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On the darkest night the stars shine most brightly.
When the radar clutter is dark Internal Waves show up bright.



UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF SCIENCE

OCEANOGRAPHY

Doctor of Philosophy

The Role of Surface Films in ERS SAR signatures of Internal Waves on the Iberian Shelf.

by Jose Carlos P.B.T. da Silva

Analysis of SAR images of internal waves (IWs) on the Iberian Shelf and classification of the IW surface
signatures is presented. Three different types of short-period IW signatures in the form of bright/dark, dark
and bright bands are characterised, corresponding respectively to positive/negative, negative or positive
variations of radar backscatter. The observations show thai at very low wind velocities (less than 2m/s) IWs
show up as single positive sign. When the wind is higher than 2 m/s. and for IWs propagating in the radar
range direction, both double and single negative signatures are common. For azimuih propagating IWs
negative signatures prevail.
Detailed in situ measurements of Internal Waves were performed in the study area during an oceanographic
cruise conducted in the summer of 1994 (in the frame of the MAST project MORENA). Such measurements
included the isotherm displacements due to the Internal Waves and simultaneous sampling of associated
surface films. IW manifestations at low to moderate winds took the form of slicks located over IW troughs; at
the near threshold wind velocity they were of the form of intensified dm-scale waves (anti-slicks) located over
IW crests.
Results of wave damping measurements from samples of films collected in slick and nonslick areas revealed
that surfactants are effectively redistributed due to the Internal Wave orbital velocities. Such results were a
stimulus to study the film effect in the damping of ripples in the Internal Wave field and its influence in the
signatures observed in the radar images.
A theoretical model of the surface wave modulation by IWs is developed, including surface wave straining
due to the IW current and surface wave damping due to advection of surfactants. Pressure-area curves for real
marine films are used in the model. The relation between the film and the straining effects on the surface
wave spectrum variations depends on film parameters, surface wavelength and wind velocity. The model
predicts intense damping of cm-scale waves over IW troughs mainly due to the film effect and intensification
and depression of dm-scale waves due to both straining and film effects. Dependencies of the model
spectrum variations as a function of wind velocity for range and azimuth propagating IWs are obtained, the
negative sign contrast being shown to dominate for azimuth propagating IWs. Model variations of the
spectrum of dm-scale waves is shown to be significantly sensitive to surfactants (film pressure), the negative
sign contrasts due to films being eventually capable of overriding the straining effect. It is concluded that the
occurrence of the different IW signatures in SAR images can be explained by the concentration of surfactant
films.

Large scale bands (wavelength of the order of 10-20 km) parallel to the shelf break, consistent with the
structure of internal tidal waves (ITWs), are also observed in the ERS-1 SAR images. An analysis of the
modulation of short-scale surface roughness caused by the redistribution of surface-active substances by tidal
flow is presented, in order to explain how SAR imaging of internal tides can occur.
Finally, the influence of the large-period Internal Waves on the surface signature character of the short-period
Internal Waves is considered. Experimental evidence of redistribution of surfactants due to the internal tidal
waves is discussed. This supports satellite observations of signature type transitions within a packet of short-
period IWs, which can be explained by the model due to the film pressure variability induced by the large-
scale ITWs. It is encouraging that the range of values over which the film pressure is expected, and was
found, to vary due to the large-scale flow of internal tides is similar to that required by the model for the
signature change. This fact not only reinforces confidence in the model, but also gives credibility to the
hypothesis that signature mode transition within a packet of IWs is due to the accompanying ITWs.
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Chapter One

INTRODUCTION

1.1 Nature and scope of this investigation.

f i
This thesis investigates the characteristics of Internal Wave surface signatures as observed

by the ERS-1 satellite Synthetic Aperture Radar (SAR) on the Western Iberian shelf. One of the

aims of the investigation is to characterise the different types of radar signatures of short-period l/j

Internal Waves (order of a few hundred meters wavelength) observed taking into account 1+ ,
a •

previously proposed mechanisms of Internal Wave imaging. Besides the commonly observed ••} j
"h '

short-period Internal Waves in satellites carrying a SAR, observations of large-period Internal

(Tidal) Waves (wavelength about 10-20 Km) on the Iberian shelf are reported, and for the first

time an attempt is given to explain the physical mechanisms through which such features are

imaged by radar. The effect of such large-period Internal Waves on the character of the short-

period Internal Wave signatures is considered and an explanation is given to account for the

existing relation between short-period signatures and the phase of large-period Internal Waves.

Since the launch of SEAS AT in 1978 carrying a SAR on board, the number of studies

concerned with the radar imaging of short-period internal waves has increased considerably.

Although the literature is extensive, there is no consensus about the theory which best describes

the imaging of internal waves. To fully understand the problem it is necessary to grasp both (i) the

mechanisms through which the internal waves modulate the sea surface roughness and (ii) the

radar theory of imaging the sea surface. At present, neither end of the problem is fully understood.

This thesis is mostly concerned with issue (i), the modulation of surface ripples by internal waves,

with a particular emphasis on re-examining the effect of films in the short-scale surface roughness.

Short-period oceanic Internal Waves are commonly observed in Synthetic Aperture Radar

(SAR) images as systems of quasi-periodic parallel bands (see, e.g. Vesecky and Stewart, 1982;

Apel and Gonzalez, 1983; Alpers, 1985; Onstott and Rufenach, 1992). These are frequently

discussed in the literature as bright and dark bands on a grey background (see, e.g. Alpers, 1985;

Apel et al, 1986; Onstott and Rufenach, 1992). On some occasions, however, they are seen as dark

bands, the expected associated bright bands being either absent or strongly attenuated.



Additionally, there is another type of signature, that will be discussed in this thesis, and which has

received very little attention in the literature. This is when internal waves appear as bright bands in

a very low (dark) SAR background level (see e.g. Johannessen et at, 1994). Results of an analysis

of a set of ERS-1 SAR images (C-band radar) are presented in this thesis, demonstrating the

existence of three different types of IW signatures and their characteristics. The circumstances

under which the mentioned three character types of radar signatures are observed is analysed.

The analysis of the internal wave signature is applied to SAR images of Internal Waves

occurring in the North East Atlantic on the Portuguese continental shelf (see fig.l.). Detailed in "

situ measurements of Internal Waves were performed in the study area during an oceanographic

cruise conducted in the summer of 1994. Such measurements included the isotherms displacement
c I

due to the Internal Waves and simultaneous sampling of any associated surface films. The results 3" ",

revealed the existence of surfactants and their effective redistribution due to the Internal Wave '

orbital velocities. Such results were yet another stimulus to study the film effect in the damping of
ripples in the Internal Wave field and its influence in the signatures observed in the radar images.

It was highly desirable to perform sampling of surface films coincident with a satellite

overpass so that measured film characteristics could be directly compared with the model and used

to tune the model predictions. Due to ERS-1 orbit restrictions this was not possible. Nevertheless,

the ERS-1 SAR data available proved to be valuable in near real-time for guiding the

oceanographic cruise in search of internal waves. A simple method for predicting the position of

internal waves up to a few days after image acquisition is presented. The method is based on the

assumption of constant stratification during the days the prediction is valid. Deduction of

information about water stratification is possible to obtain by analysis of SAR images on the shelf.

This information is important for many sorts of acoustic sensing and communication systems, both

military and civilian (ESAa, 1995). The seasonal dependence of stratification on the Iberian shelf

was observed by analysis of the internal wave spatial characteristics.

Larger scale bands (wavelength of the order of 10-20 km) parallel to the shelf break,

consistent with the structure of internal tides, are also observed in the ERS-1 SAR images.

According to conventional hydrodynamic modulation models (Hughes, 1978 and Alpers, 1985)

internal tides should not be imaged by SAR, as the surface currents associated with tidal frequency

internal motions are ineffective for modulating the short-scale wind waves responsible for the

radar signal. Such models, however, did not take into account surface-active films, which are

f" !



often present on the sea surface over the shelf zone. Here an analysis of the modulation of short-

scale surface roughness caused by the redistribution of surface-active substances by tidal flow is

presented, in order to explain how SAR imaging of internal tides can occur.

Finally, the influence of the large-period Internal Waves on the surface signature character

of the short-period Internal Waves is considered. Experimental evidence of redistribution of

surfactant due to the internal tidal waves is discussed, and seems to support the satellite

observations and the model results.

1.2 Brief description of the region of study.

In this thesis Internal Waves on the Western Iberian shelf will be examined. Satellite ERS-

1 SAR images were acquired for this study covering a geographic region that includes the whole of

the Western Iberian margin (approximately lying within the [7°, 12°W] and [36°, 44°N]

geographic space). The ground coverage of all the images used in this work is shown in figure 1.1,

where a map of the Iberian Peninsula showing also the bottom topography is presented. Inset a)

shows the area where in situ measurements were carried out during the period of this investigation

(summer 1994) with the aim of measuring internal wave parameters essential to the understanding

and interpretation of the satellite images. These measurements included the thermal structure of

the water column and deployment of two buoys with thermistor chains attached to them. One of

the buoys was moored and left at sea for over a month so that coincident satellite and ground truth

data could be acquired. The other buoy was deployed from a ship while other internal wave

characteristics were being studied. The position of the moored buoy and deployments are also

shown in figure 1.1.

The bathymetry of the study area is characterised by a relatively narrow continental shelf,

the 200 m contour lying about 50 km off shore, and in some areas a steep continental slope. The

margin is cut in some places by important submarine canyons, which generally define boundaries

between regions with relatively similar topographical conditions. In the region where the in situ

measurements were conducted (parallel 41°N) the continental shelf is fairly flat followed by a

steep slope at the shelf break. In some places, like to the South of Lisbon in the coast of Alentejo,

the shelf is very steep, practically without a shelf break (see figure 1.1).

I? •



The continental shelf and slope waters off the Atlantic coast of the Iberian Peninsula are

dominated throughout the summer months by strong coastal upwelling and associated equatorward

surface flow in response to the wind forcing by the "Portuguese Trades" (see e.g. Fiiiza, 1982).

During the last decade a number of relevant investigations of the upwelling phenomenon in this

region have been carried out (see e.g. Ballesteroah, 1995). The winter time circulation in this

region is less well known and there have been reports (e.g. Barton and Haynes, 1992; Frouin et al,

1990) of the existence of a narrow, warm poleward surface current along the Iberian coast during

autumn and winter. Furthermore, it has been suggested that this poleward current is a characteristic

of the Iberian current, being suppressed only during the summer months, when the equatorward "

winds drive an offshore Ekman transport and force upwelling at the coast.

1.3 SAR signatures of internal waves: Summary of previous work.

1.3.1 A short review of Internal Waves in the ocean.

Internal Waves are progressive oscillations of constant density surfaces within a body of a

stratified fluid. In the ocean in summer, the top 20 or 30 m can be several degrees warmer than

water below, and this gives rise to a thermocline along which such waves can travel. Although the

oscillations may typically have amplitudes of 10m or more, internal waves produce very small

surface elevations, on the order of 10 cm or less. Still, the cellular currents that accompany them

are of the same order as the wave phase speeds, typically 50 to 75 ems' , producing convergences

and divergences near the surface strong enough to alter the short-length surface gravity and

capillary waves by means of a periodic modulation that results in a surface signature characteristic

of the underlying internal wave field.

Throughout history mariners have seen the surface manifestations of IWs without knowing

about the phenomena underneath. For example, in the 19th century, there were several reports of

sailors who observed 'boiling seas' and 'tide rips' in the Andaman Sea in otherwise calm

conditions. They told of localised patches of violent breaking surface waves, stretching from

horizon to horizon, which would propagate across large expanses of the sea surface. The large

currents associated with the phenomena could set a ship off course and the violent turbulence

represented a serious hazard to small boats. It was the costly disruption to drilling operations in the

Andaman Sea caused by these surges that prompted the field investigations of Osborne and Burch

(1980), who showed these 'rips' to be the surface manifestations of large Solitary Internal Waves

(SIWs). The amplitude of these waves were measured to be higher than 80 meters and SAR

observations in the Andaman Sea clearly reveal the surface signatures of the waves (ESAa, 1995).

0 I
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The name 'Solitary' internal waves is used because these waves are found either as single crests or

in isolated packets, and have often been identified with the internal soliton solutions of nonlinear

wave theory. SIWs can produce different surface manifestations, and for example SIWs in the

coastal region of the Black Sea observed under light wind conditions were visible as bands of

flattening areas (slicks) in a uniformly gentle rippled sea (Ermakov et al. 1992). Another typical

example of IWs observed as slick bands is that of Ewing (1950) off La Jolla Cove, California.

The motives for studying oceanic SIWs and IWs in general are broad. Internal Waves have
in [important consequences for underwater acoustics, and they have been observed to undergo

resonant interactions with sound waves. Because SIWs are nonlinear waves they are likely to have
'"J-J I

a net transport associated with them, having an important role in the transport of energy, exchange 0 !

of heat, nutrients and other properties between the open ocean and the continental shelf. SIWs

propagating from deep to shallow waters can also produce strong episodic mixing events when

they dissipate their energy and break near the coast line. Breaking events were observed by Haury

etal. (1978) and are known to produce the mixing in the water column responsible for transport of

nutrients from deep to surface waters. It has also been suggested that the associated turbulence

could cause resuspension of sediments (Haury et al., 1978) with possible consequences to the local

biology, that could even be a trigger to some red tide events (Fraga, 1996).

A variety of imaging sensors flown on aircraft and spacecraft have shown that the surface

manifestations of IWs may be seen in high resolution images. Both radar and optical imaging

devices have been successful in the observation of these waves, including moderate-resolution

optical sensors (Apel et al, 1985) like the CZCS flown on Nimbus-7 (868 m resolution) and

visible wavelength imagery of sun glint areas (1 km resolution). Remote sensing has contributed

enormously to the study of IWs in the ocean, since such observations can provide details of the

two dimensional spatial structure which can not be easily obtained in situ. These include an overall

picture of the spatial distribution, orientation, wave and packet separations and propagation

direction. Synthetic Aperture Radar (SAR) has several advantages in relation to optical sensors,

since it is unaffected by cloud cover, and as an active sensor, operates equally well during the day

or night. SAR also detects subtle changes in surface roughness more readily than sensors operating

in the visual part of the spectrum, which, for IW detection, are dependent on the sun's inclination

relative to the remote sensing platform. The first SAR in orbit was flown on board SEASAT

launched in 1978. During its short life (the satellite operated for only three months) SEASAT SAR

imagery revealed signatures that have been interpreted as surface expressions of internal waves



(Vesecky and Stewart, 1982) and it became apparent that trains of IWs were far more common

then were previously thought.

Internal waves arise as possible modes of oscillation in the presence of stratification. The

restoring force is provided by vertical density stratification, just as the restoring force for surface

waves is provided by the density jump across the air-sea interface. Simplified models assume that

the ocean consists of several layers of constant density with a sharp change in density between

each layer. In the simplest case only two layers are considered (two-layer model) corresponding to

many typical conditions in the ocean: a top layer wanner and less dense followed by a sharp

thermocline and a lower layer cooler and denser.

This thesis is concerned both with short-period and long-period IWs. By short-period IWs

we will be referring to Solitary Internal Waves of a few tens of minutes period and inter-soliton

crest separation of the order of a few hundred meters. We will describe as long-period internal

waves that part of the internal wave spectrum at tidal frequencies (semi-diurnal tide of 12.4 hours),

which is also called the internal tide. In the case of the internal tide the vertical motions are forced

by barotropic tidal flow over sloping topography, which displaces the thermocline and generates

internal waves of tidal period. The waves can then propagate away from the generation region

along the thermocline. This is a common occurrence at the shelf break, where a thermocline

elevation is formed during maximum on-shelf tidal streaming while a thermocline depression

corresponds to maximum off-shelf flow. Both short and large-scale IWs propagating across shelf

are supposed to be generated by tidal flow interaction with the bottom topography of the shelf

break, and therefore it is natural to expect that the SIWs should have a close relationship with the

internal tide. This relationship has been observed by Pingree et al. (1986) in the Bay of Biscay,

where SIWs were found to be 'trapped' in the troughs of the large-period internal (tidal) waves

(New and Pingree, 1992) maintaining a fixed phase relationship with the internal tide.

The generation of SIWs is believed to be associated with the non-linear steepening of the

internal tide, which has been observed by Pingree at al. (1983) in the Celtic Sea having steep and

narrow troughs compared with the crests. They explained this through the advective effects of the

barotropic tide, which prevented the leading edge of the newly formed on-shelf trough from

propagating onto the shelf during strong off-shelf tidal streaming. This resulted in a distorted and

steepened trough that was subsequently released to propagate inshore as the tide relaxed.

t ; j '
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Tidally generated short-period IWs are characterised by their time evolution as they

propagate across shelf. Waves observed closer to their generation region (the shelf break) have

been observed not to have well developed waveforms and to be more irregular in rank order. Those

waves which had sufficient time to evolve into well developed soliton-like waveforms have been

observed as well organised rank ordered wavepackets. Ostrovsky and Stepanyants (1989)

reviewed SIW observations in the ocean, considering the extent to which they can be regarded as

internal solitons. The most commonly observed evidence for the non-linear nature of IWs is rank

ordering, where the amplitudes and wavelengths decrease towards the rear of a packet. This fact

has been observed not only by detailed in situ measurements but also in satellite images, and in

particular by SARs. ERS-1 SAR spatial coverage (approximately 100 Km x 100 Km) allows the p j

simultaneous view of most continental shelf zones and shelf breaks, being therefore a powerful Q' ;

data source to study IWs. Numerous studies of IWs based on satellite SAR images report the

existence of groups of packets of SIWs systematically propagating across the shelf with typical

inter-packet separations of the same order of magnitude as internal tidal waves should have (see

e.g. Vesecky & Stewart, 1982; Apel & Gonzalez, 1983; Robinson et al., 1983). It is therefore

natural to assume that such SIWs are 'linked' with the associated large-period internal tidal waves,

and one can expect to deduce information about water stratification by analysis of SAR imagery.

This information is important for many sorts of acoustic sensing and communication systems, both

military and civilian.

Although surface manifestations of SIWs are probably the most usual features apparent in

SAR imagery of the oceans, SAR observations of large-period Internal Tidal Waves have almost

never been reported in the literature, the only exception is perhaps the observations by Fu and Holt

(1982). There are however several reports of observations of these large-period waves by optical

and thermal sensors from various satellites (see e.g. Largier, 1994; Apel etal., 1985).

A comprehensive review of solitary internal waves in the ocean is given by Jeans (1995)

as part of a literature review completed for the internal wave contribution to MAST project

MORENA (Multidisciplinary Oceanographic Research in The Eastern boundary of the North East

Atlantic).

1.3.2 Previous work about Internal Waves in the study area.

The Iberian margin is a good example of an area where surface manifestations of short-

scale internal waves occur. The first observations of IWs over the Iberian shelf were made by US



astronauts during the Apollo-Soyuz mission in 1975 (Apel, 1979). These were confirmed by SAR

observations in 1978 during the SEASAT mission. In particular, a SEASAT SAR image dated 20

August 1978, 21:42 UTC, off the Portuguese coast in the region of Figueira da Foz and Aveiro,

showed surface manifestations of a large number of internal wave trains believed to be generated

by the action of the tide at the continental shelf break and propagating towards the shore (Alpers,

1985). The image showed several packets of light and dark bands on a uniform grey background.

Alpers demonstrated that these bands were the surface manifestation of internal 'solitary' waves, as

a result of a modulation of the short surface waves, generated by interactions with the internal

waves. Within a packet the wavelength of these waves decreases with distance from the leading

crest, indicating that they represent non-linear dispersive wave trains. Their structure, sometimes

irregular, indicated refraction effects caused by the shoaling bottom and by interactions with local
C,

currents. Two groups of packets could be identified in the image, one in-shore and another further !:1

off-shore, both of them on the continental shelf. In a report of SCOR working group 70 (UNESCO,

1986), it has been assumed that both groups of packets have been tidally generated, and assuming

a semi-diurnal tidal period of 12.4 hours, their propagation speed has been estimated to be 0.4 m/s

off-shore and 0.3 m/s in-shore, by measuring inter-packet distances in the SAR image.

The only field work in search of internal waves in this region, performed before the

current investigation, was done by Fraga (1996) who has measured high-frequency IWs over the

shelf off Ria de Vigo (Galicia, Spain) during the summer of 1985 and 1986. His short study was

motivated by the important role that IWs can have on plankton distributions, and the existence of

the SEASAT SAR image off Portugal described above. A packet of short-period IWs (period about

44 minutes) with amplitudes as high as 20 meters was observed during the rise of the tide at the

100 m isobath by a moored buoy attached to a thermistor chain. The buoy recorded data for a

period of approximately 13 hours so that the semi-diurnal tidal cycle could be completely covered.

The amplitude of the internal tide was estimated as 13 metres, the thermocline being closer to the

surface during the rising tide and deeper during the ebb tide.

7.3.3 Marine surface films.

i) Ocean slicks and surface films.

Anyone watching the ocean when winds are low will soon notice that some areas of the

ocean surface appear smoother than adjacent areas. These smooth areas, called surface slicks, are

often visible as long bands or spots, sometimes of a rather complex form, with dimensions from 10 m

to a few kilometres. Most often they occur in regions of increased biological activity such as coastal

8



waters, near the polar ice boundaries or near oceanic fronts. Outside of coastal zones, slicks are

infrequent in high wind zones such as those of predominant westerlies or trade winds, although they

can form in any of those areas if winds decrease. An observer close to the surface (in a boat for

example) would notice that small waves that make the surface look rough are present outside the

slicked areas but are missing or altered within. Slicks can be detected from air and space by several

remote sensing techniques, showing patterns of lines arranged in rows, gentle curves, and spiral

eddies over hundreds of square kilometres of the ocean surface.

Ocean slicks are believed to be primarily composed of naturally occurring surface-active '.(>.

organic materials which concentrate in the form of films on the ocean surface. The surface-active

(surfactant) materials that are found in all natural water bodies are chemicals which are by-products

of plant and animal life (Peltzer et al, 1992). The term surfactant means that the long-chain carbon

polar-organic chemicals which constitute these materials have a natural affinity for the free surface of

the water in which they reside. Typically, the molecules have an hydrophilic end (an acid, alcohol, or

other water-soluble radical), and the opposite end is hydrophobic, which is insoluble in water and

very similar to a pure hydrocarbon. When these substances reach the water surface they find a

preferred state in which the hydrophobic end of the molecule removes itself or sticks out from the

water. Statistical analysis of slick measurements have shown that most slicks are associated with

surfactant films (see Ermakov et al, 1992). Horizontal convergences due to current field variations at

the ocean surface, such as those due to the orbital velocity of internal waves, can compress the

surfactant materials and form a surface-elastic film and these films can become concentrated enough

to attenuate surface waves.

The scientific interest for "wave-calming by oil" has shown a periodic increase and decline

during the last two centuries (see Scott, 1978). This is not surprising if one evaluates the complexity

of the problem and the experimental difficulties, either at sea or in the laboratory. The subject is now

of vital interest to a considerable section of the community, in particular in the Marine Science

context, and in recent years there has been an increase of interest in slicks in relation to the problems

of remote sensing of the ocean.

ii) Some surface properties of film slicks.

Physically, the sea surface microlayer is the domain of surface tension. For short waves

known as capillary waves or (using Faraday's terminology) ripples, surface tension plays the major

role in wave propagation, rather than gravity which applies for longer waves. The surface tension, a,



will usually be reduced by any surface-active material present in the microlayer; the amount by which

it is lowered, iz, is termed the surface pressure and is defined as

n = G0-o [1.1]

where a0 is the value of surface tension in the absence of a surfactant (or alternatively pure water).

Surface pressure across slick bands has been found to increase towards the centre of slicks (Ermakov

etal, 1992), being low in nonslick areas in comparison with slick zones. This might be interpreted as

an indication that there is virtually no films outside slicks. Indeed, some researchers have found that ((>

the presence of surface films outside visibly slicked areas is scarce, almost nonexistent (Ermakov,

pers. comm.).

Plots of surface pressure versus area per molecule or specific area (%-A isotherms) are useful

in ascertaining molecular interactions between surfactant species. Static surface elasticity (or Gibbs'

elasticity), is defined as

This quantity is useful in describing the compressional behaviour of a surface film under

very low rates of compression and dilation corresponding to periods of the order of an hour (the same

order as IW periods). For more rapid compression and dilation periods, such as those for the

propagation of surface wind waves, the expression of elasticity is generalised to have a viscous

component, and is termed the dynamic surface viscoelastic modulus. In this work only the static

elasticity will be considered.

When a marine surface film is compressed (for example in lab, reducing the area of the

surface of a water sample using a film balance) the pressure vs. area curve obtained is called a

pressure-area isotherm, and is analogous to a pressure vs. volume isotherm for a gas. Since almost

nothing is known about natural films except the variation of film pressure with the area confining

the film (number of molecules in a sample, molecular weight, and the mass of the sample is

unknown), this dependence is crucial to characterising them.

Frew and Nelson (1992) have collected and examined the elastic properties (Gibbs'

elasticity) of several samples from North American coastal waters. They have shown that the

description of marine films in terms of a single generalised isotherm is probably not valid over a

range of water types and biological regimes. In their experiment they observed that elasticities of

10
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adsorbed films from subsurface and microlayer water exhibit a bimodal distribution at 0.5 mN/m

reference spreading pressure; films from organised banded slicks were found to have generally

higher elastic modulus. After fitting pressure - area data using a two-dimensional Virial equation

of state (Barger & Means, 1985), they were able to group the isotherms in two distinct curves; one

with samples obtained from organised slick bands probably due to strong surface convergences

and one with samples obtained from smaller slicks having chaotic forms. The curves representative

of the organised banded slicks revealed higher maximum elasticities than the curves representative

of slicks of irregular forms.

Bock and Frew (1993) have assumed that the more intense a convergence process is, the

more rapidly selective adsorption would increase the elasticity of the interface. They have

concluded that the elastic behaviour of sea surface films is controlled not only by surface

concentration, but also by pronounced compositional or conformational changes in response to

changes in surface pressure. Such changes are a consequence of complex constituent interactions

and the dynamic exchange of material with the bulk solution. The direction of change is towards

more hydrophobic films with increased surface elastic modulus.

The physical-chemical explanation of the damping of capillary ripples by surface films was

formalised by Levich (1962) and reviewed by Lucassen-Reyriders and Lucassen (1969). The

currently accepted mechanism presumes a viscoelastic modulus that creates small changes of surface

tension in response to small changes of surface area caused by the compression and dilation of the

local surface as ripples propagate by. This effect modifies the hydrodynamic boundary conditions,

and the modified conditions allow formulation of a dispersion relation for surface waves in the

presence of a surface film. By solving the dispersion relation for waves as a function of frequency,

one can compute the frequency dependence of the wave's damping coefficient and show that

different values of surface dilational viscoelasticity result in different damping enhancements. The

effect of enhanced damping is maximised in the frequency range between a few hertz and a few

hundred hertz, corresponding to effective damping by films for centimetre and decimetre surface

waves. Many laboratory and wave tank damping experiments support this theoretical dispersion

relation that is derived for the case of linear waves propagating on a surface with only surface

dilational viscoelasticity (see e.g., Hansen and Mann, 1964, Cini and Lombardini, 1978, Huhnerfuss

et al., 1985a,b; Bock, 1987, 1989a,b; 1991, Ermakov et al., 1995). The formulation omits other

surface rheological parameters such as surface shear viscoelasticity and surface plasticity. Not

enough is known about in situ ocean surface films to determine whether this model is appropriate for

the ocean films and conditions, but marine films have been usually described by this dispersion

relation.



It seems reasonable to expect that surface films would be destroyed at high wind speeds by

wave breaking and wind driven mixing. Indeed, Demin et al. (1985) investigated the dependence of

the elasticity parameter of film samples on the wind velocity, and found a tendency for the elasticity

value and the film concentration to decrease with an increase in wind up to values of 4-5 m/s.

However, for higher wind velocities (v > 6 ms"1 ) they found the elasticity modulus to increase to

values of the same order as calm conditions, which is also indicative of an increase in the surfactant

concentration. Indeed, the presence of long-lived foam, accompanying wave breaking, at high wind

speeds, has been interpreted as an indirect confirmation of the increase in the amount of surfactants

on the sea surface. A cause of film thickening may be the entrainment of surface active material to the

surface because of surfacing gas bubbles, the concentration of which in sea water increases

drastically with an increase in wind speed.

iii) The slick sampling problem.

The sampling of surface films, sometimes having a thickness of a monomolecular layer, is

obviously a difficult task. Collecting such a thin layer of the ocean surface from a ship that even in

low wind conditions is likely to have vertical motions of a meter or more is certainly not trivial. Most

early work on the composition of slicks was done by investigators who have sampled from small

skiffs or inflatable boats away from the mother ship, since this way one is closer to the water surface

and has relative motion to worry about. Besides, the mother ship is a source of surfactants itself, for

example, by oil discharges from the engine room. Scientists have also attempted to measure the film

properties in situ without actually having to sample the microlayer, for example using the oil-

spreading technique to measure surface tension (see below), but this requires a lot of preparation and

experience. Ingenious sampling devices have been developed for sampling the microlayer, but until

measurements of surface films could be made underway and in synchrony with measurements of

wind, air and water temperatures, and near-surface currents, different processes of slick formation

could never be confirmed and studied in detail.

The measurement of surfactant concentration F, in films having a thickness of tens of A, is a

serious problem. Sea surface active materials, under natural conditions, are present both in the air-sea

interface, forming a monolayer, and in the layer near the surface due to mixing processes or solubility

of surfactants. Concentration of surface films in the microlayer has been measured by Demin et al.

(1985) using a sieve method. The sampling procedure requires touching the water surface with a

sieve of capron gauze having grid openings of 1 x 1 mm; contact with the water surface makes it

possible to remove the surfactant from a water layer with a thickness of the order of 1 mm. Solvent

(chloroform) extracts were prepared from samples obtained in this manner in the presence of
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methylene blue and their optical density was determined using an appropriate instrument. The optical

density could be converted to volume concentration afterwards. This method proved to be successful

to estimate the mass of fatty materials, but wave damping could not be measured.

An advance in the sampling methods of surface films was made in 1987 by Carlson who

developed a sampler which consists of a rotating cylinder that allowed collection of a continuous

sample of the surface microlayer while underway. The apparatus consisted of a glass cylinder

suspended from a small catamaran so that the lower third of the cylinder was immersed [Carlson,

1992]. He reported: "As the sampler was towed, water passed through the cylinder on the inside and

along the cylinder on the outside. This flow arrangement allowed large surface debris such as floating

bits of seaweed to pass by or through the cylinder and avoided the build up of surface materials

aliead of the sampler as it was towed. A thin layer of surface water adhered to the ascending side of

the rotating cylinder and was scraped off into a small collection cup by a wiper on the descending

side. When this microlayer sample and a parallel sample of subsurface water from an intake tube

below the surface were pumped through a series of detectors for chemical and biological

components, it was possible for the first time to make continuous measurements of the surface and

subsurface abundance of organic materials and organisms". Carlson has examined surface microlayer

abundance of organic materials (UV absorbance), and of organisms (sub surface fluorescence), in the

light of the dynamics of the upper ocean. He has demonstrated, with experimental results, the crucial

role of near surface convergences in the process of slick formation.

Surface tension and wave damping have been measured in situ with success. In the case of

surface tension, the method most commonly used is the " oil-spreading technique", which make use

of a set of prepared piston oils, pre-calibrated in laboratory and for which the surface tension is well

known. These are dropped on the sea surface (Barger et al., 1974), and the sea surface tension is

bracketed by the values of the calibrated oils, being given as that of the oil that barely spreads on the

sea surface. This technique is rather tedious, and obviously requires experience if it is to be applied

with success. Wei and Wu (1992) have developed another technique to measure surface tension.

They used a catamaran operated by one person who could use a system consisting of a stainless steel

tank, a wave maker, a laser assembly, an image screen, two line-scan cameras and a computer. They

used the wave maker to generate waves at fixed wavelengths. The cameras were used to measure the

deflected laser beams by the water surface at the image screen, and they were able to retrieve the

water surface slope and its power spectrum. From that they were able to determine the" wave phase

speed, and hence the surface tension using a dispersion relation. This technique takes advantage of

the catamaran's mobility to study the spatial variation of surface tension in slicks, and the authors

claim that it takes less than one minute to complete each measurement. This is an advantage over the
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oil spreading method, which has been applied mainly from fixed platforms on the sea or from non-

moving vessels.

Wei and Wu have used the same optical-electronic system mounted on the catamaran to

make in situ measurements of the wave damping rate simultaneously with surface tension and wind

measurements. The two line-scan cameras measured wave heights and the recorded ratio between

wave heights may be transformed into the wave-damping rate. These simultaneous in situ

measurements of surface tension, wave damping and wind properties modified by natural films have

been reported only recently (1992) by Wei and Wu who were the first to perform such investigation.

However, the current dynamics associated with the slicks has not been considered, and the study

lacks interpretation of the film slick origin.

Frew and Nelson (1992) used a modified version of the device previously used by Carlson

(1988) which consisted of a pontoon-based rotating cylindrical glass skimmer. During the

experiment, they were able to collect about 5-6 L of microlayer water per hour, correspondent to a

sampling thickness of 40-65 |J.m. The sampler was deployed from a small boat using a rigid,

jointed boom system extending beyond the bow wake; the boat was manouvered slowly (at 1-2

knots) using an electric motor to minimise contamination. Simultaneously, subsurface water was

sampled at approximately 10 cm depth pumped through PFA teflon and stainless steel tubing into

pre-washed containers. The samples were prefiltered at the time of sampling and chilled with ice

packs until they could be processed. The samples were transported to the lab and surface tension

and surface pressure-area isotherms were measured using a KSV 2200 Langmuir-Blogett film

balance (KSV chemicals, Helsinki, Finland). The absolute precision of these surface tension

measurements were 0.2 mN/m (for more details of the protocol of the experiment see Frew and

Nelson, 1992).

A good and comprehensive review about methods for sampling the microlayer is given by

Hunter (1994).

1.3.4 The different character of the short-period IW surface signatures and different approaches
for studying them.

Radar signatures of internal waves (IWs) result from the modulation of wind generated

surface waves by the surface currents associated with the IWs. Such currents produce horizontal

convergence and divergence which changes the roughness at the sea surface. The change in
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roughness can be caused by straining of the surface waves in the gradients of the surface velocity

field and/or by wave damping due to films of varying thickness when periodically compacted and

expanded in the internal wave field. The imaging of IWs by L-band SAR in the form of bright/dark

bands was discussed by Alpers (1985), who suggested that the signatures could be satisfactorily

explained by the hydrodynamic modulation theory, based on the straining of surface waves due to

inhomogeneous currents induced by IWs. It was also assumed that the dark SAR signatures of IWs

(dark bands on a uniform background of grey) are observed predominantly in coastal waters and

related to surfactant films on the sea surface. It should be noted that the character of the IW

signature depends on the operational characteristics of the SAR, such as incidence angle and

wavelength. In particular, internal waves can be imaged by L-band radar as bright/dark bands, and

at the same time as bright bands by X-band radar (see, e.g. Thompson and Gasparovic,1986).

In this section the existing models that attempt to explain the different type of signatures

observed are briefly reviewed. In particular, the state of the art about the film approach and the

hydrodynamic approach to the problem of characterising the short scale surface roughness in the

IW field is discussed.

i) The film approach: surface films and Internal Waves.

The role of a contaminating surface film of organic composition in the action of oceanic

internal waves on surface waves has been discussed since the 1950s (see e.g., Ewing, 1950). Under

light winds, such surface active materials (surfactants) can inhibit the formation of ripples and

damp those already formed, causing visible differences in the short scale roughness of the water.

Ewing (1950) has described slicks in the San Diego region as "strikingly distributed in parallel

array, 10 to 50 meters broad and arranged in congruent sinuous bands, are sometimes many

kilometres long and are separated from one another by rippled zones about 300 meters wide."

When surface films are present in the water, the periodic convergence and divergence of the

horizontal component of orbital velocity associated with internal waves produces alternate bands

of compaction and extension in the surface film sufficient to cause visible differences in the

rippling of the water by a slight breeze. Ewing was the first to explain qualitatively the mechanism

of IW slick formation. He observed the slicks to be arrayed in parallel bands over successive

troughs of the IW, although at the time, high resolution measurement techniques were not

available to give a more detailed description of the position of films over the IW field.
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The effect of surface tension reduction by surface films was well known by the time of

Ewing's experiment and the pressure-area dependence for fatty acids on water had also been

measured. However, the precise relation between film compaction (surfactant concentration) and

ripple damping could not be calculated, because a complete theory relating damping to the state of

the film was not available in the 1950s. It was only in the 1960s, when a theory of ripple damping

for purely elastic surfaces was developed (see Levich, 1962; Lucassen-Reynders and Lucassen,

1969), that the conditions were present for further progress in quantifying the film effect of

modulation of short surface waves by IWs. Yet another decade had to pass before the problem of

IW slicks was revived. It was only in the early 1980s that Ermakov and Pelinovsky (1982) looked

again at the old problem of IW modulation in the presence of surface films assuming the theory of

damping developed in the 1960s.

At present, accurate measurements of the temperature structure in the IW field can be

obtained, and the surfactant concentration variations due to the orbital velocity of the IWs can be

accurately calculated. Ermakov et al. (1992) have assumed that the film surface viscosity is

negligible and treated marine films as purely elastic. They used the equation of state for a purely

elastic surface to scale the surfactant concentration variations into the elasticity variations. It

should be noted however that marine films are likely to behave differently than purely elastic

films, and this is probably a far too simplistic approximation to the real elasticity dependence of

marine films being compacted and extended in the IW field. Although simplistic, the model is in

good qualitative agreement with the experimental evidences of the film mechanism that were also

presented by Ermakov et.al., (1992).

To quantify the signature of IWs it is necessary to describe the short wind wave variability

caused by the action of the film dynamics and the wave-current interactions. This has been done by

solving the kinetic equation for the spectral density of wave action (see, e.g. Ermakov et al., 1992).

To do that it is necessary to assign an explicit form for the sources, sinks and non-linear

interactions of the spectral components of the ripples. A simple approximation to this form that has

been used in the analysis of the wind wave transformation in the internal wave field (Hughes,

1978, Ermakov etai, 1992) is given by:

S=(P-y).N - eN2 ,when(3-y>0 - [1.3]

where N is the spectral density of the wave action, (3 is the wind wave growth rate, e is a

phenomenological coefficient in the term describing the quadratic law of spectrum growth
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reduction, and y is the wave damping coefficient that may or may not include the effect of

surfactants. When the surface is free of surface active materials, viscous damping can be assumed

(•y=yvjs=4vk2), but Ermakov et al., (1992) have considered the effect of surfactants and assumed

that the damping rate for marine films could be approximated by the theoretical description for

purely elastic surfaces.

It has been suggested that when slicks modulate the short-scale surface roughness, the

radar image of an internal wave field consists of dark streaks (areas of reduced radar backscatter)

on a uniform bright background (Alpers, 1985). There are cases, however, when the radar

signatures of IWs have double sign, which means that the corresponding radar image consists of

bright and dark streaks associated respectively with enhanced and reduced radar reflectivity as

compared with the local mean. This has been interpreted as indicative of hydrodynamic

modulation, and the film mechanism alone would not be able satisfactorily to account for such

signatures.

ii) The Kinematic Approach: Hydrodynamic modulation.

The hydrodynamic modulation theory describes the evolution of small amplitude surface

waves in a slowly varying current, and it is derived from the action balance equation (see e.g.,

Ouchi, 1994). It is also known as the relaxation model, or the relaxation time approximation, hi

this model, the form for the source function (see eq. 1.3 above) is similar to that used by Ermakov

et al. (1992) to describe the wind wave variations due to the surface currents of an IW. The

difference is that wave dissipation due to surfactants is neglected, and only the exponential wave

growth term and the nonlinear limitation of the exponential growth (energy loss due to wave

decay) are considered. This approximation has been used by some workers (see e.g., Alpers, 1985,

Bagg et al. 1986, Hwang and Shemdin, 1990, Thompson et. al., 1988) to illustrate the SAR images

of IWs.

Alpers (1985) assumed that the variable surface current due to the orbital velocity of the

IW leads to only small deviations of the action density from equilibrium. If this is assumed, the

action density, N, and the surface current, U, can be written as sums of a constant equilibrium term

and a time dependent perturbation term, N(x,k,t)=N0(k)+&N(x,k,t) and \J(x,t)=U0+&U(x,t), where x

is the space variable, and k is the wavenumber. It follows that the source function can be

approximated by, S(x,fc,t) = -$.8N(x,k,t), where (3 is the relaxation rate, a parameter with

dimension (time)"1 and related to the relaxation time x(k) by (3=l/x. The relaxation time is the time
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duration over which waves of wavevector k remain strained until they reach equilibrium with the

wave spectrum under the influence of wind forcing and dissipation processes.

Solving the action balance equation for this source function and retaining only first-order

terms it is possible to find a very simplified solution to describe the modulation of Bragg waves

(see e.g. Alpers, 1985). Defining the projection of the radar antenna axis on the horizontal plane as

x axis, and admitting Bragg scattering as the theory for describing the radar cross section

modulation in the IW field, the following equation can be obtained:

where 5a=o-a0 denotes the deviation of the normalised radar cross section, a, from its mean value,

Go ; Cp and Cg are the phase and group speeds of the Bragg waves. In deriving equation (1.4) the

Phillips energy equilibrium spectrum, E, has been assumed to be E»=|kJ"4. Thus, if Bragg scattering

theory is assumed, the cross-section modulation produced by IWs is, quite simply, proportional to

the product of the surface current gradient in the radar look direction and the relaxation time, x. It

is important to note here that this simplification was obtained disregarding the damping effects of

surface films.

Some consequences of this result are: 1) Only double sign IW signatures are predicted in

this approximation of the hydrodynamic theory; 2) Internal waves propagating in the orthogonal

direction to the radar look direction are supposedly 'invisible' to the radar, and, 3) For different

wind speeds, the higher the relaxation time, X, the stronger the IW signature will be; the relaxation

time is expected to decrease with the wind speed. Obviously, the hydrodynamic theory (sometimes

referred to as kinematic theory) cannot explain per se the existent radar observations of IW

signatures, which are in disagreement with the first two consequences listed above.

iii) Kinematic and film effects analysed together.

Whereas theories have been advanced to interpret roughness patterns in terms of either

straining of short surface waves or their variation due to films, the combined effect of both

mechanisms, which can be important for SAR imaging of IWs, has hardly been studied. In
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particular, no quantitative analysis has been provided to account for the extent to which surface

films may transform one type of signature into another.

Cooper (1994) has started to investigate the problem of radar observations of IWs in the

presence of surface films, in particular, the situations when signatures of double sign (alternate

bright and dark bands relative to the radar background clutter) and single negative sign (only dark

bands) are observed. His simulations seem to predict (Cooper, pers. comm.) that the effects of the

surface film elasticity is to drive the IW signatures to single sign modes. In summary, the straining

effect of wave-current interactions scale with the IW velocity field or gradient U whereas the

effect of surfactant damping scales as the ratio of the surface velocity to the phase speed, C, of the

IW U/C. Double sign IWs are predicted for U finite and U/C small whereas single sign signatures

result for increasing values of U/C where the damping effects of the surfactant override the double

sign effects of wave-current interaction. Further details about this work are not available as it has

not been published yet.

Whereas oceanic internal waves generated by 'natural' flows, such as tidal currents

interacting with bottom topography, usually produce surface currents with high U/C, internal

waves 'artificially' generated, as for example ship-generated internal waves, produce small values

of the U/C parameter. Typically, shelf SIWs can present U/C tending to unity, i.e. U—>C, and ship-

generated IWs may present U/C an order of magnitude lower (see e.g. Ouchi, 1994).

iv) The radar end of the problem.

A remarkable fact about radar imagery of IWs taken at different frequencies, for example

X, C and L-band radars, is its similarity. In fact, one can select a group of IW images that cannot

be distinguished as to radar frequency by casual observation. This suggests that to first order the

backscatter modulation produced by a given surface current variation may be the same at these

three distinctly different frequencies. Observations, such as those from the SARSEX experiment

(Apel et al., 1985; Thompson and Gasparovic, 1986) show that SIWs produce cross section

modulations at L-band and X-band that are within a few decibels of each other. This result is in

clear contradiction with the IW imaging model proposed by Alpers (1985), which predicts the right

order of magnitude at L-band, but fails by at least an order of magnitude to predict the X-band

modulation. In addition, variations of as much as 5 dB were observed (see Shuchman et al. 1984)

across azimuthally varying currents in the Sandettie Sand Bank (SEASAT revolution 762). Internal

waves propagating in the azimuth direction have also been imaged by SARs (see e.g. Hughes and
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Gower, 1983). One should note that the Bragg backscatter model proposed by Alpers (1985)

predicts that only range variations in the range component of the surface currents can induce

changes in backscatter cross section. All these observations clearly suggested that either the

Bragg-based models were not applicable over a realistic range of ocean conditions, or the

hydrodynamic modulation theory was not completely understood.

In an attempt to explain the significant X-band discrepancy, Thompson and Gasparovic

(1986) looked again at the hydrodynamic theory and postulated a two-step mechanism in which the

observed X-band modulation results from additional small-scale roughness produced by the strong

perturbation of the metre-scale surface waves by the IW current field. Hughes and Gower (1983)

have also proposed such a hypothesis as a possible explanation for the similarity between L-band

and X-band SAR images of IWs in the Georgia Strait. Since it is well known that steep meter-scale

gravity waves tend to lose energy to smaller scales through nonlinear interactions and ultimately

through wave breaking, the two-step process in which small-scale roughening is generated due to

the perturbation of the longer wind waves by the IW surface current seems a reasonable approach

to explain the radar modulation at the X-band Bragg resonant wavelength. However, the degree to

which the small-scale surface roughness is affected by this modulation of the longer meter-scale

waves has not been quantified, and to the present, the hypothesis has not been further developed or

tested.

Motivated by the nonexistence of an imaging theory that satisfactorily explained the SAR

observations at all radar frequencies and incidence angles, Holliday et al. (1986) reviewed the

radar backscatter theory and presented a model that differs from the previous imaging models in

one significant respect: the new model uses a finite surface amplitude formulation of the scattering

of electromagnetic waves from the ocean surface instead of the infinitesimal scattering theory

which is the base of the Bragg theory. This new approach, which in lowest order is equivalent to

the previously known Kirchoff formula, is applicable to SAR ocean imagery when correlation

effects and velocity effects, such as velocity bunching, can be ignored in the imaging process. The

model predicts that simultaneous X and L-band radar ocean images of IWs at small to moderate

incidence angles should show generally comparable intensity modulations, as accords with the

observations.

At radar beam incidence angles higher than 6=30° the Bragg radar model is usually

applied for interpretation of radar observations. In the frame of the Bragg model surface waves

with wavenumber /:Bratt,=2.A:ruAr.sin(9) determine the radar backscattering. This corresponds to
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centimetre scale surface waves for X and C-band radars. For lower incidence angles (order of 20°

or less) the physical optics theory (also known as Holliday's model) is supposed to be more

realistic (see, Holliday et al, 1986). This theory predicts the radar backscatter to depend on the

integrated wavenumber spectrum of short wind waves in the wavenumber range from about (0.25-

0.3)kBmgg to kBmgg. In the case of the C-band ERS SAR, for example, the incidence angle is 23°

and the Bragg wavelength is about 7cm. Therefore, according to Holliday's model, the dominant

contribution to the radar imaging is determined by surface waves from 7cm to about 20-30 cm.

1.4 Aim, objectives and course of this investigation.

The central problem to be addressed at the start of this investigation was: - to characterise

the different types of radar signatures of short-period internal waves, and assess the hypothesis that

surfactants are one of the responsible factors in the transition from one type of signature (double

sign) into another (single negative). To solve the problem the role of surface films in accounting

for the SAR signatures of short-scale internal waves (typically of order 0.1-1 km) was to be re-

examined, using image and in situ data from the Iberian Continental Shelf. The main aim was to

demonstrate that in some circumstances both straining and film mechanisms are important and

appear to be necessary to explain the different classes of internal wave signatures that are observed

in the radar images. Towards this object, several specific objectives were identified:

i) to obtain statistical analysis of the internal wave signatures in ERS-1 SAR images for a wide

range of wind conditions and for range and azimuth propagating internal waves.

ii) to develop a technique for sampling surface films in the internal wave field at different phases

of the internal wave.

iii) to perform sampling of surface films coincident with measurements of surface currents and the

vertical temperature structure in the internal wave field. At the same time that films are sampled at

different phases of the internal wave, visual observations of the surface roughness should be made

for further comparison with model predictions and internal wave phase.

iv) Given (in lab) measurements of wave damping of the surface films sampled at different phases

of the internal waves, to estimate the film elasticity and surface pressure variations for the waves

observed.

v) to model the surface wave's modulation due to the internal wave's kinematic and film effects

for different wind velocities and internal wave parameters.

vi) Compare radar observations, the film and internal wave parameters measured in situ, and the

model results, in order to verify what is the role of surface films in the SAR signatures of ERS-1.
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During the early stages of this study, the possibility of acquiring satellite data coincident

with the in situ measurements of the surface films in the internal wave field was considered.

Unfortunately, by the time the oceanographic cruise was planned, the ERS-1 satellite was being

flown in an orbit phase that was not favourable for this kind of work. Nevertheless, the vertical

temperature structure of the internal wave field was measured coincidentally with satellite

overpasses during a period when a moored buoy was left in the ocean with a chain of thermistors.

However, film sampling and satellite overpass were mismatched by only three days.

ERS-1 SAR image analysis during the year preceding the cruise revealed that IW packets

were commonly observed in the study region. Although ubiquitous in the region, internal waves

are discrete phenomena which must be found before they can be measured in detail from a

research vessel by towing or mooring thermistor chains and measuring the vertical structure of the

currents. The spatial structure and seasonal variability of these waves confirmed the hypothesis

that they were generated by interactions of the semi-diurnal tidal currents with the bottom

topography of the shelf-break. However, a significant temperature stratification change, such as

produced by changes in the currents or due to the trade winds, could alter the propagation speed of

the internal tide and consequently, the phase speed of the solitary internal waves. This makes

impossible a 'long-range' prediction for the location of the internal solitary wave packets.

Nevertheless, with ESA's ERS SAR (FD) Fast Delivery image production it is possible to make

use of SAR data in near-real time for guiding oceanographic cruises at sea in search of internal

waves. Since the duration of the cruise was brief (eight days) and there was a tight schedule to

keep as the ship was required for work additional to the internal wave measurements, it was

decided to make an attempt (it is believed for the first time) to predict the location of internal

waves during the cruise using a fast delivery ERS-1 SAR image. The attempt was successful and

although it was likely that the waves would have been found without the FD image, it saved time

that was of immense value to make the in situ measurements that were planned.

During the course of this study, ERS-1 SAR image data and thermistor chain data series

revealed the existence of large-period internal (tidal) waves signatures on the Iberian continental

shelf. The event of SAR imaging of internal tides seems not to have been noticed before and a

significant part of this thesis is devoted to the physical explanation of how can internal tides be

imaged by SAR. Since internal tide radar imaging cannot be explained satisfactorily by the

conventional hydrodynamic modulation models, it seems natural to investigate whether it can be
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accounted for by the advection of films due to the internal tide surface flows and consequent

damping of centimetre and decimetre surface waves.

The redistribution of surfactants in the internal tide field (by the surface currents

associated with large-period internal waves) gives rise to a spatial domain for studying the effect

of surfactants in the short-period internal waves on the shelf. Since surfactant concentration, and

thus surface pressure, varies across a 'large-scale' internal (tidal) wave and such variability can be

quantified, it produces a space frame for determining the film influence in the surface signature of

'short-scale' solitary internal waves. The modulation of the short-period internal wave signal by

large-period internal waves is then investigated, the internal tide wavelength being an ideal frame

to assess the hypothesis raised in the beginning of this work, that surfactants can transform double

sign short-period internal wave signatures into single negative sign.

1.5 General outline of the thesis.

In the next chapter (Chap. 2) a general overview of the satellite SAR observations of IWs

is presented and the methodology that was used to retrieve the SAR signatures as well as the

statistical analysis is discussed.

The satellite observations of internal waves on the Iberian Shelf prompted a detailed

programme of in situ measurements on the shelf near 41°N (fig.1.1a) in August 1994. These

measurements provided valuable information about the internal waves in the region and their

surface manifestations, including the distribution of surface films within the internal wave field.

These results are discussed in chapter 3, which also describe how a Fast Delivery ERS-1 SAR

image was used in near-real time to locate internal waves at sea during the MORENA 3B

oceanographic cruise.

Chapter 4 presents a theoretical model which predicts the surface roughness modulations

caused by both hydrodynamic straining and differential film damping resulting from internal

waves. The model results and the in situ observations are compared in chapter 5, suggesting that

the dual mechanism model is the only approach which can satisfactorily account for the satellite

observations, and we conclude that film damping is a process which cannot be neglected in the

analysis and interpretation of SAR signatures of internal waves.
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In chapter 6 the analytical model presented in chapter 4 is developed to explain the SAR

observations of large-period internal (tidal) waves and the physical explanation of the imaging

mechanism is given. Then, considering the advection of surfactants due to the internal tide, the

evidences of short-period IW signal modulation by the large-period internal tidal waves are

discussed in chapter 7. In chapter 8 the different conclusions of previous chapters are linked

together.
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Figure 1.1. Area covered by ERS-1 SAR images over a period of more than two years revealing
surface manifestations of IWs (closed polygon across the western and part of the southern margin).
The bathymetry of the western Iberian margin is overlaid. The location of the in situ measurements
performed in August 1994 is shown in the inset. The 'anchor X' shows the position where a
moored buoy was deployed and recorded IWs concurrent with ERS-1 SAR overpasses. The '*'
shows the positions where visual observations of IW surface signatures were made coincident with
sampling of surface films and measurements of surface currents as well as the vertical structure of
the water temperature.
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Chapter Two

SAR OBSERVATIONS OF INTERNAL WAVES ON THE IBERIAN SHELF

2.1. Spatial and seasonal characteristics of short-period internal waves on the Iberian
shelf.

Since ERS-1 was launched in 1991. over 60 images from its C-band SAR have been f.1. !

processed and analysed for the present study, confirming the ubiquity of IWs propagating in

groups or packets on the Western Iberian shelf. In this section a short summary of the spatial and

seasonal characteristics that have been found is presented. For a more detailed and comprehensive

description see da Silvaabc (1995) and Oikonomou (1995).

Figure 2.1 presents a composite of ERS-1 SAR images dated 8 August 1994, and shows

typical examples of signatures of short-period IWs on the Western Iberian shelf for the summer

period. Such short-period internal waves, commonly termed solitons in the literature (Ostrovsky

and Stepanyants, 1989), can propagate in different directions. In particular, they can be identified

to propagate in the directions along-shelf and across-shelf. In the region of figure 2.1, such

directions coincide approximately with the radar azimuth and range directions, and hence they are

termed here as azimuth and range propagating IWs.

Square boxes A, B, C, and D in figure 2.1 are shown enlarged at higher resolution in

figures 2.2a, 2.3a, 2.4c and 2.12a respectively, revealing more clearly the distinct characteristics of

the spatial structure of the observed IWs (see also the IW profiles in figures 2.2b, 2.3b, 2.5c and

2.13a). Figures 2.2a and 2.3a show filamentary bands that are irregular in shape if compared with

the IW bands shown in figures 2.4c and 2.12a. The crest width and length of such bands is also

distinct, being shorter for cases A and B. Note that for these cases the IW position is closest to the

coast line (about 10-20 km off-shore) and the water depth is about 30 meters.

Generally, for the region of parallel 41 °N (where an oceanographic cruise was designed to

perform in situ measurements of the IWs - see chapter 3) and during the summer season, two main

wave packets are observed at any one time over the continental shelf propagating in the across

shelf direction (range propagating waves). This is the situation of the image acquired on 8 August
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1994 and shown in figure 2.1, where such packets can be identified, for example, propagating

towards the city of Porto. The direction of propagation can be retrieved from the image, if it is

assumed that the waves are 'depression' like solitons, which means that the thermocline

displacement due to the passage of the solitons is downwards. Then, according to the

hydrodynamic theory of surface wave modulation by IWs (see e.g. Alpers, 1995) it follows that the

ranking order of the bright and dark IW bands indicates the propagation direction. In this case,

both packets in the region of parallel 41 ° N are propagating towards the coast as the leading soliton

shows a bright band followed by a dark band. If one considers the dispersive nature of IWs,

without assuming that they are "depression IWs", it also follows that these waves propagate in the

direction towards the coast. For this region and season a packet of solitons appears to originate

from near the shelf-break almost every tidal cycle. These wave packets are thought to be generated

as part of the baroclinic (internal) tide, which results from the interaction of the barotropic tide

with the shelf edge topography (see Maxworthy, 1979 and Baines, 1981). The internal tide is

usually associated with longer scale internal waves (typically with wavelength of the order of 20

km) which will be discussed later in this chapter (section 2.3). Outside the shelf break IWs can

also be clearly identified in figure 2.1. They might have been generated by tidal flow interaction

with local bottom topography (sea mountains, for example). Their curvature seems to indicate that

they also propagate towards the coast.

Analysis of the image data set revealed that for across-shelf propagating IWs, the number

of waves within a given packet varies from 2 to 11. For packets nearest to the coastline (shallower

water) the mean distance separating IW bands, which is called wavelength in the case of linear

IWs, is higher than for packets further off-shore (deeper water), for a given image. When power

spectra (FFTs) are computed for different packets in the same image, usually the energy peak

corresponding to the further offshore packets translates into smaller 'wavelengths' than for packets

closest to the shore. In the case of the image shown in figure 2.1, and for the IWs near parallel

41 °N (those propagating in the direction towards the city of Porto), the averaged wavelength

measured for the off-shore packet is 610 m whereas for the in-shore packet the mean wavelength is

740 m (see da Silvab et al, 1995). Typically, in this region wavelengths vary from 500 meters to

800 meters.

As more than one IW packet is generally observed over the continental shelf, the average

IW phase speed can be calculated on the assumption that the IWs are phase locked with the

internal tide (that is, the waves are always generated at the same place and relative time of the tidal

cycle). Speed of IW propagation varies in space and time in the study region. In regions where the
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continental shelf is narrower, such as in the coast of Alentejo (to the south of Lisbon), the average

propagation speed is lower than in regions where the shelf is broad, such as near parallel 41 °N.

Propagation speed also varies in time throughout the year and typically, in the early spring it is

usually half of the speed of the summer season. At parallel 41 °N typical values of IW propagation

speed are 0.4-0.6 m/s during the summer (see da Silvab,c, 1995) and 0.2 - 0.3 m/s in early spring.

This variability can occur because the speed of propagation of the waves depends strongly on the

intensity of the thermal stratification, which varies throughout the year. No IW signatures were ;

found in SAR images obtained during the winter months (even for images acquired at very low :.

wind conditions and spring tides), but they were found in images in a wide variety of wind and tide ., ••

conditions from April to September over several years. This is presumably due to the development • |

of thermal stratification during the spring and summer, creating suitable conditions for the '.;•. ;

propagation of IWs. It should also be noted that no surface expressions of IWs were found in the j

South coast of Portugal (Algarve) even during the summer season. | ,

Finally in this section it should be stressed that surface manifestations of short-period IWs j

vary considerably according to their position on the continental shelf and their propagation \

direction relative to the radar look direction. IWs in boxes A and D are range propagating waves

and show respectively dark bands and bright and dark bands in a uniform background level 'grey

level' (see figs. 2.2a and 2.12a respectively). Note that IWs in square A are much closer to the

coast line than waves in square D, being therefore in a region presumably contaminated by surface

films. Such observation is in agreement with previous suggestions by Alpers (1985) and Ermakov

et al. (1992), who argue that near the coast the film mechanism of IW modulation prevails due to

contamination by surfactants. In less contaminated offshore regions bright and dark bands would

show up as a result of the hydrodynamic modulation mechanism. Note also that for azimuth

propagating waves (boxes B and C) only dark bands are observed as surface manifestations of

IWs, suggesting that for these waves the film modulation mechanism prevails.

2.2 The character of short-period IW signatures on ERS-1 SAR images.

2.2.1 Examples of double, single negative and positive sign signatures.

A selection of ERS-1 SAR images showing IW signatures over the shelf off Western

Iberia are shown in fig. 2.4. These images are extracts from the original full SAR frames and are

approximately 12 km x 12 km. They were enhanced with a histogram equalisation for display

purposes and its spatial resolution is 25 m" (nominal full resolution for ERS-1 SAR). Radar images
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of IWs usually present bright and dark bands as compared to the unmodulated background clutter.

Figure 2.4-a is a typical example of such a situation and we will refer to this as a double sign

signature (+/-). On some occasions the dark bands are wider and much more intense then the

accompanying bright bands, which may even be absent from the imagery. Examples of these cases

are shown in figures 2-b and 2-c, and we refer to such signatures as a single negative sign (-).

Another type of signature, although more rare, is when the SAR backscatter is very low and the

IWs appear as bright bands in a homogeneously dark background (fig. 2-d). This signature we

describe as a single positive sign (+).

In order to study these signatures quantitatively, and to make comparisons with model

results (chapter 5), the IW signature, 5l/I0, is defined as:

[2.1]

where I is the intensity of the IW profile taken in the direction of the IW propagation and lo is the

intensity of the image background. The background is taken from a homogeneous area in the image

away from the IW field, and is a square of side 2.5 km (200x200 pixels - pixel size: 12.5x12.5 m).

To obtain a meaningful measure of the intensity and to reduce speckle to a negligible magnitude, it

is necessary to average over at least 500 pixels (Laur, 1992 and Laur et ai, 1996). This condition

was satisfied by averaging the profiles over a line of 60 pixels perpendicular to the IW propagation

direction and at least 8 pixels in the IW propagation direction.

The signatures corresponding to the images of figure 2.4 are shown in fig 2.5. The

different signature character types discussed above can be recognised in the profiles. Low wind

conditions prevailed in all cases. In the first case (fig 2.4a) the wind speed was between 4-5 m/s.

For the two following cases (figs 2.4b and c) the wind speed was between 2-3 m/s. For the last

case (fig. 2.4d), which shows a single positive signature, significantly calmer conditions prevailed

with wind speeds lower than 2m/s..

It was possible to perform a statistical analysis of the IW train profiles, since a relatively

large data set of SAR images were processed and in each case several IW trains were usually

found. The profiles were computed from a total of 62 ERS-1 SAR images, corresponding to the

period from February 1992 to September 1994. The profiles were categorised according to the

internal wave propagation direction (normal to the crests) relative to the radar look direction.

Waves propagating in the radar look direction were termed range propagating waves, while those
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propagating in the satellite flight direction were termed azimuth propagating waves. For polar

orbiting satellites, such as ERS-1, the range direction is approximately east-west and in the case of

the Western Iberian peninsula this corresponds to across-shelf propagating waves (the range

direction is only approximately east-west at low to moderate latitudes, while above 60°N range

directions are gradually turning south-westward). Profiles such as those shown in fig. 2.5 were

obtained for 296 individual solitons propagating in the range direction but only 157 solitons

travelling in the azimuth direction, suggesting that in this region IWs predominantly propagate

over the shelf towards the coast.

The normalised radar backscatter cross-section, o (dB) can be calculated from the intensity

I. following Laur (1992). Therefore the backscatter contrast profile 5a=a-o0, where o0 is the

background backscatter cross-section determined from the same homogeneous areas as Io, can be

retrieved directly from the image intensity profiles. Within the short distances spanned by the high

frequency IW profiles, it can be written as,

oc-101ogl0(5l/I0+l) [2.2]

Expression 2.2 can be written exactly as:

[2.2']

where a is the local radar incidence angle and 8a the variation of the incidence angle from the

point where the mean background level is calculated (square white boxes shown in fig. 2.4) to the

transect position where the IW profile a is taken. Typically 8a~0.5° (which corresponds to

approximately 7 km on the ground) and the second term in [2.2'] can be neglected. The backscatter

contrasts (or backscatter depression) can therefore be approximated by [2.2].

Histograms of backscatter contrasts for range (K//K) and azimuth ( K I K ) propagating IWs

(K is the horizontal component of the radar radiation wavevector relative to the ground and K is the

IW wavevector) are presented in figure 2.6 and 2.7, for different wind speed conditions. The

histograms show the probability density distribution of backscatter contrasts, where for each

soliton the maximum and minimum values of the contrast are depicted in different shades of grey.

For azimuth propagating IWs the maximum values of contrast are biased towards zero in contrast
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to the minimum values, indicating a dominance of single negative signature types. This is not

observed for range propagating IWs where the maximum values of contrast are generally higher,

indicating a higher proportion of double sign signature types. Single positive signatures, where the

minimum is greater than or equal to zero, are only observed at very low wind speeds (V<2m/s) and

for range propagating IWs. For both range and azimuth propagating internal waves the peak of the

distribution is biased to smaller absolute values as the wind speed increases. This indicates a

dependence of contrasts on wind speed, which is discussed in detail in the next section. Note also

that the range of the distribution, for all wind speeds, is wider for range propagating waves. This

fact suggests that azimuth propagating IWs have smaller amplitudes than range propagating

waves, producing weaker surface current perturbations and hence presenting smaller backscatter

modulations.

2.2.2. Contrast dependence on wind speed.

Since the early stages of this investigation there was evidence that the magnitude of the IW

signature amplitudes varied considerably from image to image, even for IW trains propagating

approximately in the same position and direction on the shelf, and for similar spring-neap tidal

cycle conditions. It was natural to seek for a dependence of the magnitudes of signature amplitudes

on wind speed, as the existent models of backscatter modulation by IWs predict such a dependence

(see e.g. Alpers, 1985, Holliday etal. 1986 and Ouchi, 1994).

An attempt to classify the IW signatures into different signature modes (single negative,

double and single positive sign) was carried out by defining an arbitrary criteria. The chosen

criteria is based on the extremes (maximum and minimum) of the IW signature profile, as follows:

if:

a)
5/ 5/

or [2.3] single negative sign

b)
(bl)
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— j or — I > 0 [2.5] single positive signc)
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where e=2.71828... (the Napier number).

The above choice of criteria to distinguish between different character of IW signatures is

purely arbitrary and does not have any particular physical meaning. However, such an arbitrary

criteria is necessary for a systematic analysis of the IW signature character.

Figures 2.8 and 2.9 show plots of maxima and minima of IW backscatter contrast profiles

for individual solitons propagating in the range (fig. 2.8) and azimuth (fig. 2.9) directions as a

function of wind speed. For the case of single positive sign IW signatures only the maxima of the

profiles are plotted (marked with +). For single negative sign IWs only the minima of contrasts are

plotted (marked with *). For double sign IW both maxima and minima are plotted.

The wind speed was estimated from the background backscatter values using an adapted

version of the CM0D4 scatterometer model (see Scoon, 1995) for ERS-1 SAR imagery. This

required an estimate of the wind direction, which was obtained from the ECMWF atmospheric

model, and whenever possible from ships of opportunity. Data from the nearest ground

meteorological stations were used to confirm the model results and ship measurements. When

disagreement was found, an average direction was estimated from all data available.

The first thing to be noted from figures 2.8 and 2.9 is that as wind speed increases the IW

contrasts decrease for both double signed and single negative signed IW profiles. Single positive

sign IW signatures (fig. 2.9) appears to exist only at low wind speeds (v<2m/s). Azimuth

propagating waves (fig. 2.9) present lower contrasts than range propagating waves (fig. 2.8). Both

single negative and double signed IW signatures are found for azimuth propagating waves, with

predominance for single negative signatures. It should also be noted that the minimum backscatter

contrast values of both single negative and double signed waves (at a particular wind speed) is

similar. This fact makes it impossible to classify the character of the IW signature taking into

account a criterion that would compare the minimum IW contrast value with some reference value

(at a particular wind speed). It is therefore concluded that our criteria for classifying IW signature

character , although crude, are the most satisfactory at present.
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The mean maximum and mean minimum contrasts were calculated as a function of wind

speed for range and azimuth propagating IWs (figures 2.10-a and b). The means were based on all

IW profiles lying within wind speed intervals of 1 m/s. The absolute values of the mean maximum

and minimum contrasts decrease as wind velocity increases. These absolute values are smaller for

azimuth propagating IWs than they are for range propagating IWs. The mean maximum contrast is

always close to zero for azimuth propagating IWs, confirming the dominance of the single negative

signature type. The mean maximum contrast at wind speeds lower than 2 m/s for range

propagating waves is significantly higher than any other value. This is due to the existence of the

single positive signature type, which results in far greater contrasts than the other signature types

thus biasing the mean contrast. Much higher contrasts are expected for this case since IQ, which is

very small, is in the denominator in equation [1]. Note however that the mean minimum contrast

for range propagating IWs is still lower at wind speeds less than 2 m/s than it is at higher wind

speeds. This is due to the fact that single negative and double sign signatures can also be found at

such low wind speeds. Finally it should be noted that the contrast dependencies on wind are not

symmetrical, that is, for a given wind speed the absolute minimum contrast is generally greater

than the absolute maximum.

It should be noted that the existence of single positive IW signatures at very low wind

speeds (V<2m/s) is probably related with the C-band threshold wind speed to generate Bragg

waves (see, e.g. Donelan and Pierson, 1987).

2.3. Large-period Internal Wave signatures.

Internal tides have been observed in many different continental shelf environments (see

e.g. Baines, 1986; Baines, 1981). In addition to moored instrument data (e.g. Holloway, 1984;

Sherwin, 1988), it has been claimed that some high resolution satellite imagery present evidence of

large-scale internal (tidal) waves (e.g. Fu and Holt, 1982; Largier, 1994). Short-period internal

waves (IW) with wavelength O (lkm) are often seen in SAR satellite images of the ocean as

systems of parallel bands. In this section it is shown that larger scale bands (10-20km) parallel to

the shelf break, consistent with the structure of internal tides, are also observed.

Figure 2.11-a is a typical example of the radar signatures of short-scale internal waves

on the shelf. The groups of bright and dark periodic bands (wavelength about 0.5 km)

approximately parallel to the bottom topographic contours, and spaced about 15-20 km, have
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already been identified as packets of short-period internal waves. However, another distinctive

feature of the SAR image in figure 2.11-a is often overlooked: large-scale dark and bright

bands in phase with the groups of short-period bands. The periodicity of radar backscatter at

such large scales is clearly demonstrated in figure 2.11-b, where a smoothed profile from the

image along the line "AB" perpendicular to the coast line (fig 2.11-a) is shown. The spatial period

of these large-scale bands varies from 20 km closest to the shelf edge to about 13 km closest to the

coast line. Previously, internal tide wavelength estimated from satellite imagery of Cape Point

Valley, South Africa, has also been observed to decreases from 30 km at the shelf edge to about 10

km over the inner shelf (see Largier, 1994). The mean trend of the backscatter in Figure 2.11-b is a

range effect, i.e. due to the dependence of the radar response on the local incidence angle. A

fragment of an "unsmoothed" backscatter profile ("xy") is also presented in Figure 2.11-b (inset)

showing short-period variations from a packet of 1W solitons in a corresponding phase of the

large-scale variations. The large-scale bands are parallel to the shelf break, they have wavelengths

typical of internal tidal waves, and it is reasonable to assume that they are the radar signatures of

internal tides. Similar large-scale bands are often seen in SAR images over the shelf, and it is

difficult to conceive any other origin for these bands (e.g. due to wind field periodic variations)

which would be topographically locked.

It may seem surprising that internal tides can be imaged by SAR, as according to

conventional hydrodynamic modulation models (e.g. Alpers, 1985; Hughes, 1978) the surface

currents associated with tidal frequency internal motions are ineffective for modulating the short-

scale wind waves responsible for the radar signal. Such models, however, did not take into account

surface-active films, which are often present on the sea surface over the shelf zone. Later in this

thesis (Chapter 6) an analysis of the modulation of short-scale surface roughness caused by the

redistribution of surface-active substances by tidal flow is presented, in order to explain how SAR

imaging of internal tides can occur.

2.4. The influence of large-period IWs on the short-period IW signatures.

In section 2.2 the different character of IW signatures was described and their relation with

the wind speed and IW propagation direction relative to the radar look direction was identified. In

section 2.3 evidence of SAR signatures of long-period internal (tidal) waves "was shown,

supporting the in situ observations that will be presented in Chapter 3 and which clearly indicate

the existence of such large-scale IWs on the Iberian shelf. In this section further attention is given
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to the spatial distribution on the shelf of the different character types of IW signatures and its

relation to the phase of the large scale internal (tidal) waves.

2.4.1. Contrast dependence on IW soliton ranking and the transition from double to single
negative sign modes.

Figure 2.12 presents typical examples of IW packets propagating in the range direction

near the shelf-edge, for wind speeds greater than 2m/s. The direction of propagation is indicated by

the arrows. The first three leading solitons in figure 2.12-a present double sign signature, as can be

seen from the IW signature profile shown in figure 2.13-a, whereas the following waves change to

a single negative sign mode. Similarly, figures 2.13-b.c and d present a leading soliton with double

sign character followed by waves with single negative sign character. This dual mode behaviour is

characteristic of the packets of solitons in the region, the leading solitons within a packet generally

presenting double sign character and the rear solitons showing single negative character.

It should be stressed that figure 2.12-c shows the same packet as figure 2.11-a, where the

transition from double sign mode to single negative sign mode can be related to the phase of the

large-scale internal (tidal) wave. Generally, the double sign modes are found for solitons located

on the crests of the large-scale internal (tidal) waves, while single negative sign modes prevail for

solitons located on the troughs of the long-period IWs. Note that short-period and large-period IWs

are phase locked, that is the phase speed of short-period and long-period IWs is presumably the

same.

2.4.2. The transition from double to single positive sign modes.

It was already discussed in section 2.1 that when the wind speed is low, single positive

sign IW signatures can be observed. The physical explanation of this phenomena will be given in

Chapter 4. In this section we will present evidence of the ERS-1 SAR backscatter noise level and

show that, when the right wind conditions are present (at low wind speeds), an IW train can

present signatures of double sign character for the leading solitons and single positive sign

character for the rear solitons of the train.

The noise level of the ESA PRI products is quoted as a Noise Equivalent c0 (i.e. the radar

cross-section of the imaee noise - NEc0) and is thus the minimum backscatter cross section
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that can be measured (Meadows, pers. com in.). The NECo is quoted as -25 dB for ERS-1 SAR and

-24 dB for the ERS-2 SAR. In fact, the NEan is slightly lower than these values as will be shown

next. Meadows (pers. comm) refers to the NEa0 as being approximately -27 dBs both for ERS-1

and ERS-2 SAR.

Figure 2.14 shows an ERS-1 SAR image (orbit: 16185; Frame: 819) acquired on 19

August 1994 at 22:51 UTC under very low wind conditions (v<2m/s). The picture shown in the

top left comer is a histogram equalisation of the full SAR scene. The land is at the right margin of

the image (city of Porto is shown) and it can be seen that a vast region of the image has very low

backscatter values (black region). The black regions correspond to those locations where the wind

is lower. Note that IWs can still be seen on this 'black' background as bright bands (the

'companion' dark bands being however absent). The picture on the top right corner is an

enlargement of the box indicated on the full scene (white square marked with the length scale on

the top). It is 18 km X 18 km on the sides and shows approximately the same portion of the image

as figure 2.4-d. The narrow rectangle indicates the portion of the image where a backscatter cross

section profile was taken which is shown as the four plots underneath. The square box was the

region chosen to compute the mean backscatter value, which for this case is a o= -28 dB. The four

plots show respectively: a) Image intensity I; b) backscatter cross section in dB (entitled

Backscattering Coefficient); c) (I-I0)/Io (entitled signal contrast) and d) o-a0 in dB (entitled

Backscatter depression, although in this case it should have been termed perhaps backscatter

elevation). The important thing to be noted is how the backscatter cross section falls to a constant

level away from the IW field of about a0 ~ -28 dB. This value corresponds to the computed image

background level, and it should be stressed that this was the minimum backscatter cross section in

the whole of the data set. The measured NEc0 (sigma-noise-floor) of -28 dBs in this data set could

however be subject to some processing effects, and should not in general be concluded to yield a

new value.

As was discussed earlier in this chapter, over the shelf IWs seem to propagate always in

the shoreward direction. This is also the case for the IWs of the SAR image discussed above, as

will be seen later in this thesis. It should be stressed that in the region immediately ahead and

immediately behind the position of the IW train whose transect is shown in the plots of figure 2.14,

the backscatter cross section level 'falls' to the value. As we had seen, this corresponds to a single

positive sign character of IW signature, according to our definition expressed in [2.5] (section 2.2).
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Figure 2.15 also shows an ERS-1 SAR image for low wind speed conditions, but a rather

different case in terms of IW signature. On the top left corner the full SAR scene of ERS-1 image

acquired on 25 August 1994 at 11:24 UTC (Orbit: 16264; Frame: 2745) is presented in low

resolution (100 m2 pixel size). The square box depicts a region 18 km2 where an IW train is

propagating shorewards approximately in the range direction of the radar. From the picture, which

was enhanced by a histogram equalisation, it can be seen that the regions ahead of the leading

soliton of the main IW train are bright, whereas some regions to the rear of the IW train are dark.

This is particularly clear in the picture shown in the top right corner, which is an enlargement of

the square box on the left picture. The direction of IW propagation is shown by the arrow, and

boxes A and B are locations chosen to compute the background backscatter cross section level.

These values are: o0.\= -12 dB for box A (ahead of the leading soliton of the packet) and O0B= -28

dB for box B (to the rear of the packet) which is the noise level NEo0- The IW backscatter profile

of the oblique rectangle printed on the picture across the IW train is shown in the plot of figure

2.15. Mean levels OOA (indicated by A) and o0B (indicated by B) are overplotted as dotted lines. It

can be seen that the two leading solitons can be classified as double sign waves if compared with

level A, while the remain solitons of the packet present single positive sign character if compared

with level B (NEG0) . For this particular case of low wind speeds we therefore observe a transition

of IW character from double sign signature to single positive sign signature. According to the

CM0D4 model applied to the SAR image mentioned, the wind speed in the region where the IW

packet is located is lower than 2m/s . Although it is not possible to know the exact wind velocities

for the case of IW trains described in figures 2.14 and 2.15, it is suggested that the wind speed is

slightly higher for the case of figure 2.15 since for this case the backscatter mean level is higher

for the region 'ahead' of the leading soliton. This is not the case for the image shown in figure

2.14, where the wind seems to be unable to excite waves capable of producing a backscatter cross

section above the ERS-1 SAR NEa0, both 'ahead' and to the rear of the IW train. This suggestion

will be discussed in more detail in Chapter 4.

In this last section evidence of the relation between soliton ranking in a given IW packet

and the character of its SAR signature has been presented for the case of very low wind speeds

(V<2m/s). It was shown that the leading waves of a given packet can present double sign IW

signature and the rear waves single positive sign, presumably for the same wind speed. If we take

into account the large-scale internal (tidal) waves discussed in section 2.3, it is again natural to

assume that the leading wave(s) of the packet correspond to the crest of the linear internal tide, and

the remaining solitons correspond to the trough of the internal tide. This subject will be discussed

in detail in Chapter 7.
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Figure 2.1: ERS-1 SAR image acquired on 8 August 1994 11:20 UTC (Orbit: 16020; Frames: 2781 and
2799) of the Western Iberian coast showing surface manifestations of IW trains. The wind speed is between
2-4 m/s and boxes labelled A, B, C and D are shown as 'blow-ups' in figures 2.2a, 2.3a, 2.4c and 2.12a
respectively.
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Figure 2.2: a) 'Blow-up' of box A in figure 2.1 showing surface manifestations of IWs propagating in coastal
waters. IWs show as dark bands in a uniform background of grey (small squared in the image), b) IW image
transect (rectangle in fig. 2.2a) showing the backscatter cross section variations due to the IW train (K is a
vector in the direction of the IW propagation). Note that the IW profile shows backscatter depressions
coincident with the position of the dark bands from the mean backscatter level o0 ~ -11 dB.
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Figure 2.3: a) is a 'blow-up' of box B in fig. 2.1 and shows IWs propagating in the radar azimuth direction
(dark bands) as well as IWs propagating in the range direction (bright and dark bands visible on the left
corner of the image), b) presents a transect of a train of azimuth propagating waves within the rectangular
box shown in a) (the direction of IW propagation is shown by vector K). The IW bands can be described by
backscatter depressions, as for the case described in fig. 2.2.

40


