 
criteria alone (especially when wavelengths approach values around 5-10 km). 

4 – Estremadura Promontory (Portugal) 

 A selection of SAR images acquired during the summer seasons between 1992 and 
2010 shows the presence of significant ISW activity over the Estremadura Promontory (a 
headland projection extending for some 150 km towards the west off Lisbon). This 
investigation adds to previous studies made farther north (Jeans and Sherwin, 2001a, 
2001b; Sherwin et al., 2002; Quaresma et al., 2007) and farther south (Small, 2002; da 
Silva et al., 2007), which had previously identified other hotspot regions, and confirms 
that the west Iberian Coast is an important region where oceanic ISWs can be frequently 
and continuously observed during the summer season. A statistical analysis shows that 
these ISWs have average crestlengths and horizontal scales of about 9 km and 400 m, 
respectively. Composite maps suggested that they propagate within two major 
propagation paths coming from the northern and southern flanks of the promontory. The 
overall impression is that the promontory seems to have some sort of a ‘lens-like’ effect 
that causes meridionally propagating waves to refract to the east and diverts the waves 
towards the inner-shelf regions. The ‘lens-like’ effect identified in the Estremadura 
Promontory may be important in terms of mixing, since SAR images suggest that a 
significant amount of energy may be reaching very close to shore due to refraction. 
Consequently, the cross-shelf energy budgets may be extending farther into the inner-
shelf than previously thought, and a significant amount of energy may be available to 
mixing in near-shore areas very close to the coast. Baines (1982) depth integrated body 
force has been used to determine the most likely generation regions in the study area. 
Four regions of particularly elevated values have been found, all of which within the 
steep slopes that surround the promontory area (generally between 200 and 1500 m). An 
energy analysis of the ISWs observed in the SAR shows an asymmetry between the 
amount of energy with north and south components, which should translate into more 
generation sources (and hence more tidal forcing) available in the southern flanks rather 
than in the north side of the promontory. However, this does not seem to be the case, 
since the areas where the body force is more significant are equally distributed between 
the northern and southern flanks. We suggest that this apparent inconsistency is related to 
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the significant difference of bottom slopes between the northern and southern flanks. 
According to Legg and Klymak (2008) this could have a major influence in the processes 
by which the IT develops, since the steepness of the bathymetry together with 
stratification (at the bottom) can dictate the existence of internal hydraulic jumps with 
overturning rather than the usual steepening and disintegration of the IT into ISWs. 
Finally, it is concluded that a significant amount of barotropic tidal energy is converted to 
interfacial ITs and ISWs during the summer over the slopes of the Estremadura 
Promontory (one of the largest promontories in the world’s oceans). Furthermore, such 
barotropic to baroclinic conversion of tidal energy is largely focused along the zonal axis 
of the promontory through refraction of ISWs. Other parts of the ocean with similar 
promontories and bathymetry features may also be responsible for significant barotropic 
to baroclinic tidal conversion and mixing, through ISWs propagating and breaking over 
the shelf. 

One of the most important conclusions that can be drawn from the ensemble of these 
studies is that satellite remote sensing greatly contributes to the discovery of new IW hotspots, 
as well as in providing valuable data to describe the waves’ main properties and characteristics. 
It has also been shown that satellite imagery can be added to in situ data and modeling results to 
provide unprecedented insights into the waves’ generation and propagation mechanisms. For 
future work, it is clear that satellite remote sensing continues to have much to offer, particularly 
since so little is known about IWs on a global scale. In this framework, at least two major trends 
can be identified as promising grounds for future research. The first is related with satellite data 
synergies using multiple satellite missions and different sensors (or satellite constellations). The 
use of different satellites (capturing the same IW event at different times) would allow insights 
into the evolution phases of the waves’ two-dimensional (horizontal) structures. This would 
certainly contribute to answer some pertinent questions concerning ISW generation mechanisms 
and propagation patterns (like discrimination of tidal phases in IW generation and provide 
detailed refraction effects). Additionally, the use of different sensors is also important, mainly to 
study the interaction of IWs with other oceanographic phenomena such as upwelling filaments, 
which can be seen in thermal infrared data. The second possibility is related with the use of very 
high resolution satellite data. This would certainly bring major advances in the study of IW 
breaking, turbulence, and mixing issues, since these are often small-scale processes taking place 
in near-shore areas. Satellite images with very high spatial resolutions could also be used to 
obtain data concerning the initial stages of ISW formation, which would also help to determine 
more accurately some of the aspects of their early formation. 
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