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PREFACE

The Mediterranean Action Plan, a regional programme for the prevention and control of pollution of
the Mediterranean Sea was adopted in 1976 at the Intergovernmental Meeting on the Protection of the
Mediterranean.

The Mediterranean Action Plan has following three substantive components:

- Integrated planning of the development and management of the resources of the Mediterranean
Basin;

- Co-ordinated programme for research, monitoring and exchange of information and assessment of
the state of pollution and of protection measures (MED POL); and

- Framework convention (Barcelona Convention) and related protocols with their technical annexes
for the protection of the Mediterranean marine environment.

All components of the Mediterranean Action Plan are interdependent and provide a framework for
comprehensive action to promote both the protection and the continued development of the Mediterranean
region. No component is an end in itself. The Mediterranean Action Plan is intended to assist Mediterranean
Governments in formulating their national policies related to the continuous development and protection of
the Mediterranean area and to improve their ability to identify various options for alternative patterns of
development and to make choices and appropriate allocations of resources.

MED POL, being the environmental assessment component of the Mediterranean Action Plan, was
principally designed to help Mediterranean coastal states - Contracting parties to the Barcelona Convention -
to participate in a full-scale research and monitoring programme as well as to provide continuous information
on pollution in the Mediterranean Sea.

The general objectives of MED POL-Phase | (1976-1980), which evolved through a series of expert
and intergovernmental meetings, were:

- to formulate and carry out a co-ordinated pollution monitoring and research programme taking into
account the goals of the Mediterranean Action Plan and the capabilities of the Mediterranean
research centres;

- to assist national research centres in developing their capabilities to participate in the programme;

- to analyse the sources, amounts, levels, pathways, trends and effects of pollutants in the
Mediterranean Sea;

- to provide the scientific-technical information needed by the Mediterranean States and the EEC for
negotiation and implementation of the Convention for the Protection of the Mediterranean Sea
against Pollution and its related protocols;

- to build up consistent time-series on the sources, pathways, levels and effects of pollutants in the
Mediterranean Sea.

MED POL-Phase | initially consisted of seven pilot projects on baseline studies and monitoring of
oil, petroleum hydrocarbons and microbial pollution in sea water, heavy metals and chlorinated hydrocarbons
in marine organisms as well as research on the effects of pollutants on organisms, populations,
communities and ecosystems. In addition, four related projects were also included to broaden the scope
of the programme or to provide the ancillary support.



The experience gained in the MED POL-Phase | allowed UNEP to initiate in 1981 MED POL-
Phase Il with specific objectives to provide, on a continuous basis, the Parties to the Barcelona Convention
with:

- information required for the implementation of the Convention and the protocols;

- indicators and evaluation of the effectiveness of the pollution prevention measures taken under the
Convention and the protocaols;

- scientific information that may lead to eventual revisions and amendments of the relevant provisions
of the Convention and the Protocols and for the formulation of additional protocols;

- information that could be used to formulate environmentally sound national, bilateral and multilateral
management decisions essential for the continuous socio-economic development of the
Mediterranean region on a sustainable basis;

- periodic assessment of the state of pollution of the Mediterranean Sea.

The monitoring of, and research on, pollutants affecting the Mediterranean marine environment
reflects primarily the immediate and long-term requirements of the Barcelona Convention and its protocols,
but also takes into account factors needed for the understanding of the relationship between the socio-
economic development of the region and the pollution of the Mediterranean Sea.

Monitoring and research on the sources, levels and effects of pollutants in the Mediterranean Sea
constitute one of the cornerstones of the Mediterranean Action Plan. To date, over 400 research projects
have been implemented within the framework of MED POL-Phase Il since 1982 by over 150 Mediterranean
institutions.

Results gathered through the research component of MED POL have been presented at numerous
scientific meetings, and published in a large number of scientific journals and in the MAP Technical Reports
Series.

Individual and collective training is provided for scientists and technicians in techniques (methods)
required for their effective participation in monitoring and research envisaged in the framework of MED POL -
PHASE Il. This assistance is in the form of fellowships, experts, workshops, seminars, grants for
attendance to meetings, etc., and covers training in analytical and sampling techniques, data processing,
interpretation of results and various research topics.

As in MED POL-Phase I, the overall co-ordination and guidance for MED POL-Phase Il is provided
by UNEP as the secretariat of the Mediterranean Action Plan. Co-operating specialized United Nations
Agencies (FAO, UNESCO, WHO, WMO, IAEA, IOC) are responsible for the technical implementation and
day-to-day co-ordination of the work of national centres participating in monitoring and research.

This sixty-seventh volume of the MAP Technical Reports Series contains the final report of the
Research Project of the Applicability of Remote Sensing for Survey of Water Quality Parameters in the
Mediterranean completed in the framework of MED POL.
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1. INTRODUCTION

The monitoring of sea water quality is normally carried out by in-
situ measurement and/or sampling and laboratory testing, which are

currently executed with standarised and reliable methodologies and

techniques. Each measurement provides the value of a parameter at a

certain Jocation and depth and at a certain time; a large number of
measurements is thus required for the monitoring of water quality of

an area over a vreasonable time period. In most cases, budget
restrictions impose significant limitations on the monitoring effort.

Thus, the potential application of remote sensing, which appeared in
the Tlast decades and especially in the 1980’s as an attractive
alternative for the efficient monitoring of Targe areas, has become a

subject of much in.erest.

The main strength of remote sensing 1is its capability to provide
synoptic images of large areas with intervals of a few days, at a
reasonable cost; the main weaknesses of the method are (i) that it
can only provide information for water quality parameters near the
water surface, and (ii) that, as an indirect means for measurement,
it can provide only particular kinds of information. The careful
assessment of the capabilities of this relatively new technology for
the provision of reliable information on water quality has thus
become a matter of significance.

The present applied research effort was directed precisely to that
end, namely towards the formulation of an objective assessment of the

potential of remote sensing techniques for the monitoring of sea
water quality. Since the vresearch effort was executed in the
framework of the MEDPOL programme, special regard was given to the
potential for application in the Mediterranean Sea.

The present report was produced mainly to assist non-specialised

scientists and planners in the formulation of monitoring programmes

for water quality assessment. To this end:

- Section 2 has been devoted to the explanation of the basic concepts
of remote sensing,



in Sections 3 and 4, the basic facts related to its application,
i.e. types of instruments, satellites in orbit etc. are presented,

on the basis of the above, the potential of remote sensing for
monitoring of water quality parameters is evaluated in Section 5,
for each type of instrument,

in Section 6, the major applications of remote sensing for the
assessment of the various water quality parameters are presented,

in Section 7, the potential of remote sensing for monitoring of
water quality parameters is evaluated for the apriicular conditions
of the Mediterranean Sea, and

in Section 8, proposals are made for specific areas of
implementation of remote sensing in the Mediterranean.



2. CONCEPT OF OPERATION
2.1. Introduction

The surface of the earth emits and reflects electromagnetic radiation
in a manner that depends on characteristics of the surface cover.
Thus, signals received remotely (e.g. by airplanes, satellites) can
be used to efficiently gain information on the surface cover.

2.2. Electromagnetic Waves

Electromagnetic waves transmit energy and are known to vary from less

than 10'6pm1 (cosmic rays) to more than 108um (television & radio
waves}. The electromagnetic spectrum is shown in Fig. 2.1. From this
figure, it may be observed that visible electromagnetic waves range
from 0.4pm (border of ultraviolet & blue waves) up to 0.7um (border
of red & near infra-red waves). Infra-red (IR) waves include near IR
(from @.7um to 1.3pm), mid IR (from 1.3pm to 3um) and thermal infra-
red waves, which transfer heat {(3um to 1Imm). Microwaves have
wavelengths roughly between lmm and 1m.

It should be noted that for electromagnetic waves, the longer the
wavelength, the Tlower the energy content of the wave. This has
important implications for remote sensing in that naturally emitted
long wave radiation such as microwave emission from the surface is
more difficult to sense than radiation of shorter wavelengths such as
emitted thermal IR energy.

2.3. Sources of Electromagnetic Radiation

The sun 1is the basic source of electromagnetic radiation for remote
sensing. However, all matter continuously emits electromagnetic
radiation; thus, all terrestrial objects are also continuous sources
of radiation.

E'l

Y 1um = 107%m
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The total energy and spectral composition of radiation (i.e. the
distribution of radiation energy at various frequencies) are strongly

dependent on the temperature of the object. The spectral composition
of electromagnetic waves emitted from the sun & earth are shown in
Fig. 2.2. From this figure, it can be observed that, for wavelengths
below 8um, the sun’s energy is predominant. The earth’s energy is
comparable with the sun’s energy for wavelengths above 10um; it is
clearly measurable between 8pm and 14pm. In wavelengths above 100pm,

the emitted energies of the sun and earth are extremely small.

The total energy and spectral composition of radiation are also
dependent on the nature of the object; the emitting ability of
materials is characterised by its emissivity, which has values
between 0 and 1 and varies with the wavelength. The variation of
emissivity with wavelength, i.e. the spectral emissivity of the
object, is an intrinsic characteristic of the object.

2.4. Energy Interactions in the Atmosphere

The atmosphere can have a profound effect on the intensity and
spectral composition of vradiation, through the mechanisms of
scattering (i.e. the diffusion of radiation by particles 1in the
atmosphere) and absorption, which results in the effective loss of
electromagnetic energy to the atmosphere {mainly by water vapour,
carbon dioxide and ozone).

The effect of scattering in most cases strongly decreases with
increasing wavelength. The effect of absorption on the other hand is
selective, i.e. occurs in specific wavelengith ranges. The degree of
transmittance of electromagnetic waves of various frequencies through

the atmosphere is shown on Fig. 2.3. From this figure, we may observe

that certain frequencies are highly transmitted through the
atmosphere (including visible Tight), while others are completely
blocked; the following electromagnetic wavelength ranges have a high

degree of transmission and are called "atmospheric windows”:

- from 0.3ym to 1.2ym, i.e. in the UV, visible and near-IR ranges,

- from 3um to 5pum (mid-IR range)
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- from 8um to 14pm {thermal IR range)
- from 1000um (or lmm) upwards up to about lm (microwave range).

2.5. Energy Interactions with Earth’s Surface

Electromagnetic energy incident on the surface of the earth is partly
reflected, partly absorbed and/or partly transmitted, depending on
the characteristics of the surface. Also, the proportion of energy
reflected, absorbed and transmitted varies for different wavelengths.

The proportion transmitted is in most cases very small and can be
neglected. So, the 1incident energy 1is mostly reflected and/or
absorbed. Thus, objects that have good reflection properties (such as
sheet metal) absorb a relatively small fraction of energy, while
objects that have low reflection characteristics (such as water)
absorb a relatively high proportion of the incident energy.

The sensors in remote sensing are in most cases not perfectly aligned

with the energy source, so the received reflection signal comes from
the diffused energy due to surface roughness of the object; surface
roughness depends on the height variations of the object compared to
the incident energy wavelength. Thus, the reflectance of an object
depends strongly on its roughness compared to the incident

wavelength.

The proportion of incident energy absorbed is subsequently radiated
and is quantified by the spectral emissivity of the object (ref.
section 2.3); in Fig. 2.4 spectral emissivities are shown for a
blackbody (fictitious body that has zero reflectance}, a graybody
(fictitious body that has constant emissivity values at all
wavelengths) and a selective radiator (realistic body with variable
emissivities with wavelength).

The proportion reflected is quantified by the spectral reflectance,
i.e. the percentage of incident energy reflected from an object for
any particular wavelength; in Fig. 2.5, typical spectral reflectance
curves are shown for vegetation, soil and water.
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The spectral emissivity and/or reflectance curves are intrinsic but
non-unique features of surface bodies, i.e. each type of surface
feature has certain spectral emissivity and/or reflectance curve
characteristics, but very different bodies may have similar spectral
curves. Thus, with the wuse of either the emissivity or the
reflectance characteristics {or both), valuable information can be
gained on the nature of the surface features of all kinds.

Finally, the phenomenon of fluorescence should be mentioned; it has
been observed that some materials have the property of absorbing
energy of one wavelength and subsequently re-emitting it in another
wavelength; this can be of value for the identification of these
materials and their concentrations on the surface.

2.6. Spectral Response Patterns

From the above it may be concluded that each type of surface feature
has a certain electromagnetic response pattern ({or spectral
signature}, which 1is characterised by its spectral composition of
emitted radiation and spectral reflectance curve.

The spectral response patterns for any given surface feature depends
on the condition of this feature and generally vary spatially (due to
variable conditions) and temporally (e.g. variation of vegetation
colour with season) within certain ranges. In Fig. 2.6, generalized
spectral reflectance envelopes are shown for deciduous (broad-leaved)
and coniferous (needle-bearing) trees.

2.7. Operation Concept

On the basis of the above, it can be concluded that information may
be acquired from an airplane or satellite platform on characteristics

of any given segment of the earth’s surface by analysis of the
spectral response patterns of radiation emission of the segment
and/or reflectance to electromagnetic radiation from the sun or any

11
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other artificial source, taking into account of the energy
interactions of the atmosphere.

The above constitutes the basic operational concept of remote
sensing. Clearly, the method has a significant potential for rapid
collection of synoptic information about surface features of the
earth. Moreover, repetitive applications can yield the temporal
development of these surface features {such as crop production or
dispersion of pollution), which is in itself of major significance.

Taking into account the wavelength ranges where the sun’s and the
earth’s energy is emitted (ref. section 2.3), it may be concluded
that:

- for wavelength ranges up to 8um, where the sun’'s energy is
dominant, reflectance of the sun’s radiation is mainly detectable?

- for wavelengths between 8um and 14um, where earth’s energy is most
intensive, both emitted and reflected energy are recorded; the
reflected energy is much Tess than the emitted energy in that
range, so the emitted energy is mainly detected

- for wavelengths above 1000pm, the energies from the sun and earth
are very small; practically only emitted energy from the earth is
detectable

By combining the above conclusions with the observations on ranges of

atmospheric transmittance (ref. section 2.4), it can be concluded

that detection of reflected energy from the sun or emitted energy

from the earth is most effective 1in the folilowing ranges of the

electromagnetic spectrum:

~ the 0.3um to 1.2um (UV, visible and near-IR) range, where reflected
energy is detectable

- the 3um to 5um (mid-IR) range, where reflected energy is detectable

- the 8um to l4pm (thermal IR) range, where mainly the emitted energy
is detectable,

- the 1mm to about Im (microwave) range, where the emitted extremely
Tow earth radiation is detectable.

2 Also, the emission of very hot objects on the earth’s surface (e.g.
lava flows) is detectable,

13



In addition to monitoring the naturally occuring electromagnetic
energy, it 1is also possible to generate electromagnetic energy of
selected wavelengths, direct it to the earth’s surface and record the

reflectance characteristics; the sensors of this type are called
active sensors, as opposed to passive sensors which measure natural

electromagnetic energy.

Active sensors can theoretically operate at wavelengths corresponding
to all the atmospheric windows, i.e.

- from 0.3pm to 1.2um, i.e. in the UV, visible and near-IR ranges,

- from 3pm to 5um (mid-IR range)

- from 8um to l4um (thermal IR range)

- from 1000um (or lmm) upwards up to about Im (microwave range).

2.8. Operational Features

The main elements of a remote sensing system thus include:

- a platform of appropriate height above the target area; the most
common are airplanes and satellites

- an energy source, natural (e.g. sun, earth) or artificial on the
platform and

- one or more sensors to vreceive the emitted and/or reflected
radiation on the platform.

Two principal classes of sensors are distinguished, namely passive
and active. Passive sensors are receptive of emitted radiation from
the earth or reflected radiation from the sun. Active sensors, on the
other hand, include an artificial electromagnetic energy source.

There are various types of sensors, with different spectral sensi-
tivities, i.e. each sensor can receive electromagnetic waves with
wavelengths within certain ranges; these are discussed in section
2.2.

Sensor reception is limited by its resolution, i.e. its ability to

distinguish small features, which depends on the altitude of
operation and the +type and characteristics of the sensor; the

14



theoretical 1imit to spatial resolution is defined by the ratio of
wavelength of the vradiation +to the aperture of the sensing
instrument, i.e. operational wavelength is a determining factor.

Information is collected in an analog manner {(e.g. photographs) or in

a digital manner; in the Tlatiter case, the electromagnetic image of a
surface area, for any given frequency, is broken down intoc a set of
discrete segments (i.e. pixels) characterised by the value of
radiation recorded for each of them (digital number).

2.9. Interpretation of Images

For information to be gained about features of the surface, the
images received remotely require appropriate interpretation. This is

where most of the difficulty in application of remote sensing is
encountered, because of:

(a) The amount of information to be processed is very large. For each
segment, the analysis should be performed on essentially a
spectral basis (i.e. considering the response to all frequencies)
if any vresults are to be obtained; spectral emission and
reflection ranges should be applied and atmospheric interactions
taken into account.

(b) There are no unique spectral characteristics for features of the
garth’s  surface; thus, for each particular application,
information has to be obtained at ground Tevel about the spectral
characteristics of the features to be remotely sensed.

(c) Spectral characteristics do not wuniquely define features or
conditions of the earth’s surface. 1.e. features of very
different character may have similar spectral characteristics,
Thus, the application of remote sensing requires appropriate
selection of sensors and careful calibration/verification of the
method.

15



{d) The 1interactions of the emitted or reflected electromagnetic
waves with the atmosphere are not unique or completely clear;
this introduces an additional variance in the results of image
interpretation.

From the above it may be concluded that careful and extensive
processing of data 1is vrequired in order to extract vreliable
information about features on the earth’s surface. Thus digital
recording of images, which facilitates processing of the image by
computer, can substantially improve the accuracy and rate of

interpretation.

In any case it should be clarified that the application of remote
sensing should always be complemented by reference data, i.e.
measurements or observations about the objects, areas and phenomena
that are being sensed remotely, in order to aid in the analysis and
interpretation of remotely sensed data and to calibrate/validate the
information process,

2.10. Conclusions

The electromagnertic reflectance and emission properties of surface
features can efficiently provide wuseful and spatially synoptic
information about their characteristics. Sources of electromagnetic
energy that can be used for remoie sensing are:

- the sun’s energy reflected from earth’s surface ,

- the energy emitted from the earth, and

- generated energy from active sensors.

Remote sensing operations may be carried from any platform above the
earth; airplanes and satellites are most common.

The application of remote sensing should always be complemented by

reference data for the analysis and interpretation of remotely sensed
data.
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3.  PRINCIPAL SENSOR TYPES

3.1. General

As was discussed in section 2.7, detection by passive sensors of

refiected energy from the sun or emitted energy from the earth is

most effective in the following ranges of the electromagnetic

spectrum:

- the 0.3pm to 1.2um (UV, visible and near-IR) range, where reflected
energy is detectable

- the 3pm to 5um (mid-IR) range, where reflected energy is detectable

- the 8um to l4pum (thermal IR) range, where mainly the emitted energy
is detectiable,

- the Ilmm to about 1m (microwave) range, where the emitted extremely
Tow earth radiation is detectabie.

In addition, detection by active sensors of the reflected energy from
the earth can be effected at wavelengths corresponding to all the
atmospheric windows, i.e.

- from 0.3pum to 1.2um, i.e. in the UV, visible and near-IR ranges,

- from 3pm to 5pm (mid-IR range)

- from 8um to 14pm (thermal IR range)

- from 1000pm (or Imm) upwards up to about Im (microwave range).

There are various types of sensors for the above ranges, with
different spectral sensitivities, i.e. each sensor can receive
electromagnetic waves with wavelengths within certain ranges. The
principal types of passive and active remote sensing systems are
discussed in the next sections.

3.2. Principal Sensor Types
The main types of passive sensors are:
(a) Photographic Systems and Nonphotographic Cameras, which are

passive sensors 1in the 0.3um to 0.9%m (UV, visible and near-IR)
range and can detect only reflected energy.
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(b)

(c)

(d)

The

{b)

Thermal Radiometers & Scanners, which are passive sensors in
the 3pm to 14um {mid-IR and thermal IR) range and can detect
reflected energy in the 3pm to 5Sum (mid-IR) range and mainly
emitted energy in the 8um to 14pum {thermal IR) range.

Multispectral Scanners, which are passive sensors in the 0.3um
to 14um (UV, visible, near-IR, mid-IR and thermal IR) range and
can detect reflected energy in the 0.3pm to 5ym range and emitted
energy in the 8um to 1l4pm (thermal IR) range.

Microwave Radiometers & Scanners, which are passive sensors in
the 1mm to 30cm (shorter microwave) range and can detect the
extremely low levels of emitted energy from the earth.

main types of active sensors are:

Radars (for Radio Detection and Ranging), which are active
sensors in the 1mm to 1Im (microwave) range and can detect
reflected energy from the surface of the earth.

Lidars {for Light Detection and Ranging), which are active
sensors in the 0.3um to Ipm (UV, visible and near-IR) range and
can detect reflected energy from the surface of the earth.

In the following sections, the above sensor types are discussed in

more detail.

3.3. Photographic Systems and Nonphotographic Cameras

3.3.1. General

The

sensitivity of these sensors ranges from 0.3um to 0.9um, i.e.

from the ultraviolet (UV) band, through the visibie band and into the
near-infrared (near-IR) section.

18



3.3.2. Recording Method
3.3.2.1. Photographic systems

Photographic systems are among the most common, versatile and

economical forms of remote sensing. The basic recording mechanism is

photochemical; the presentation is on a still dimage (called

photograph). There are two principal classes of film, depending on

their spectral sensitivity:

(a) Films sensitive to wavelengths up to 0.7um; this includes black &
white panchromatic film and normal colour film.

(b) Films sensitive to wavelengths up to 0.%m; this includes
infrared sensitive black & white film and colour infrared film.

The colour films, consist of a set of layers, each one of which is
sensitive to a certain colour (e.g. magenta dye layer that controls
green colour, sensitive for wavelengths between 0.45um and 0.6um);
usually, three colours are used to compose the photographs, namely
blue, green and red.

Colour infrared films also have three Tayers, but the sensitivity of
the Tlayers is extended more to cover the increased range, so the
correspondence of colour of the image with visible colour becomes
weak; the result is a "false-colour" film, which is something like a
colour-coded film, in which each of the three main colours of the
image represent specific wavelengths in the visible and near-IR
ranges {blue 1images result from objects primarily reflecting green
light, green images result from objects primarily reflecting vred
light and red images result from objects primarily reflecting near-IR

electromagnetic waves).

The usefulness of filters should be mentioned; filters can screen out
ranges of wavelengths, thus resulting in a clearer view of the
remaining wavelengths; this can be especially useful to amplify
differences of surface features whose response patterns are similar
in part of the range, e.g. in Fig. 3.0.
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3.3.2.2. Nonphotographic Cameras

The basic recording mechanism in this case are 1light-sensitive
detectors that generate electrical signals which are stored on a
medium other than photographic film (e.g. magnetic tape, computer
disk); for visual analysis, the output may be displayed as an image
on film. The most common types of sensors are solid-state array
cameras and video recorders.

Solid-state array cameras use one dimensional or two dimensional
arrays of microelectronic silicon chips that produce charges when
light strikes the surface, of magnitude proportional to the light
intensity and exposure time; because of their sensitivity, these
sensors are capable of recording a wider range of light intensities
than photographic film.

One-dimensional arrays consist of a few thousand elements and are
moved perpendicular te their axis or rotated to record a two-
dimensional images. Two-dimensional array consist of a few hundred to
few thousand elements on each side; no movement relative to the image
is required. The High Resolution Visibie (HRV) instruments of the
SPOT programme are sensors of this type.

Video cameras wuse eijther solid-state array cameras or vidicon
(television) cameras and generate standard television signal output.

The number of lines per image frame is usually 485 (U.S. and dJapan
industry standard), with 300 to 600 pixels for each 1ine. Scanning of

even-numbered lines and odd-numbered lines is made consecutively so
that, if there is significant motion, the quality of the image is
retained by half the 1ines.

The main advantages of video recording are that the image can be
viewed while recorded, immediate anaiysis after recording is possible
and the recorded information is amenable to processing by computer,
The principal disadvantages of video recording are lower resolution,
slower recording (i.e. less image accuracy). Thus, video recording is
more suitable to applications where timeliness of data processing is
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more important than vresolution & accuracy of image, such as crop
disease inventory, oil spill propagation etc.

3.3.3. Interpretation

Interpretations may take place at a number of levels of complexity,
from the simple recognition of objects on the earth’s surface to the
derivation of detailed information. A systematic study of aerial
photographs usually involves several characteristics of features
shown in the photograph, such as:

- shape of objects,

- size of objects,

- pattern (i.e. spatial arrangement of objects),

- tone (i.e. relative brightness or colour),

- texture (i.e. frequency of tonal change on photographic image),

- shadows of objects

The above characteristics can be used for the identification of
objects shown in the photographs. The identification of objects in
remote sensing photography is usually performed visually without the
use of computers, since synthetic judgment is extensively required.
Computers are sometimes used to aid visual interpretation: the
photograph 1is viewed through a video camera, which digitizes the
information 1in the process and can communicate it to a computer,
which can process the information accordingly, i.e. adapt the scale,
enhance the tones. This can be particularly useful for overlaying of
images and/or maps of different scales.

The tone of objects/regions 1in the photograph can however also
provide invaluable information for the quantification of ground
features, e.g. the extent of dispersion of suspended solids in the
sea from a river delta.

For the use of tone for the quantification of ground features, the

following are necessary:
(a) accurate measurement of the tonal value of points/areas of the

image, and
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(b) establishment of a quantitative relationship between the tonal
values on the image and the ground intensity of the phenomenon,
with due regard for level of illumination (and possible variation
across the image), atmospheric interactions etc.

The accurate measurement of the tonal values is performed by
densitometers; the tonal values can be manually vrecorded for
particular points or automatically stored in arrays in computers for
Tater processing.

The establishment of a quantitative relationship between the ground
intensity and tonal values is possible with the measurement in-situ
of the ground intensity at selected points which can be identified on

the photograph and correlated with the tonal values obtained at those

points. The correlation of these ground intensities with tonal values

can then be interpolated/ extrapolated over the whole tonal range,
taking into account the film <characteristics (exposure-density
relationship) and atmospheric interactions.

Computers are extensively used for such applications, since the
volume of information is too large to be handled by individuals and
since the process reguires less synthetic judgement than that for the
jdentification of objects.

3.3.4. Applications

Photographic systems can successfuliy record reflected
electromagnetic waves 1in the upper UV, visible and near-IR range.
Since surface features have discernibly different reflectance
characteristics in this range, photographic systems can be very
useful in the identification of these features and even initensities
of surface phenomena. However, it is clear that photography cannot by

its nature be used to detecit temperature differences!.

3

1 'with the exception of very high temperatures, where some emitted
energy can be found in the range of sensitivity of photography
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The applications of photographic systems are extensive and include

diverse aspects such as:

- topographic mapping

- geologic and soil mapping

- crop type classification, crop condition assessment and crop yield
estimation

- tree species identification, tree condition assessment etc.

- urban planning (population estimates, traffic studies, urban change
detection etc.}

- water pollution detection and lake eutrophication assessment

- wetland mapping & inventory

- wildlife censusing

- environmental management {sanitary & hazardous waste landfill site
selection, emergency response coordination etc.)

Resolution capabilities of such sensors can be very high, in the
order of a 15-20m from satellite platforms and much less from
airborne sensors (depending on flight altitude). The applicability of
photography for the evaluation of water quality parameters will be
discussed in the following chapter.

3.4. Thermal Radiometers & Scanners
3.4.1. General

As discussed in section 3.2 above, thermal radiometers & scanners are
passive sensors that can detect:

- mainly emitted energy in the 8um to 14um {thermal IR) range, and

- reflected energy in the 3um to 5pm (mid-IR) range.

The principal application of thermal sensors is for detection of the
emitted energy in the thermal IR range. Thermal sensors are capable
of operating in darkness and are in fact most effective just before
dawn, when the thermal emissions are stabilised (during daylight, the
effects of solar energy on earth’s surface may contaminate the
information}.
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3.4.2. Recording Method

The basic recording mechanism of thermal sensors is electronic and
its output can be recorded in a number of ways (e.g. magnetic tape,
computer disks). For visual analysis, the output may be displayed as
an image on film. Two broad categories of detectors are 1in use,
namely thermal detectors (bolometers) and quantum (or photon)

detectors.

Thermal detectors are devices that change their temperature in
response to absorption of incident radiation and whose electrical
resistance depends on temperature; thus differences 1in incident
radiation are translated intoe variations of electrical current
intensity. Such detector systems are extremely accurate but have a

relatively sfow response time.

Quantum detectors operate on the principle of direct interaction of
between photons of radiation and the energy levels of electrical
charge carriers within the detector material. Their operating
temperature is in the order of -200 to -250%c; for operation, the
detectors are encased in dewar flasks containing liguid nitrogen or
helium. These detectors have very rapid response times.

The most basic thermal detection instrument is the thermal
radiometer, which measures the thermal radiation from a point on the
earth’s surface (actually a small area). Thermal scanners basically
contain a thermal radiometer that scans the earth’s surface for the
production of two-dimensional thermal images. Data are normally
recorded digitally on tape, which Tlater facilitates computer

processing.

3.4.3. Interpretation
In the thermal range, where emitted energy 1is mainly measured, the

emissivities of different objects can be considered to be constant,
i.e. not wavelength dependent. Thus, by correlation of the emitted
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energy with the known emissivity values for various materials in that
wavelength, the thermal image can be appropriately interpreted.

Complications may arise from atmospheric effects on the measured
energies. Thus, even in the atmospheric window 8um to 14um, partial
absorption can occur; also, ground signals may be attenuated by
scattering in the presence of suspended particles. Finally, gases and

suspended particles in the atmosphere may emit a radiation of their
own, adding to the radiation sensed. The total result of the above
effects will depend on the atmospheric conditions during sensing and
can bias the sensor output upwards or downwards by as much as 2°C.
Various methods are used to compensate for these atmospheric effects
depending on the prevailing conditions, in order to improve the
sensing accuracy.

3.4.4. Applications

As discussed above, thermal sensors mainly detect emitted energy in
the 8um to 1l4um thermal range, which can be very useful for
jdentification of surface features and intensities of surface

phenomena.

Successful applications of thermal scanning 1include diverse tasks

such as:

- determination of rock type & structure

- Jocation of geologic faults

- mapping soil type and moisture

- Tocating irrigation canal leaks

- determining thermal characteristics of volcanoes

- evaluation of evapo-transpiration from vegetation

- locating cold water & hot springs

- determining the extent & characteristics of thermal plumes in Takes
and rivers

- determining the extent of active forest fires

Resolution capabilities of such sensors are medium, in the order of
80 to 120m from satellite platforms and much less from airborne
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sensors  (depending on flight altitude}. The potential for
applications of thermal scanning for the evaluation of water quality
parameters is discussed in the following chapter.

3.5. Multispectral Scanning
3.5.1. General

As discussed in section 3.2 above, multispectral scanners (MSS) are

passive sensors that can detect:

- reflected energy in the 0.3pm to 5Spm (UV, visible, near-IR, mid-IR)
range and

- emitted energy in the 8um to l4um (thermal IR) range.

From the above it may be observed that multispectral scanners cover
the operating range of both the photagraphic & nonphotographic
cameras and the thermal scanners; this 1is accomplished by the
electronic register of the energy in a number of narrow spectral
bands that cover the above range simultaneously.

Thus, multispectral scanners are among the most useful remote sensing
devices, since they register energy simultaneously over a large range
of the electromagnetic spectrum in a uniform & consistent manner,
producing digital output that facilitates computer processing.
Moreover, the thermal range of multispectral scanners 1is also
operable in night time, as for thermal sensors.

3.5.2. Recording Method

In the multispectral scanners the incoming energy is separated into
several spectral components (bands), which are then simultaneously
recorded by several independent detectors ({usually about 5-10 in

number).

The signal separation 1is achieved either by appropriate filters in
front of each detector or by a combination of a dichroic grating and
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a prism (diffraction grating). The dichroic grating separates the
thermal from the non-thermal wavelengths and disperses the thermal
component of the signal into its constituent wavelengths, while the
prism splits the non-thermal energy into a continucus range from the
UV wavelength, through the visible wavelength and up to the near-IR
wavelength; thus, by placing the various detectors in the appropriate
positions, the various energy bands can be recorded.

The scanning process thus yields two-dimensional images for each band
recorded. The MSS data can be stored either on an analog recorder, if
the data analysis 1is pictorially oriented, or on a high-density
digital tape, if the data will be computer processed.

Sensors of this type are:

- the Landsat MSS and Thematic Mapper of the Landsat programme,

- the Advanced Very High Resolution Radiometer (AVHRR) of the NOAA

- the Multispectral Electro-optical Imaging Spectrometer (MEIS)
developed for the Canada Center for Remote Sensing, which 1is an
airborne pushbroom CCD system, buiit in 1982, operating in 5 bands
with future expansion to 8 bands including infrared,

- the Compact Airborne Spectrographic Imager ({CASI), a pushbroom
imager developed by Itres Research Litd., which has the feature of
selecting up to 39 equally spaced points across the field of view
and then extracting the spectral signature for each selected point
in the scene.

The band width of multispectral scanners is usually a few tenths of a
pum, e.g. band 7 of the Thematic Mapper has a width of 0.27pm. This
band width, narrow though it is, may be too coarse for the detection
of some surface features that have diagnostic absorption of
reflection characteristics over very narrow wavelength intervals in
the order of a few hundredths of a pm. For such applications,
imaging spectrometers were developed.

Imaging spectrometers are essentially multispectral scanners with

many bands (in the order of a few hundred) and very narrow widths (in
the order of 0.01lum}. Sensars of this type are:
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- the Coastal Zone Colour Scanner (CZCS) of the NIMBUS programme
with 6 channels,

- the Airborne Imaging Spectrometer (AIS) with 128 channels,

- the Airborne Visible-Infrared Imaging Spectrometer (AVIRIS)
with 224 channels,

- the Shuttle Imaging Spectrometer Experiment (SISEX) to be
deployed in the early 1990’s with 128 channels and

- the High Resolution Imaging Spectrometer (HIRIS) to be deployed
in the mid-1990's in the framework of the Earth Observing System
(EOS).

3.5.3. Interpretation

The images obtained in the non-thermal bands are interpreted in the
manner described in section 3.3.3 for the photographic systems, while
the images in the thermal bands are processed and interpreted in the
manner described in section 3.4.3 for the thermal scanners.

The great advantage of multispectral scanners is that the 1images
obtained in the various bands are directly comparable to each other,
so all bands can consistently contribute to the interpretation
effort.

3.5.4. Applications

The applications of multispectral scanning include the applications
of both the photographic systems and the thermal scanners discussed
previously, j.e.:

- topographic mapping

- geologic and soil mapping

- location of geologic faults

- locating cold water & hot springs

- determining thermal characteristics of volcanoes

- mapping soil type and moisture

- Tocating irrigation canal leaks
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- crop type classification, crop condition assessment and crop yield
estimation

- evaluation of evapo-transpiration from vegetation

- tree species identification, tree condition assessment etc.

- determining the extent of active forest fires

- urban planning (population estimates, traffic studies, urban change
detection etc.)

- water pollution detection and lake eutrophication assessment

- wetland mapping & inventory

- wildlife censusing

- environmental management (sanitary & hazardous waste landfill site
selection, emergency response coordination etc.}

- determining the extent & characteristics of thermal plumes in lakes
and rivers

Resolution capabilities of such sensors can be high to medium
(depending on the wavelength of operation), i.e. for satellite
platforms in the order of a 20m for the UV, visible and near-IR
ranges and 100m for the thermal-IR range; resolutions are much less
for airborne sensors, depending on flight altitude. The potential for
applications of thermal scanning for the evaluation of water quality
parameters is discussed in the following chapter.

3.6. Microwave Radiometers & Scanners

3.6.1. General

Microwaves have the significant feature that they have relatively
small atmospheric interaction and can penetrate the atmosphere under
virtually all conditions, in day and night. Moreover, since these
sensors utilise microwave wavelengths that are a few thousand times
larger than those of the visible or thermal ranges, they contribute a
drastically different perception of the surface features, which can
be a valuable source of information.

Microwave radiometers & scanners are passive sensors in the lmm to
30cm (shorter microwave) range that can detect the extremely Tlow
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levels of energy emitted and reflected from the earth; in addition,
energy transmitted to the surface from subsurface features may
contribute to the signal. Thus the intensity of the sensed energy
depends 1in general on the emittance, reflectance and transmittance
properties of the surface features; these properties are in turn
influenced by the electrical, chemical and textural characteristics
of the surface feature as well as its size, shape and angle of view.

The electrical characteristics of the surface features, which
influence the microwave signals received, are clearly indicative of
water or moisture: in the microwave range of the electromagnetic
spectrum, water has very different characteristics than the other
materials and clearly shows up, even as moisture, 1in microwave

images.

3.6.2. Recording Method

The incoming signal, which normally carries a lot of noise because of
its low intensity, 1s continuously «compared to a calibration
reference signal by means of a microwave switch which permits rapid
alternate sampling between the incoming and reference signal; the
difference of the two signals is then amplified and stored.

Microwave radiometers are non-imaging one dimensional recordings,
while microwave scanners apply mechanical or electronic scanning or
use muitiple antenna arrays for the generation of two-dimensional
images. Because of the Jow intensity of the received signal, the
beamwidth of the sensor is necessarily broadened, necessarily
increasing the width scanned on the surface, i.e. the resolution of
the sensor. The Scanning Multifrequency Microwave radiometer
(SMMR) of the NIMBUS-7 satellite and the Scatterometer are sensors
of this type.

The microwave range is presently very broad; it has been observed
that the response of surface features to microwaves as well as the
atmospheric interaction are not uniform over this whole range. For
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greater application of this range in the electromagnetic spectrum,
multispectral microwave sensing appears to be an attiractive approach.

3.6.3. Interpretation

The interpretation of the received signals is more complex than that
for the other sensors, because of (i) the variety of possible sources

and (ii) the Tlow intensity of the received signals. The phenomena
influencing the response of surface features to microwave energy are
not very much understood; thus, the application of passive microwave
sensors to remote sensing is still in the developmental stage.

However, certain surface characteristics, such as oil pollution on
the water surface, presence of water or moisture, subsurface ocean
currents etc. can be determined with passive microwave images.

3.6.4. Applications

Passive microwave sensing is most useful in oceanography; indicative
applications are:

- monitoring sea ice,

- menitoring currents

- detection of oil slicks

In addition, waterways and soil moisture can be detected because of
the sensitivity of this type of sensors to water.

The resolution of the system depends on the distance and beamwidth of
the pulse, which in turn is inversely proportional to the length of
the antenna. For sensors operating in the microwave region, spatial
resofution capabilities are three to four orders of magnitude Tless
than those of sensors operating in the visible region, for the same
antenna size. Physical Timitations on antenna size thus restrict the
resolution capabilities of sensors operating in the microwave region
to a few Km for satellite platforms; airborne platforms can achieve
much higher resolutions of course, depending on flight altitude.
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3.7. Radars
3.7.1. General

As discussed in section 3.2, radars (for Radio Detection and Ranging)
are active sensors in the Imm to Im (microwave) range and can detect
reflected energy from the surface of the earth.

As discussed in the previous section, microwaves have relatively
small atmospheric interaction, can penetrate the atmosphere under
virtually all conditions in day and night and contribute a vary
different perception of the surface features than the photographic
systems or the thermal scanners.

3.7.2. Recording Method

These systems use radio waves, which are transmitted in short bursts
(or pulses) in the direction of interest and recording the origin and
strength of the reflected (echoed) wave.

The most common wavelength bands used in radar pulse transmissions
are:

Band K.: 0.75cm - 1.10cm
Band K ; 1.10cm - 1.67cm
Band K,,: 1.67cm - 2.40cm
Band X : 2.40cm - 3.75cm
Band C : 3.75cm - 7.50cm
Band S : 7.50cm - 15.0cm
Band L : 15.0cm - 30.0cm

P

Band : 30.0cm - 100.cm

In addition to the wavelength, radar pulses are characterised by
their polarisation, i.e. whether the electromagnetic wave is
transmitted in one plane or not and which plane (horizontal,H or
vertical, V); moreover, sensors are capable of transmitting in one
plane and recieving in another.
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Radar systems may or may not produce images and may be mounted on
aircraft or satellites. Common forms of radar are the Doppler Radar
used to measure vehicle speeds, which is a non-imaging system and the
Plan Position Indicator (PPI) Radar, which have circular display
screens on which a radial sweep indicates the position and nature of
radar echoes and are extensively used in weather forecasting, traffic
control and navigation. Most airborne radar remote sensing has been
performed with antennas fitted below the aircraft and pointing
sideways; these systems are commonly referred to as Side-Looking
Radar (SLR) or Side-Looking Airborne Radar (SLAR).

The physical limitations on resolution capabilities mentioned in
section 3.6.4 above have been overcome by the Synthetic Aperture

Radar (SAR), which has the unique capability of superimposing the

reflected signals received from a limited-size antenna as it travels
along its path, thus operating with an equivalent antenna with a
length of hundreds of meters or few kilometers; this results in
resolution capabilities in the order of 20 to 30m from satellite
platforms, i.e. orders of magnitude below the resolution capabilites

of conventional radars.

The Altimeter is a radar for the study of ocean topography and for
making topographical measurements over -ice.

3.7.3. Interpretation

Though the development of data acquisition and processing techniques

for radar systems have developed to an adequate level, the
interpretation of radar images is still not in an operational level

for many applications; for example, the factors influencing radar

reflectivity have not as yet been fully clarified.

The signal return times are influenced directly by the distance from
the source, while the signal intensities are influenced by incidence
angle, roughness of the terrain (compared to the incident wavelength)

and electrical characteristics of the surface features; the more
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inclined the surface is in relation to the signal and the smoother
the surface texture compared to the incident wavelength, the Tlower
will 1its return echo be. The electrical characteristics of most
natural materials in the microwave region are similar, with the
exception of water, which has very different characteristics; thus
water or moisture can be clearly discerned in radar images.

On the basis of the above it can be concluded that radar systems can
be used to effectively detect topographical features, surface
roughness (in the order of millimeters to meters} and presence of
water or moisture.

3.7.4. Applications

in the previous section it was concluded that radar systems can be
used to effectively detect topographical features, surface roughness

(in the order of millimeters to meters) and presence of water or
moisture. Major applications of radar systems to date include:

- land mapping (incl. surface features)

- study of sea-bottom topography

- mapping of water resources

- soil and gealogic mapping

- mapping of geologic structures (faults, joints etc.)

- mapping vegetation types (natural vegetations & crops)

- monitoring of wind, wave and ice conditions

Moreover, it should be noted the radar can be invaluable for sensing
of remote areas where cloud cover is permanent or near-permanent and
other sensors cannot be effectively employed.

The resolution of conventional active microwave sensors is in the
order of few Km; synthetic aperture radars however have much higher
resolution capabilities, in the order of a 20 to 30m from satellite
platforms, ref, section 3.7.2 above.
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3.8. Lidars and laser fluorosensors
3.8.1. General

Lidars (for Light Detection and Ranging) and laser fluorosensors are
active sensors in the 0.4pm to 0.7pm (visible) range and can detect
reflected energy from the surface of the earth. The energy source is
a laser light (i.e. a very narrow and uniform bean of light}, which
is reflected from the surface.

3.8.2. Recording Method

The outgoing signal is sent in pulses, which reflect on the surface

and return. The Tight sensor of Tidars can then vregister the
response time, which depends mainly on the distance, and the

intensity of the signal, which depends on the reflectance
characteristics.

As in the case of ctither sensors, there are point detectors, which
produce a one-dimensional response strip along the flight path and
scanners, which scan in a transverse direction to the flight path for

the generation of two-dimensional images.

As discussed in section 2.5, some materials have the property of
absorbing energy of one wavelength and subsequently re-emitting it in
another wavelength, 1i.e. exhibit fluorescence. The TJaser-induced
(LIF) properties of surface features can be measured with Laser
Fluorosensors, which employ a single-channel laser source and a
multiple channel receivers to record the spectral characteristics of
the resulting fluorescense emitted by the objects.

The platforms from which such sensors can be operated for remote
sensing of the surface of the earth are airborne, for reasons of
signal strength; satellite platforms have been wused only for
monitoring of phenomena in the atmosphere.
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3.8.3. Interpretation

The method is still under development; lidars are most commonly used
for the measurement of distance, which can be very accurate and whose
interpretation is relatively straightforward.

The intensity and response characteristics of laser-induced
fluorescence can be effectively used, with in-situ calibration, for
the evaluation of concentrations of chlorophyll and pollutants in the
top layer of water bodies.

3.8.4. Applications

The main applications to date of Tlidars vrelate to distance
measurements, such as measurement of tree height in remote areas (as

a difference between the distance of the tree canopy and the ground

level obtained by chance penetration of scme pulses).

Laser fluorosensors have been used to:

- map chlorophyll concentrations,

- detect and classify oil slicks and measure o0il thickness, and

- detect other water pollutants in the top layer of water bodies.
Resolution capabilities are in the order of a few meters, for
airborne sensors at altitudes of a few hundred meters, and less for
higher altitudes.

3.9. Conclusions

A broad range of sophisticated equipment 1is curently available for
the collection & processing of information regarding surface features
by vremote sensing; the {interpretation however of the collected
information, which essentially amounts to correlations of colours and
tonal values with in-situ concentrations, still lags behind the
sophistication of the equipment, especially for microwave sensors.
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4. OPERATIONAL PLATFORMS

4.1. General

Current operational platforms include aircraft with flight capacities
in various altitudes and satellites, ref. section 2.8.

Operational and research satellite systems are now providing global
synoptic measurements of climatic and environmental parameters that
relate the major processes of the oceans and atmosphere. Satellite
ptatforms, though necessarily more distant (and thus less detailed)
are usually more cost-effective for any given application, since they

are permanently ian orbit and serve many applications. In fact, the
satellite industry is currently entering a commercial maturity phase,

with several competitors in the market and application of economic
viability criteria for most enterprises.

For needs at higher spectral and spatial resolution, aircraft
platforms may be used. These can obtain remotely sensed measurements
which are more amenable to coordination with surface measurements
under the existing weather or other environmental cenditiens. Various

kind of aircraft can be used ranging from Tow flying aircraft, which
can provide vary clear and detailed images of Tlocal areas, to high
flying aircraft, which produce more synoptic 1images with smaller
resolutions.

Finally, conventional platforms, such as ships and buoys, may be used
in combinations with satellite data-relay systems to transmit data to

other locations for analysis and interpretation.

In the following, the available satellite platforms will be discussed
in more detail.

4.2. Satellite platform types

Satellites can generally be divided in to two groups according to the
type of orbit, namely polar orbiting and geostationary.
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(a)

(b)

Polar Orbiting Satellites

The polar or near polar satellites, which are typically at an
altitude between 800 Km and 1,000 Km and take about 105 minutes
to circle the earth, pass near both North and South Poles during
a single orbit; orbits shift meridians however, in order to cover
the full surface of earth. The orbit parameters can be selected
in such a way that, within 24 hours, a full circle of meridians
has bheen covered; thus any particular location can be viewed
twice every 24 hours, once when the satellite is travelling from
north to south and once again when it is travelling from south to
north. Most polar orbiting satellites are given a sun synchronous
orbit, in which the satellite crosses the equator at the same
Tocal solar time at each pass throughout the year, which has the
advantages of regularity of data sampling, uniformity of solar
irradiation on the earth surface and optimal use of solar panels.

Geostationary Satellites

A geostationary satellite remains stationary relative to the
earth and so always views the same area of the earth’s surface.
This is achieved by putting it inte an orbit above the eguator at
a height such that it takes precisely 24 hours to complete one
orbit and so matches exactly the rotation rate of the earth, The
necessary height is about 36,000 Km, many times greater than the
altitude of the polar orbiting satellites. From its high vantage
point, the satellite can view a circular area representing more
than a quarter of the earth’s surface, although towards the edges
of the area the view becomes toc oblique to be useful.

Thus, geostationary satellites have limited spatial capabilities, but

excellent temporal capabilities, since they are capable of giving a
continuous time series of observations at a point. Polar arbiting
sateTlites on the other hand have good spatial capabilites, but with
low temporal sampling frequencies; the precise capability depends on
the details of the orbit and particularly the repeat of the ground
track and the swath width of the sensor.
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4.3. Operational Satellite Programmes
4.3.1. General

There are currently a number of satellites in operational status and
several others are planned tc be deployed in the near future. Most of
the satellites are deployed in the framework of particular
programmes, which accumulate developments and establish a continuity
of the supplied information. The programmes were originally
scientific, with strong national support. In the last few years
however, a clear commercial trend is developing, with emphasis on

customer service and economic viability.

In the following sections, detailed information is presented on the
presently operational satellite programmes. This information has been
compiled from (i) study of published information on the subject and
(ii) replies to a questionnaire which was sent out to all major
satellite organisations; organisations that replied include the
European Space Agency (ESA), the Earth Observation Satellite Company
(EOSAT), the National Environmental Satellite, Data and Information
Service of the Naticonal Oceanic and Atmospheric Administration
(NOAAR), the Remote Sensing Technalogy Center of Japan, the Canada
Centre for Remote Sensing, Itres Research Inc. and Radarsat

International.

4.3.2. Landsat Programme

The Landsat programme is currently operated by the U.S. Earth
Observation Satellite Company (EOSAT). Current operational
satelllites are (i) LANDSAT-4, placed 1in orbit in 1982, (ii)
LANDSAT-5, placed in orbit in 1984 and (iii} LANDSAT-6, placed in

orbit in 1991; all satellites have been placed in near-polar sun-
synchronous orbits at an altitudes of 705Km. Their cycles have
duration of about 16 days. The orbits of the two first satellites
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have a phase difference of 8 days, in order to achieve an 8-day
alternate revisit cycle.

The sensors onboard these satellites include:

(a) the Landsat MSS, on the LANDSAT-4 and LANDSAT-5 satellites, with
a resclution of about 80m (which can vary significantly with the
refiectance/emission contrast) and 4 channels, which can operate
simuitaneously:

Band 1: 0.50 - 0.60um (visible)
Band 2: 0.60 - 0.70um {visible)
Band 3: 0.70 - 0.80um (near-IR)
Band 4: 0.80 - 1.10um (near-IR)

t

For the MSS carried by Landsat, the images are produced by
refiecting the radiance, recorded from 80m wide scan Tines on the
Earth’s surface, to detectors onboard the satellite. The
instantaneous field of view of the sensor divides the scan Tline
into units in order tec measure radiance for a particular area. As
the satellite moves forward quickly, it is necessary to record 6
scan lines at once; 24 detectors are thus required, 6 in each of
the 4 channels. The recorded radiance 1is then converted into a
continuous electrical signal by each of the detectors. This is
then sampled at fixed time intervals and converted to a 6 bit
number, which 1is either recorded onto a magnetic tape or
transmitted to Earth where it is rescaled to a 7 bit number.

The conversion of the electrical signal to a discrete digital
number (ie the sampling procedure), 1is not the same as the
scanning rate. As a result, the pixels will correspond to an area
of 56m by 80m but the spatial resolution of the image is the 80m
by 80m area sampled by the instantaneous field of view of the
sensor. The pixels which comprise a Landsat MSS image are
consequently rectangular in shape.

The data is available in the form of two-dimensional images at a
cost of about $O.D3/km2, for a scale of 1:250.000.
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(b) the Thematic Mapper (TM), on the LANDSAT-4 and LANDSAT-5
satellites, which is a highly advanced multispectral scanner,
with 7 channels and a resolution of about 30m for all bands
except band 6 which has a resolution of 120m. The 7 bands of this
sensor, which can operate simultaneously, are:

Band 1: 0.45 - 0.52um (visible)

Band 2: 0.52 - 0.60um (visible)

Band 3: 0.63 - 0.69um (visible)

Band 4: 0.76 - 0.90um (near-IR)

Band 5: 1.55 - 1.75um (mid-IR)

Band 6: 10.40 - 12.50um (thermal IR)
Band 7: 2.08 - 2.35um {mid-IR)

The recordings are digital, so data are available in the form of
two-dimensional images or digital tapes. The cost of the data is
about $0.1/km2 for a standard colour print, for scales of
1:250.000 to 1:1,000,000.

(c) the Enhanced Thematic Mapper (ETM), on the LANDSAT-6, similar
to the previous TM’s but which will idincorporate an additional
panchromatic band in the range of 0.50 - 0.90um with a ground
resolution of 15m. The 8 bands of this sensor, which can operate
simultaneously, are:

Band 1: 0.45 - 0.52um (visible)

Band 2: 0.52 - 0.60um (visible)

Band 3: 0.63 - 0.69um (visible)

Band 4: 0.76 - 0.90um {near-IR)

Band 5: 1.55 - 1.75um (mid-IR)

Band 6: 10.40 - 12.50pum (thermal IR}

Band 7: 2.08 - 2.35um (mid-IR)

Band P: 0.50 - 0.90um (visible & near-IR)

The alternative downlink modes for these bands are (i) Bands 1 to
7, or (ii) Bands P,4,5,6 or (iii) Bands P,4,6,7. The recordings
are digital, so data are available in the form of two-dimensional
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images or digital tapes. The cost of the data from this sensor
was not available.

In the near future LANDSAT-7 is planned to be deployed, with the same

orbi
been
howe
poss

(a)

t characteristics; the year of launch and sensor payload have not

finalised yet. The following sensors have been developed
ver, and could be deployed on this satellite, in addition to a
ible MSS and/or ETM sensor:

The Enhanced Thematic Mapper with Thermal Infrared Option
(ETM-TIR), with following bands:

0.45 - 0.52um with 30m resolution
0.52 - 0.60um with 30m resolution
.63 - 0.69%um with 30m resolution
0.76 - 0.90um with 30m resolution
0.50 - 0.90um with 15m resolution
1,55 - 1.75um with 30m resclution
2.08 - 2.35um with 30m resolution
3.53 - 3.93um with 120m resolution
8.20 - 8.75um with 60m resolution
8.75 - 9.30um with 60m resolution
10.2 - 11.0pm with 60m resolution
11.0 - 11.8pm with 60m resolution

Six alternative downlink modes are planned for these bands. The
recordings will be digital, so data will be available in the form
of two-dimensional images or digital tapes.

The Sea Wide Field Sensor (SeaWifFS} is a new imaging
spectrometer in development for the detection of ocean colour and
temperature data with vresolutions of 1.13Km for local area
coverage and 4.5Km for global area coverage in the following
bands:

Band 1: 0.443 - 0.453um (visible)
Band 2: 0.490 - 0.510um (visible)
Band 3: 0.555 - 0.575um {visible)
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Band 4: 0.655 - 0.675um {visible)
Band 5: 0.745 - 0.785um {near-IR)
Band 6: 0.843 - 0.887um (near-IR)

Band 7: 10.5
Band 8: 11.5

11.5um (thermal IR)
12.5um (thermal IR)

(c) Also under consideration is MSA (ALS), a new instrument that
will have 32 spectral bands in the visible, near-IR and mid-IR
ranges with 20m and 10m spatial resolution and the ability for
side viewing that can appreciably decrease revisit times.

4.3.3. SPOT Programme

The SPOT Programme (Systeme Pour 1‘Observation de 1la Terre) is
operated by the French Centre National d'Etudes Spatiales (CNES). It
includes the SPOT-1 and SPOT-2 satellites, placed in near-polar sun-
synchronous orbit at an altitude of 830 Km 1in 1986 and 1990
respectively. SPOT-1 was temporarily decomissioned in December 1989
and was reactivated in March 1992. The vreturn cycles for these
satellites are 26 days, but sites can be revisited at 3-4 day
intervals or less (depending on their location), thanks to a very
efficient pointable optical system that permits side viewing; the
pointable optical system also facilitates stereoscopic coverage,
which can be obtained by viewing one area in successive orbits.

The satellites are equipped with two parallel independently
programmable High Resolution Visible (HRV) instruments, which are

nonphotographic cameras with two alternative operational modes:

(a) Panchromatic (black & white) mode, with a resolution of 10m and
an operating range of:

0.51 - 0.73pum (visible)
(b} Muitispectral (colour infrared) mode, with a resolution of 20m

and following operating ranges:
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0.50 - 0.59um (visible)
0.61 - 0.68um (visible)
0.79 - 0.89%um (near-IR)

The above information is available in analog and digital form. To
become a usable product, the raw SPOT data, as recorded by the
recejving stations, must be preprocessed. This operation is performed
by the Space Imagery Rectification Centers (CRIS), which carry out
radiometric and geometric corrections according to four designated
levels. The cost of Spot data ranges from about $0.05/Km2 for a
standard cojour print with a scale of 1:100,000 to about §0.1/Km? for
a similar print of 1:50,000 scale.

Satellites that are planned for deployment in the near future are
SPOT-3 (to be launched in mid-1993), SPCT-4 (to be launched in 1995)
and SPOT-5 (to be launched around 1999), with similar orbit
characterisitcs. SPOT-3 is planned to have an identical payload be as
SPOT-1 and SPOT-2, while SPOT-4 and SPOT-5 satellites are planned to
have:

- High Resolution in the Visible and Infrared range (HRVIR)
sensors, 1i.e. HRV senscrs with the vrange 0.61-0.68um in the
panchromatic mode (instead of the current 0.51-0.73pm} and an
additional band 1in the 1.58 to 1.75um (mid-~IR) range with a
resolution of 20m, and

- possibly (to be finalised at a later date) the new wide-view low-
resolution instrument VEGETATION (VGT), which will facilitate
biomass estimation and estimation of the proportion of a given
species 1in Tlarge homogeneous regions; according to available
informaiton, this sensor will probably have five ranges including
the HRV bands currently used, the mid-IR planned and a blue band at
0.43 to 0.47um for oceanographic studies; the resolution will be
1Km for regional mode and 4Km for worldwide mode.
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4.3.4. NOAA Programme

The NOAA programme of the U.S. National Oceanographic and Atmospheric

Administration (NOAA), currently includes the following satellites:

- NOAA-9, which was Tlaunched 1984 in sun-synchronous orbit at an
altidude of at an altitude of 833-870Km and has been on standby
status since 1988,

- NOAA-11, which was launched in 1988 in sun-synchronous orbit at an
altidude of at an altitude of 833-870Km and is operational since
then, and

- NOAA-D (or NOAA-12), which was Taunched in 1991 in sun-synchronous
orbit at an altidude of at an altitude of 833Km and is operational

since then.

The repeat cycle for the first two is 11 days; the repeat cycle for
the NOAA-D was not specified, but is expected to be approximately the

same.

The programme objective is primarily to collect meteorological

information, sea 1ice monitoring, snow cover mapping, mapping of
vegetation & other 1land features. The satellite payload includes
various sensors (SBUV - Solar Backscatter Ultra-Violet Spectrometer,

MSU - Mechanical Scanning Unit, SEM - Space Environmental Monitor
etc.), most of which are designed for monitoring of the atmosphere;
at the time of compilation of this report, detailed information was
available only for the AVHRR and HIRS sensors described below.

(a) Advanced Very High Resolution Radiometer (AVHRR) sensors,
which are essentially multispectral scanners operating with a
ground resolution of 1.1Km in the following ranges {for NOAA-9,
and NOAA-11):

Channel 1: 0.58 - 0.68um (visual)
Channel 2: 0.72 - 1.18um (near-IR)
Channel 3: 3.55 - 3.93pm (thermal IR)
Channel 4: 10.3 - 11.3pm (thermal IR)
Channel 5: 11.5 - 12.5um (thermal IR)
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(b) High Resolution Infrared Sounder (HIRS): This 1is an infrared
radiometer with a resolution of 17.4km, operating in the
following ranges:

Channels 1-5: 14,95 - 13.97um
Channels 6-7: 13.64 - 13.35um
Channel 8: 11.11pm

Channel 9: 9.71um

Channels 10-12: 8.16 - 6.72um

Channels 13-17: 4.57 - 4.24um

Channels 18-20: 4.00 - 0.06%um

Satellites planned for future deployment are NOAA-I for 1992, NOAA-J
for 1993, NOAA-K for 1995, NOAA-L for 1996 and NOAA-M for December
1995; these satellites are scheduled to carry essentially the same
equipment, with minor variations 1in channel ranges and minor
improvements. For the AVHRR on board the NOAA-K, L and M, operation
will be carried out in the following ranges:

Channel 1: 0.58 - 0.68pum
Channel 2: 0.72 - 1.00pm
Channel 3A: 1.58 - 1.64um
Channel 3B: 3.55 - 3.93pum
Channel 4: 10.3 - 11.3um
Channel 5: 11.5 - 12.5um

4.3.5. TIROS-N Programme

The TIROS programme of the U.S. National Oceanographic and
Atmospheric  Administration (NOAA), operates with the TIROS-N
satellite, in sun-synchronous orbit at an altitude of about 850Km and
a repeat cycle of 11 days. This was Taunched in 1978 and is presently
not operational. The TIROS-N satellite is equipped with an Advanced
Very High Resolution Radiometer (AVHRR) sensor, a High Resolution
Infrared Sounder (HIRS) and similar other sensors (MSU, SEM etc.)
as described in the previous section.
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4.3.6. NIMBUS Programme

The NIMBUS satellite is the principal meteorological research and
development satellite operated by NASA. The currently operational

satellite 1is NIMBUS-7, which was launched into a sun-synchronous

orbit 1in 1978, with an altitude of 955km and a repeat cycle of 6
days. The satellite is equipped with several sensors mostly related
to monitoring of the atmospere (LIMS - Limb Infra-red Monitor of the
Stratosphere, SAMS - Stratospheric and Mesospheric Sounder, SAM II -

Stratospheric Aerosol Measurement II, SBUV/TOMS - Solar Backscatter

Ultra-Violet/ Total Ozone Mapping Spectrometer etr.) and:

(a) Coastal Zone Colour Scanner (CZCS), which has been retired
since December 1986, is an imaging spectrometer operating with a
resolution of 800m in six bands:

Channel 1: 0.43um - 0.45um (visible)
Channel 2: 0.51ym - 0.53pm (visibile)
Channel 3: 0.54um - 0.56pum (visible)
Channel 4: 0.66um - 0.68um (visible)
Channel 5: 0.70um - 0.80um (near-IR)
Channel 6: 10.5um - 12.5pm (thermal IR)

The very narrow visible bands were selected in order to enhance
the discrimination of very subtle water colour differences and
have been used to map phytoplankton concentrations and inorganic
suspended solids (refer to sections 6.2.1. and 6.2.4.). Data was
available in photogrphic and digital form.

(b) Scanning Multifrequency Microwave Radiometer (SMMR), shut-down
since July 1988, which is a passive microwave sensor operating in
the following 5 frequencies:

6.6 GHz with 148 Km resolution
10 GHz with 81 Km resolution
18 GHz with 55 Km resolution
21 GHz with 46 Km resolution
37 GHz with 27 Km resolution
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4.3.7. Canadian Radarsat Programme

RADARSAT, due to be Taunched in 1994, is the first Canadian remote
sensing satellite. It 1is being constructed by the Canadian Space
Agency in cooperation with the U.S., Provincial Governments and the
private sector. NASA will provide launch services and will operate a
data receiving station in Alaska in exchange for radar data for its
research programs. RADARSAT is scheduled for a five year 1life span;
the selected orbit is a sun-synchronous, dawn-dusk polar orbit, with
a 24 day repeat cycle. The orbital altitude is scheduled to be 793-
821km and the inclination to be 98.6°.

The satellite will be equipped with a Synthetic Aperture Radar
(SAR); this will operate in the C-band (wavelength of 5.7cm) with a
resolution of 28m and with a steering capability of 25 degrees, which
will facilitate the creation of stereographic images. This SAR will
provide the first stereogeological map of the worid.

4.3.8 METEOSAT and MOP Programmes

The METEOSAT programme is operated by the European Space Agency
(ESA). The programme commenced 1in 1977 with the Taunching of
satellite METEOSAT-1, which was followed by METEOSAT-2 in 1981 and
METEOSAT-3 in 1988, all in geostationary orbit with the objective of
collecting meteorological information. METEOSAT-1 was decommisioned
in 1983 while -METEOSAT-2 was planned for decomissioning in December
1991. Thus, the only currently operational satellite is METEQSAT-3,
which is planned for decomissioning in 1993.

The METEOSAT satellites were equipped with multispectral scanners
operating in the following ranges:

Band 1: 0.4um - 1.1lum (visible & near IR)

Band 2: 5.7um - 7.1pm (thermal IR)
Band 3: 10.0pm - 12.5pm (thermal IR)
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Of the above, the visible & near-IR band operated with a resolution
of 2.5Km and the other two with a resolution of 5Km.

The Meteorological Operational Programme (MOP) will provide
operational continuity to the METEOSAT programme until approximately

1995, The first and second of the operational series of satellites,
MOP-1 (or METEQSAT-4) and MOP-2 were launched in 1989 and 1990
correspondingly with corresponding decomissioning dates of 1994 and

1995 respectively; the MOP-3 satellite is scheduled for launching at

the end of 1993 with a five year 1ife span; all MOP satellites are
equipped with multispectral scanners similar to those of the METEOSAT

programme.

4.3.9. ERS Programme

The European Remote Sensing (ERS) Programme is operated by the
Furopean Space Agency (ESA). The programme commenced in 1991 with the
ERS-1 satellite, placed in sun synchronous orbit at an altidude of
about 800Km, with a repeat cycle of 3, 35 and 176 days. A 3 day cycle
has been chosen for the commissioning phase on account of the fact
that it provides frequent vrevisiting of calibration sites under
constant geometrical and illumination conditions. The limitations of
the Tatter cycle are the restricted global coverage for the imaging
SAR and the wide separation of the Radar Altimeter tracks. The
advantage of the 35 day cycle 1is that it provides global SAR
imaging,while the 176 day cycle is favoured for measurement of the
mean sea surface and ocean geoid due to the very high density of the
altimeter tracks. The overall programme objective is to provide high
resolution images of coastal zones, land areas and sea surface

conditions.

The satellite will be equipped with the following main sensors:

(a) Active Microwave Instrumentation (AMI), which operates in in
the C-band (wavelength of 5.6cm) 1in three different modes,

namely:
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(b)

(c)

- Synthetic Aperture Radar (SAR) Image Mode that will obtain
strips of high resolution imagery 100km wide to the right of
the satellite track. Imagery is built up from the strength of
the return signals, which depend mainly on the roughness and
dielectric properties of the surface. The mid-swath incidence
angle of the radar in normal operation is 23°. However, the
satellite has a "roll-tilt" capability which makes it possible
to operate at 352 incidence angle on an experimental basis.

- Synthetic Aperture Radar (SAR) Wave Mode produces 5km x 5km
images at intervals of 200km along track. It provides a global
sampling of wave spectra suitable for the measurement of the
wavelengths and directions of the main ocean swell wave
systems.

- Wind Scatterometer Mode, a microwave system for measurement of
wind velocity over the oceans with a spatial resolution of 50Km
and an accuracy of 2m/sec in wind speed and 20 degrees in wind
direction. The operation of the wind scatterometer can be
interleaved with SAR wave mode for the acquisition of wind/wave
data. Data for the whole orbift can be stored on the satellite
before downloading to a receiving station.

Radar Altimeter (RA), is a nadir pointing pulse radar designed
to measure the echoes from ocean and ice surfaces. In ocean mode
(operating wavelength of 2.15 to 2.20cm), it will be used to
measure wave height, wind speed and sea-surface elevation. In ice
mode (operating wavelength of 2.17 to 2.18cm), the instrument
operates with a coarser resolution to determine ice sheet surface
topography, ice types and sea/ice boundaries.

Along Track Scanning Radiometer (ATSR), which consists of two
principal components, the infrared radiometer with four channels
at 1.6pym, 3.7pm, 1llpm and 12um and a spatial resolution of 1Km
and the microwave radicmeter with two channels at 0.82cm and
i.26¢cm. The main role of the above instruments is to provide
precise ovbit determinations for the vreferencing of height
measurements made by the Radar Altimeter.
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The sensor is designed to provide sea surface temperature with an

accuracy of 0.5% with a spatial resolution of 50Km and in
conditions of up to 50% cloud «cover, images of surface
temperature with IKm resolution and a relative accuracy of 1°K

etc.

In addition to the above, the Precise Range and Range-Rate
Equipment (PRARE), and a Laser Retroflector are deployed for the
accurate determination of the satellite position.

Future plans include deployment of ERS-2 in 1993, This will be set in
sun-synchronous orbit at an altitude of about 800km with a repeat
cycle of 3 days. Its sensor payload will include an AMI (including
SAR and Scatterometer), a RA and an ATSR.

4.3.10. JERS Programme

The Japanse Satellite Programme is operated by the National Space
Development Agency of Japan (NASDA), which coaperates for processing
and interpretation of the data with the Remote Sensing Technology
Center (RESTEC). The first satellite, JERS-1, is scheduled to be
placed in sun-synchronous orbit in early 1992 at an altidude of
approximately 570Km, with a recurrent period of 44 days.

The satellite will be equipped with:

(a) a Synthetic aperture radar (SAR) that will operate in the L-
band (wavelength of 23.5cm) with a resolution of 18m, and

(b) high resolution Optical Sensors (OPS) with a spatial resolution
of 18 X 24m in 8 bands:

Band 1: 0.52 - 0.60um (visible)

Band 2: 0.63 - 0.69um (visible)

Band 3: 0.76 - 0.86um {visible, nadir viewing)
Band 4: 0.76 - 0.86um (visible, forward viewing)
Band 5: 1.60 - 1.71um {visible)

1
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Band 6: 2.01 - 2.12um (visible)
Band 7: 2.13 - 2.25um (visible)
Band 8: 2.27 - 2.40um (visible)

Bands 3 and 4, of the same wavelength, are use to generate
stereographic images.

4.3.11. MOS Programme

The Marine Observation Satellite (MOS) Programme of Japan is operated

by the National Space Development Agency of Japan (NASDA}, which
cooperates for processing and interpretation of the data with the
Remote Sensing Technology Center (RESTEC). The first sateilite, MOS-

1, was deployed in February 1987, 1in sun-synchronous orbit at an
altitude of 909 km and a repeat cycle of 17 days. This was shortly
followed by the second satellite MO0S-1B, with the same orbit
characteristics. Both satellites have a sensor payload including
MESSR, VTIR, and MSR, the characterisitcs of which were not availabie

at the time of preparation of this report.

4.3.12. ADEOS Programme

The ADEOS Programme of Japan is also operated by the National Space
Development Agency of Japan (NASDA), which cooperates for processing
and interpretation of the data with the Remote Sensing Technoiogy
Center (RESTEC). The ADEOQS satellite is scheduled for launching in
1993 in sun-synchronous orbjt at an altitude of about 800Km with a
repeat cycle of 41 days.

The satellite will be equipped with the following two core sensors,
which are presently under development:

(a) Ocean Colour and Temperature Scamner (0CTS), a multispectral
scanner, operating under 12 bands with a resolution of 700m and a
swath width of 1400km. The defailed band description is shown
below (for all bands described, resolution is 700m):
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Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band

No.
No.
No.
No.
No.
No.
No.
No.
No.

No.10:
No.1l:
No.12:

O 00 ~N O O P W D

0.402
0.433
0.480
0.510
: 0.
0
0
0
3
8

555

.655
745
.845
.550
.250

L422pm
.453pum
.500um
.530um
.575um
.675um
.785um
.885um
.850pum
. 750um

D WO O O O O O o O

10.500 - 11.500um
11.500 - 12.500um

(b) Advanced Visible and Near-infrared Radiometer ({AVNIR),
operates under 5 bands with a sensor swath width of 80km and a

resolution of 16m for bands 1-4 and 8m for band 5.

Band
Band
Band
Band
Band

The sensor will have

No. 1: 0.42 -
No. 2: 0.52 -
No. 3: 0.61 -
No. 4: 0.76 -
No. 5: 0.52 -

a tilting

0.50pm
0.60um
0.69um
0.8%um

0.69um (panchramatic)

which

capability for bands 1 to 5.

4.3.13. Resurs-0 and Resurs-F Programmes

The Resurs Programmes are operated by the USSR Research Centre for
under  the

Earth  Exploration

The first

(URCERE),
Hydrometeorology (SCHM).

operational

Resurs-0

satellite

State

was

Committee

placed

synchronous orbit at an altitude of 650Km in April 1988.

This satellite is equipped with:
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(a) Multispectral Electronic Scanning System with a resolution of
45m and 4 spectral bands:

0.50 - 0.60um (visible)
0.60 - 0.70um (visible)
0.70 - 0.80um (near-IR)
0.80 - 0.90um (near-IR)

(b} Multispectral Conical Scanning System, with two visible bands,
two near-IR bands and one thermal IR band:

0.50 - 0.60um (visible)

0.60 - 0,70um {visible)
G.70 - 0.80um (near-IR)
0.80 - 1.10um (near-IR)
10.5 - 12.5um (thermal IR)

The resolution for the visible and near-IR bands is 150m and for
the mid-IR 600m.

An advanced version of this satellite was scheduled for deployment in
1990; it provides a 22.5m resolution in eight spectral bands.

The objective of the Resurs-F programme is to obtain photographs of
the earth’s surface. Satellites of this programme are apparently
Taunched consecutively on a continuious basis to altitudes of 260 to
275Km and generally only remain in orbit for fourteen to sixteen
days, in order to return the photographs to earth.

The satellites are equipped with a KFA-1000 camera (probably solid
state) which s capable of taking multispectral 1images with
resolutions of 5-10m.
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4.3.14. Okean Programme

The Okean Programme is operated by the USSR Research Centre for Earth
Exploration (URCERE). The first operational Okean-1 satellite was
placed in sun synchronous orbit at an altitude of 650Km in July 1988.

The satellite is equipped with:

(a) Side-Looking Radar (SLR}, with an operating wavelength of
3.15cm and a resolution of 1.5Km

(b) Scanning Microwave Radiometer (SHF), with an operating
wavelength of 0.8cm and a resolution of 200m

(c) Multispectral Medium Resolution Spectrometer (MSU-M), which is
a multispectral scanner with a resolution of 1500m and 2 spectral

bands:

0.55 - 0.70um (visible)
0.70 - 1.00pm (near-IR)

One or two Okean satellites are scheduled to be launched each year.
Future Okean satellites will include, 1in addition to the above
sensors Multispectral Low Resolution Spectrometers (MSU-L), with a
resolution of 2Km and 4 spectral bands:

0.50 - 0.60um {visible)
0.60 - 0.70um (visible)
0.70 - 0.80um (near-IR}
0.80 - 1.10pm (near-IR)

and Multispectral Medium Resolution Corn-Field Scanners (MSU-K),
with a resolution of 500m and 1 spectral band:

0.55 - 0.80pm (visible & near-IR)

Also, the SLR system of the 1993 Okean will have advanced resolution
capabilities, in the order of 50m.
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4.3.15. USSR Radarsat Programme

The USSR Radarsat Programme 1is operated by the USSR Research Centre
for Earth Exploration (URCERE). The Radarsat satellite was placed in
orbit at an altitude of 250-280Km; the satellite musy be boosted to
higher altitude.

The satellite is equipped with a Synthetic Aperture Radar capable
of 25 to 30m resglution.

4.3.16. Meteor 2 and Meteor 3 Programmes

The Meteor 2 & 3 Programmes are operated by the USSR Research Centre
for Earth Exploration (URCERE). The objective of these programmes is

to obtain meteorolecgical information. The Meteor-2 programme
maintains two or three satellites in orbit at all times in polar
orbits and at altitudes of 950Km; the Meteor 3 programme has
successfully Taunched satellite Meteor 3-2 in July 1988 and will

eventually maintain two or three satellites in orbit at all times in

polar orbits and at altitudes of 1200 to 1250Km.

The satellites are equipped with:

(a) Scanning Televisions, with a resolution of 2Km in the visible
spectral range.

(b} Multispectral Scanners with various bands in the visible, near-
IR and possibiy thermal IR ranges.

The details of the deployed equipment could not be confirmed at the
time of preparation of this report.
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4.3.17. SKW Programme

The SKW Programme of China has launched several satellites equipped
with remote sensing payloads. Data obtained from these misisons have
been successfully used for mineral and petroleum exploration, coastal

and ocean measurements, construction of harbours, cartographic and
topographic survays, achaeological studies, revision of maps and

agricultural surveys.

4.3.18. IRS Programme

The Indian Remote Sensing (IRS) Programme Sateliite (IRS-1A} has been
deployed in 1988 in a sun-synchronous orbit at an altitude of 904Km,
with a repeat cycle of 22 days.

The satellite is equipped with the Linear Imaging Self Scanning
Sensors (LISS-I and LISS-II), which are nonphotographic cameras
operating with 4 bands in the 0.45um to 0.86pm spectral range with
resclutions of 72.5m and 36.25m respectively.

The IRS-1 series will be continued and a new series, IRS-II, will

follow up. Satellites scheduled for deplyment in the near future are:

- IRS-1B, which will be similar to IRS-1A, is scheduled for 1990-
1991,

- IRS-1C & IRS-1D, which will be equipped with two multi-spectral
cameras with 20m resolution in 3 bands in the visible and 1 in the
near-IR range and a panchromatic camera with a resolution better
than 10m; additionally, an optional experimental system to study
vegetation and ocean-related phenomena using 6 narrow spectral
bands. IRS-1C is scheduled to be deployed in 1992-1993 and IRS-1D
in 1995-1996

- IRS-1E, an -engineering version of the IRS-1 series which in
addition to the LISS-I, will carry the Monocular Electro-Optical
Stereo Scanner (MEQSS}; this scanner will operate in the 0.57um to
0.72um spectral range, with a ground resolution of 78.8m square.
IRS-1E is scheduled to be deployed in 1991-1992, j.e. after IRS-1B.
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The IRS-II series of satellites will have a combination of optical
payloads as in IRS-1C and IRS-1D and 1in addition microwave payloads
such as synthetic aperture radar, altimeters, scetterometers and
radiometers in a suitable combination to be finalised in the next few
years.

4.3.19. SROSS Programme

The Stretched Rohni Satellite Series (SCOSS) of India is essentially

of experimental nature; the third satellite of this series, SR0SS-3,

with the main objective of contributing to the understanding of the
mechanisma of the ijonosperic region of the atmosphere, is scheduled
for launch in the early 1990's. The SR0SS-4 satellite experiments
will be aimed at studying the time variability and spectral
characterisitcs of cosmic X-ray sources.

4.3.20. Earth Observation System (EOS)

This 1is the most ambitious remote sensing programme, which is
international (involving cooperation of the U.S., Canada and Japan)

and of multidisciplinary nature (for the collection of atmospheric,

ocean and land surface data). It involves four polar platforms, two
from NASA, one from the ESA and one from Japan, which will accomodate

numerous instruments for simultaneous observations. The first of
NASA’s platforms is scheduled for Taunching in 1995, the ESA platform

for 1997 and Japan’s for 1998.

The sensors to be deployed in this programme are decribed below:
(A} U.S. PLATFORM

(a) Moderate Resolution Imaging Spectrometer (MODIS), for
measurement of biological and physical processes on a 1Km X 1Km
scale for the study of terrestrial, oceanic and atmosperic
phenomena, including:

- MODIS-T, with a tilting capability and a 1Km resolution, which
will accomodate 65 spectral bands in the 0.4um to 1.04um range
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- MODIS-N with pixel sizes of 250m, 500m and 1Km. which wil
accomodate 40 spectral bands in the ranges 0.47um
to 2.13um, 3.7um to 4.56pm and 6.7um to 14.2um.

(b) High Resolution Imaging Spectrometer (HIRIS), 1is an imaging
spectrometer providing highly programmable localized measurements
of geological, biological & physical processes with a resolution
of 30m and appreciable tilting capabilities; it will cover the
ranges O.4pm to 1.0pm and 1.0pm to 2.5um in almost 200 spectral
bands.

(c) Synthetic Aperture Radar (SAR), which will operate on the L, C
and X bands with resolutions varying between 20m and 200m,
depending on the swath width.

(d) Geodynamics Laser Ranging System (GLRS), which 1is a Jlaser
ranging system for the study of earth crust movements using
arrays of vreflecting targets on the ground, for the high-
resolution altimetric profiling of ice sheets, land and cloud top
surfaces. The system consistis of three major subsystems:

- a dual-mode laser ranging/altimetry subsystem,
- a high-speed high-accuracy optical tracking sunsystem, and
- an altitude determinaticn subsystem.

(e) Laser Atmospheric Wind Sounder (LAWS), which is a Doppler lidar
system for direct tropospheric wind measurements 1in a grid
spacing of 100Km at a height of 1Km and with an accuracy of
Im/sec.

(f) Atmospheric Infrared Sounder (AIRS), an infrared sounder of
atmosperic temperature, in 115 spectral bands in the 3pm to 5um
and 8um to 17um ranges, with a horizontal resclution of 50Km for
most channels and 15Km for some selectedc channels and an

accuracy of 1oK.
(g) Advanced Microwave Sounding Unit (AMSU), which is a microwave

radiometer providing measurements of temperature & humidity in
twenty channels and is divided into two subsystems:
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(h)

(i)

(J)

(k)

- AMSU-A,  which  primarily provides atmosperic  temperature
measurements from the surface up to 40Km in 12 channels between
0.34cm and 0.6cm (approx.)} and in 15 channels between 0.95cm
and 1.26cm, with a spatial resolution of 50Km and a temperature
resolution of about 1loK, and

- AMSU-B, which primarily provides atmosperic humidity
measurements in 3 channels near 0.16cm and 5 channels between
0.18cm and 0.34cm, with a spatial resolution of 50Km and a
temperature resolution of about 1loK.

Advanced Medium Resolution Imaging Radiometer (AMRIR), an 11
channel visible/infrared radiometer for global measurement of
cloud cover, atmospheric temperature & water vapour, sea surface
temperature, snow & ice extent and vegetation cover and
characteristics with 5 spatial resolution of 500m.

Global Ozone Monitoring Radiometer (GOMR), a dual instrument
consisting of UV radiometer for total ozone measurement and IR
radiometer for measurement of the wvertical distribution of
temperature and ozone. The UV radiometer will operate in 6
wavelengths between 0.305pm and 0.340pm with a spatial resolution
of 43Km; the IR radiometer will operate in at Jleast three
channels between 6 and 18um.

Space Environment Monitor (SEM) for the monitoring of:

- the energy of electrons and protons 1in the 0.05keV to 20keV
range,

- the energy of electrons and ijons in the range from 30keV up to
and exceeding 100keV,

- the ionospheric electric field of the magnetosphere, and

- the total eleciron content of the ionosphere.

Altimeter (ALT-1), a radar altimeter for the study of ocean

topography and for making topographical measurements over ice,
operating with a wavelength of 2.2cm.
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(1) Scatterometer (SCATT-1), a microwave system for the measurement
of wind velocity over the oceans.

(m) Earth Radiation Budget Instrument (ERBI}, a multiple channel
instrument for the measurement of earth’s radiation budget on a
regional, zonal and global scale, using selected fields of view;
the instrument operates in the 0.2pum to 50um range with selective
filters.

(B) EUROPEAN PIATFORM

{a) Medium-Resolution Imaging Spectrometer (MERIS), an imaging
spectrometer primarily for global ocean colour monitoring in 9
bands selectable from a total of 60 bands in the spectral range
of 0.4um to 1.04um, with a spatial resolution of 500m.

(b) High-Resolution Imaging Spectrometer (HRIS), an imaging
spectrometer for land and coastal applications in 10 bands
selctable from 100 in the spectral range from 0.4uym to 2.5um and
a resolution of 20 to 50m.

(c) Atmospheric Lidar (ATLID), a lidar for atmospheric research and
pre-operational meteorology measuring cloud top height,
atmospheric dicontinuities and aerosol layer distribution with a
spatial resolution of 10 to 50Km horizontal & 100 to 50Cm

vertical.

(d) Scatterometer (SCATT-2), an active radar instrument for the
measurement of syrace winds over the ocean; the instrument will
probably operate with a wavelength of about 5.7cm with an
accuracy for wind speed of about 10%.

(e) Altimeter (ALT-2), which shall operate in two modes, namely:

- a radar altimeter mode, for the study of ocean and ice sheet
topography with two operation wavelengths, one of 2.18cm and
another to be determined and

- a passive microwave radiometer mode, for humidity correction.
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The height resolution will be about 5cm.

(f) Synthetic Aperture Radar, C-Band (SAR-C} is a radar operating
in the (C-Band (i.e. with a wavelength of 5.66cm), for
agriculture, forestry, land, ocean and sea ice studies with a
spatial resolution of 10 to 200m.

(C) JAPANESE PLATFORM

(a) Intermediate Thermal Infrared Radiometer (ITIR), a radiometer
for the global observation of land surface under high resolution
for the monitoring of non-reneawable resources, operating with 11
bands in the spectral ranges 0.85um to 0.92um, 1.60um to 2.26um
and 3.53um to 11.7um, with a resolution of 15m in the near and
short-wavelength IR and 60m in the thermal IR region.

(b) Advanced Microwave Scanning Radiometer (AMSR), a microwave
radiometer for the global observation of atmospheric water
vapour, sea surface temperature and sea surface wind, operating
in the 0.95cm, 1.26cm, 1.60cm, 2.8lcm and 4.54cm wavelengths with
a spatial resolution of 9 to 28Km and a temperature resolution
better than 19%.

4.4, Conclusions

An appreciable number of remote sensing satellites have been deployed
in the last decade; many more will be deployed in the coming decade,
as the European Remote Sensing programme gets underway and several
other countries such as China, India etc. increase their efforts.

Moreover, there dis a clear trend towards commercialisation of the

remote sensing programmes, with emphasis on customer service and
econoemic viability of the operating organisations.
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5.

REMOTE SENSING POTENTIAL IN THE MARINE ENVIRONMENT

5.1. General

In

this section, an examination of the effectiveness of remote

sensing for assessment of water quality will be made, on the basis of
the operational concepts presented in section 2 and the main types of
sensors presently operational presented in section 3.

The principal types of sensors discussed in section 3 can be grouped
into five major classes insofar as their operational wavelength and
operation principle is concerned, namely:

(a)

(b)

(c)

Passive sensors operating in the ultraviolet, visible, and
near-infrared range, i.e. with wavelengths of 0.3pm to 1.2um;
sensors that operate in these ranges include Photographic Systems
and Nonphotographic Cameras, Thermal Radiometers & Scanners and
Multispectral Scanners.

Active sensors operating in the ultraviolet, visible, and
near-infrared range, i.e. with wavelengths of 0.3um to 1.2um,
mostly by measurement of laser-induced fTuorescence; Lidars are

sensors of this group.

Passive sensors operating in the infrared range, i.e. with
wavelengths of 3um to 14um; sensors that operate in these ranges
inctude Thermal Radiometers & Scanners and Multispectral
Scanners.

Active sensors operating in the microwave range, i.e. with
wavelengths from lmm to 1m; radars are such sensors.

Passive sensors operating in the microwave range, i.e. with
wavelengths from lmm to 1m; sensors that operate in these ranges
include Microwave Radiometers & Scanners.

Active Acoustic sensors or sonars, which operate from the surface
of the water with frequencies of 20-200 kHz and can yield useful
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information on the concentration of particles in water column,
thermal or salinity discontinuities and fish densities, are also
remote sensors from an operational point of view. However, from the
applicational point of view, the use of acoustic sensors necessitates
the deployment of vessels, in which case the "remote" character (i.e.
does not apply); moreover, in such cases conventional water quality
measurement methods {such as water samplings at various depths, 1in-
situ tests etc.) can usually be applied, so these sensors can be
considered as part of the conventional water quality measuring
equipment.

5.2. Passive sensors operating in the UV, visible & near-IR range

As mentioned above these sensors operate with wavelengths of 0.3um to
1.2um and 1include Photographic Systems and Nonphotographic Cameras,
Thermal Radiometers & Scanners and Multispectral Scanners.

The application of this type of sensor to water quality assessment is

based on the difference of reflectance characteristics, i.e. the
difference in colour, of clear water and other substances such as
suspended solids, chrolophyll, algae, macrophytes etc.

Since colour differences in themselves can be due to various effects,
the interpretation of the images generated by remote sensing requires
the calibration of image colour density with in-situ concentration
measured simultaneously in a limited number of points. As discussed
in section 3.3.3, the correlation of colour density with
concentration can then be used for the spatial and time-variable
interpretation of remote sensing images.

Thus, by measurement of reflectance and scattering from aircraft or
satellite, information may be gained on:

the concentration of suspended solids,

the concentration of chlorophyll-a and algae,

macrophyte densities (under certain conditions), and

t

T

oil pollution

65



The resolution that can be obtained from satellites is on the order
of 10-20m and from aircraft much less.

5.3. Active sensors operating in the UV, visible & near-IR range.

As mentioned above these sensors operate with wavelengths of 0.4um to
0.7um, mostly by measurement of TJaser-induced fluorescence; laser
fluorosensors and lidars are sensors of this group.

The application of this type of sensor for the evaluation of water
quatity parameters is based on the property of fluorescence (ref.
section 2.5) exhibited by certain substances of interest to water
quality assessment such as oil pollution, chrorophyll etc.

This fluorescence, i.e. the emission in certain wavelengths, is
visible in the images generated by remote sensing by use of the
appropriate spectral bands and can be correlated to the concentration
of the substances by calibration of image colour density with in-situ
concentration measured simultaneously in a Timited number of points;
the correlation of colour density with concentration can then be used
for the spatial and time-variabie interpretation of remote sensing

images.

Thus, by measurement mainiy of fluorescence, but also reflectance and
scattering from aircraft, information may be gained on:

- concentrations of suspended solids,

- the concentrations of chlorophyll-a & phytoplankton, and

- 0il pellution

Aircraft platforms are necessary; the resolution that can be obtained
from aircraft is in the order of a few meters.

5.4. Passive sensors operating in the infrared range
As mentioned above these sensors operate with wavelengths of 3um to
14ym and include Thermal Radiometers & Scanners and Multispectral

Scanners,
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The application of this type of sensor to water quality assessment is

based on the thermal emmission of water bodies, which is visible in
the thermal 1images obtained by sensors of this group. The colour
density can be correlated with water temperature by calibration with
simultaneous in-situ temperature measurements in a limited number of
points; the correlation of colour density with concentration can then

be used for the spatial and time-variable interpretation of remote
sensing images.

Thus, by measurement of emmission from aircraft or satellite,

information may be gained on water temperature. The reseclution that
can be obtained from satellites is in the order of 80 to 120m; much
higher resolution can of course be obtained from aircraft. As
discussed in the previous chapter, such sensors usually operate in
the nightime and best just before dawn.

5.5. Active sensors operating in the microwave range

As mentioned above these sensors, i.e. vradars, operate with
wavelengths of 1mm to im.

The application of this type of sensor to water quality assessment is
based on the difference of reflectance characteristics of water
bodies with variable substance concentrations such as o1l pollution.
These variations are manifested as tonal differences in the microwave

images.

Since tonal differences in themselves can be due to various effects,
the interpretation of the images obtained requires the calibration of
image tonal density with in-situ concentration measured
simultaneously in a 1limited number of points; the correlation of
tonal density with concentration can then be used for the spatial and
time-variable interpretation of the images.

Thus, by measurement of microwave reflectance and scattering from
aircraft or satellite, information may be gained on oil pollution.
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The resolution that can be obtained from satellites is in the order
of a few Km for conventional systems and 20-30m for synthetic
aperture radar (SAR) systems; vresolution from aircraft is TJess,
depnding on flight altitude.

5.6. Passive sensors operating in the microwave range

As mentioned above, these sensors, operating with wavelengths from
Imm to Ilm include Microwave Radiometers & Scanners.

The application of this type of sensor to water quality assessment is

based on emission differences of water bodies with variations of
physical properties such as salinity or temperature. The variations
are manifested as tonal differences in the microwave images.

Since tonal differences in themselves can be due to variocus effects,
the interpretation of the images obtained requires the calibration of
image tonal density with in-situ concentration measured
simultaneously 1in a Timited number of points; the correlation of
tonal density with concentration can then be used for the spatial and
time-variable interpretation of the images.

Thus, by measurement of microwave emissions from aircraft or
satellite, information may be gained on:

- water temperature

- salinity

- oil pollution

The resolution that can be obtained from satellites is in the order
of a few Km; higher resolutins can be obtrained by aircraft.

5.7. Conclusions

The potential for application of remote sensing for water quality
assessment is restricted to the surface (or near-surface) values of
relatively few parameters, namely water temperature, suspended solids
concentrations, chiorophyll & algae concentrations and, under certain
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conditons, macrophyte density; remote sensing can also be very useful
for the identification and monitoring of ail pollution.
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6. REMOTE SENSING APPLICATIONS IN THE MARINE ENVIRONMENT

6.1. General

The following section involves a detailed review of the applications
of remote sensing for the measurement of water quality parameters in
the marine environment.

The application of remote sensing, whether satellite or airborne, to

quantitative water quality monitoring offers significant advantages

over direct sampling and in situ monitoring techniques. In a short
period of time, the equivalent of & very large number of sample
measurements can be taken, covering areas of large spatial extent.

This may be significant 1in view of the considerable costs and
complications involved in gathering and analysing a large number of
samples by conventional sampling methods which ultimately restrict

the sampling frequency and spatial coverage of the area.

The waters of the coastal zone create a remote sensing problem with
multivariate dimensions of the highest degree: horizontal and
vertical gradients in currents, temperature, salinity, turbidity and

biological activity are compounded by point and non-point releases of

pollutants, both conservative and non-conservative, of great
biochemical variety and complexity, makes the task of measurement
more difficult.

Remote sensing has been applied in the marine environment for
assessment of particular water quality parameters and for monitoring

coastal water pollution. It must however be noted that remcte sensing

of the water column is also subject to a number of limitations and
restrictions.

The depth from which a significant backscattered signal can be
detected, represents an obvious first physical Tlimitation of the
system. This depth has been arbitrarily defined by Gordon and
McCluney (1975) as that above which 90% of the diffusely reflected
irradiance ({excluding specular irradiance) originates. The same
workers have demonstrated that for a homogeneous water column, this
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is the depth at which the downwelling inwater irradiance falls to
exp(-1) of 1its surface value. This depth is found to decrease on
going from deep ocean water to turbid or poiluted waters.

6.1.1. Point-source pollution applications

Point-source pollution in the coastal zone includes plumes from ocean
dumping of waste materials, such as sewage sludge, acid and other
chemicals. These materials often have unique spectral characteristics
that may be wused and exploited for vremote sensing. In some
circumstances there is also a unique spatial signature.

Early literature describes interpretation of aerial photography for
plume location, and tracing of plume movement and dispersion. Since
the Tlaunch of Landsat-1 in 1972, multispectral-spectral scanner
imagery from orbif has proven to be useful.

The discrimination between various components contributing to
radiance is made possible by the spectral separability of pollutants
and their brightness differences from clear water. Plumes in the
coastal zone, due to scattering by suspended particles, usually
produce higher radiance than emanates from clear water, rendering the

identification of such areas practically possible.

6.1.2. Diffuse pollution applications

Substances found in marine and ccastal waters have both natural and
artificial origins, and may be ftransported Tlarge distances,
undergoing mixing, dilution and dispersion. Great effort is involved
in discovering points of origin for introduced materials. Those
pollutants with dispersed points of origin, termed non-point
poilution, often play an important part in many environmental issues
affecting resources and use of the coastal zone. Their remote sensing

is often of interest; however, the problems (unrelated to remote
sensing) in discriminating transport pathways and origins have had
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the consequence of Timiting somewhat the intensity of effort toward
development of suitable remote sensing techniques.

Toxic chemicals, nutrient chemicals (as in wurban waste and
agricultural soil runoff) and inorganic sediments are the principal
classes of input pollutants. These affect and give rise to unnatural
fluctuations of natural marine substances, producing for example, red
tides.

Because chemical solutions are generally colouriess and distributed
through the water column, they are beyond the application of most
optical techniques allowing sensing near the water surface. There may
be developments in the future of Raman scattering techniques suitable
for some non-point variables. For the present, however, some remote
sensing is possible because colourless chemicals as well as bacteria
often are absorbed onto surfaces of suspended sediment particles.
Chemical concentrations can then be tied to the sediment
concentrations measured by remote sensing.

6.1.3. Offshore pollution applications

0f all the chemical materials spilled into the marine environment,
0il pollution 1is among the maost notorious and ubiquitous. Other
materials have been locally more important in some cases, such as
mercury in Minimata Bay, Japan and kepone in the James River,
Virginia.

However, concerning remote sensing, oil is the most studied, and only
preliminary studies have begun on the great majority of other
pollutants. From results of numerous investigations of the potential
for remote sensing of spilled materials, a general conclusion is that
unattended remote monitoring is not yet possible for any more than a
handful of pollutants, and these only in cases where the given
pollutant is the only substance whose concentration is varying. On
the other hand, sustained effort might yield techniques involving
narrow spectral band widths and sophisticated instruments for
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monitoring many specific pollutants. The potential cost has thus far

precluded such effort for pollutants other than oil.

6.2. Hater Qualily Assessment

6.2.1 Suspended Solids

Suspended sediment concentrations are easily detected in situ by
gptical techniques such as the Secchi disk, since through scattering
and absorption, they affect the colour and general clarity of water.

Typical inorganic sediments have scattering/absorption coefficient
ratios much larger than unity throughout the visible spectrum; hence
the input of sediments to a water parcel will increase the volume
refieclance, and the water will appear brighter in contrast to clear
water. In addition, the optical depth will decrease.

The above suggesis 1iwo possible approaches to remote sensing of

suspended inorganic particles:

(a) measurement of total upwelling radiance either under passive
soTar or active laser illumination, and

(b) Taser backscatler measurement of return signal attenuation with

depth.
Both approaches yield data that can be transformed into either a

turbidity value or a concentration of particles.

The best wavelengyths for passive solar measurement of suspended
sedimenl are between 0.55pm and 0.65pm; shorter wavelengths suffer
high absorption by water, restricting data collection to the upper

few cm of the waler column.

Thus, the measurement of suspended sediment can be accomplished by
multispectral scanners from satellite or airborne platforms using
band ratios or even with photographs, which have the advantage of
being easily obtained; however, numerous steps are required in the
photographic data-reduction process, in order to account for
variables that affect the measurement accuracy.
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Fresh water studies have indicated that Landsat data and Secchi depth
readings have correlation coefficients of about 0.9. Lindell et al
(1985), took Secchi disk readings all along the Swedish coastline and
compared these with Landsat data. Chromaticity analysis was applied
in the analysis to allow for Sun angle and atmospheric corrections.
The results from this investigation assisted in the determination of
the relative solids Jloading situation along the Swedish coastline,
and were subsequently used in environmental planning and coastal zone
management,

Although many successes have been reported in the assessment of
suspended solids concentration by remote sensing, reservations have
also been expressed about the accuracy of such assessments; it
appears that, although reasonable correlation coefficients have been
obtained from calibration of suspended solids concentration and
registered radiance, vrelatively little effart has been directed 1in
the subsequent validation of the interpretation process.

Airborne Thematic Mapper data from NERC, MSS-82 campaign in Swansea
Bay, Bristol Channel were correlated, in Tinear and multiple
regression anaiyses, with measured water quality parameters:
suspended sediment concentration, mean grain size of material in
suspension, surface salinity and chlorophyll-a concentrations. It was

found that particle size influences the spatial signature of

suspended sediment.

Indeed, one of the major sources of error is the inhomogeneity of

suspended material; this error is inherent in all types of data

collection, whether for single or multiple dates, where surface

information and remote sensing data are being compared. The greater

the inhomogeneity within the resolution capacity of the instrument,

the greater the error. Inhomogeneity has two effects:

(a) the collected sample may not be representative of the "average"
particle concentration in the field of view, and

(b) the suspended solids concentration may be underestimated when
calculated from an average radiance within the field of view, due
to nanlinearity between radiance and cancentration.

74



The magnitude of these effects cannot be evaluated without knowledge
of the particular spatial distribution of suspended material under
consideration. For the Nimbus 7 Coastal Zone Colour Scanner, this
error was found to be in the order of 30% for North Sea Data.

Thus, where numerous types of particles are simultaneously varying, a

single band measurement cannct be reduced to particle concentration
of any one type; multispectral methods involving numerous narrow
bands are regquired to monitor even a small number of components.
Also, the measurement of total particle concentration in such cases
may have reduced reliability and even a turbidity value should be
viewed with caution.

Also, the coastal environment necessitates that particular attention
be paid to atmospheric variations, if data from different dates are

to be compared.

In addition to temporal variations 1in atmospheric conditions,
problems may also arise from atmospheric variations even within a
given scene at any one time. In situ calibration data for a more
dense and detailed network of points would be required in order to
allow for this variation. However, a refinement of the network to be
sampled would also imply greater fieldwork costs, thus reducing the
objective value of remote sensing.

An alternative solution to the problem of atmospheric variation, as
suggested by Cracknell and Hayes (1991), 1is the use of a model
atmosphere. In the case of the latter, the details and parameters
could be adjusted according to the geographical location and the time
of the year. The success of such a model will be greater for
instruments with low spatial resclution covering large areas and also
for situations in which the size of atmospheric correction is small
in relation to the signal from the target area being observed.

The same workers alternatively suggest that atmospheric effects may
possibly be eliminated through a multi-lTook approach whereby a

specific target area is viewed from two different directions. If data
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from two different satellites is used for this purpose, the differing
paths of the two satellites may result in inaccuracies. A solution to
this problem is provided by the Along Track Scanning Radiometer
(ATSR). The conical scanning technique of this sensor enables the
Earth’s surface to be viewed at different angles (0° and 52°) in two
curved swaths. Data from the two swaths are then combined to provide
an accurate atmospheric correction.

The wuse of lasers mentioned above has opened the attractive
possibility of measurement of the depth profile of suspended solids
concentration, with or without measurement of absolute radiance with
depth. The obvious advantage of lasers include their day/night
capability, and the monochromatic nature of the radiation involved.
The latter simplifies the Tlaboratory work required for appropriate
calibration of the technique. Multispectral dye lasers should provide
power 1in vresolving multi-particle components. Exton et al (1983)
have, on the basis of laboratory measurements, suggested that
suspended sediment concentrations can be remotely detected by
measuring the concurrent (laser wavelength) Mie backscatter from the

water column.

In assessing the spatial distribution of suspended sediments,
Wensinjk et al (1989), believe that an ideal product would be a
database containing actual information on the concentration of
various suspended substances. The same workers stress the drawbacks

of individual means of measurement and suggest that an integrated
approach be followed, using satellite data and in situ measurements,

integrated into numerical transport models.

6.2.2. Temperature

Remote sensing can contribute to the monitoring of the temperature of
the sea surface. Sensors operating in the thermal range (i.e. thermal
sensors and multispectral scanners) are of course the most suitable
equipment and have adequate reliability, but passive radiometers
which have all-weather capabilities and provide sea surface
temperature by measurement of microwave energy have also been used;
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the resolution of passive radiometers is of course substantially less
than that of thermal sensors ref. chapter 3).

The work of the Centre de Meteorologie Spatiale (CMS) in France
provides a prime example of the application of remote sensing to the
measurement of sea surface temperature. As described by Le Bogne et
al (1988), the CMS initiated a routine analysis of sea surface
thermal structures in 1979. In order to overcome the disrupting
effect of cloud cover, the CMS has developed the use of interactive
image processing systems and the combined use of the multispectral
scanner AVHRR of the NOAA and that of the Meteosat programme. In this

way, more precise readings are obtained which may in turn be used to
provide real time assistance to fishing vessels or oceanographic

ships.

The results of several aircraft programs have demonstrated that water
temperature information can be derived from passive microwave
measurements with an accuracy that satisfies most user applications.
In particular, a remote sensing technique to concurrently measure sea
surface temperature and salinity has been demonstrated with a dual-
frequency microwave radiometer system; accuracies in temperature of
19C were obtained after correcting for extraterrestrial background
radiation, atmospheric emission and attenuation, sea surface
roughness and antenna beamwidth. The radiometers, operating at 11.3cm
to 2lcm, comprise a third generation system using null balancing and
feedback noise injection, and were developed specifically for
obtaining sea surface temperature and salinity maps of coastal and

estuarine areas.

The atmosphere is essentially transparent to electromagnetic
radiation at wavelengths of 10cm to 30cm. Extensive work over the
years with microwave-signal propagation through the atmosphere has
indicated that the influence of ciouds is small at these wavelengths
except under very severe storm conditions. Also, the background
galactic noise tends to decrease substantially for wavelengths below
30¢cm. Therefore, the wavelength range from 10cm to 30cm is well
suited for minimal extraterrestrial background radiation and
atmospheric interference. Detailed knowledge and correction of these
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effects is required however for accurate surface temperature
measurements by airborne radiometers in this microwave region, since
their impact on measured brightness temperature of the ocean surface
can be in the order of a few °K.

One potential source of error in the validation of space born sensors
of sea surface temperature, is the oceanic skin effect. This may be
defined as the difference between the temperature of the oceanic
skin, consisting of the first few micrometers of water, and the
temperature of the bulk water about 10cm below the surface. It
results from the physical processes relating to heat transport across
the ocean-atmosphere interface and may be complicated by the physical
properties of both the sea water and the air. Within the framework of
the ROSSA research project described by Hepplewhite (1989), it was
found that for the Atlantic Ocean, the skin of the sea was about
0.30% cooler than the bulk at around 10cm below the surface; the
skin was rarely warmer than the bulk temperature and on some
occasions the skin was found to be in the order of 19K cooler than
the bulk. In climatic studies, where extreme accuracy is essential,
this may be regarded as a considerable source of error.

6.2.3. Salinity

Chemical variables of the ocean environment are nearly all beyond
present remote sensing capabilities, except for salinity. This
jmportant exception 1is significant for study of density driven
features of circulation.

The only direct technique for remote salinity measurement is the use
of a microwave radiometer. However, preliminary studies have
indicated that a laser Raman detection of sulphate ijon in sea water
may also yield salinity data indirectly.

The results of several aircraft programs have demonstrated that
salinity can be derived from passive microwave measurements with an
accuracy that satisfies most user applications. In particular, a
remote sensing technique to concurrently measure sea surface
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temperature and salinity has been demonstrated with a dual frequency
microwave radiometer system; accuracies in salinity of 1°/00 for
salinity greater than 5°/00 were obtained after correcting for
extraterrestrial background radiation , atmospheric emission and
attenuation , sea surface roughness, and antenna beamwidth. The
radiometers, operating at 11.3cm to 2lcm, comprise a third-generation

system using null balancing and feedback noise injection, and were
developed specifically for obtaining sea surface temperature and
salinity maps of coastal and estuarine areas.

6.2.4. Chiorophyll Concentration

The principal biological parameter that can be measured by remote
sensing is the chloreophyll bearing phytoplankton, with their unique
optical properties; phytoplankton may be widely distributed
horizontally and vertically in the water column. Chlorophyll, the
primary photosynthetic pigment in phytoplankton particles at the base

of the marine food chain, is an important aquatic parameter that has
significance for water quality and marine productivity.

In the past few years, the growing problem of eutrophication of water
bodies is manifested in the development of algal blooms. Toxins are
sometimes produced in association with these blooms, which are
poisonous to marine animals and also to unwary swimmers and consumers
of contaminated seafood. Remote sensing is of interest for direct
investigation of excessive bloom phenomena and for indirect
indication of nutrient poliution.

Also, the monitoring of macrophytic vegetation which contains
chlorophyll pigments 1is of interest since the outbursts of such
vegetation caused singnificant environmental problems in the Northern
Adriatic Sea.

There are two main approaches for passive remote sensing of oceanic
phytoplankton (Sathyendranath et al 1989):
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(a) Ocean colour technique. Using passive sensors operating in the
visible range, this technique 1is based on the observation of
gcean colour, which is affected by chlerophyll concentration. The
relationship between ocean colour and chlorephyll concentration,
which is non-Tinear, s directly affected by the physical
properties of the phytoplankton population. The technique can be
used for the assessment of total column productivity (Platt
1986).

(b) Fluoresence technique. Using active sensors operating 1in the
visible and near-IR range, it is based on the observation of in
vivo fluorescence of chlorophyll, also affected by chlorophyll
concentration; the connection between fluorescence height and
chlorophyll may be described by a Tlinear vrelationship.
Chlorophyll fluorescence characteristics are most affected by the
physiological state of the phytoplankton cells (eg. nutrient
stress, photoinhibition); the technique has alsoc been used for
the assessment of the rate of oprimary productivity from
fluorescence efficiency (Topliss and Platt 1986).

The two methods presented above have a number of technical

differences:

(a) The ocean colour technique can be applied from satellite or
airborne platforms, while the fiuorescence technique <can be
applied only from aircraft, thus entaiiing higher application
costs

(b) The ocean colour technique is considered more sensitive at Tow
Tevels of chlorophyll while at high levels, the fluorescence
technique is considered more accurate

(¢} The required atmospheric corrections are lesser for the
fluorescence technique than for the ocean colour technique.

Thus it appears that, for the assessment of low background

chlorophyll concentrations, the ocean colour technique applied from
satellite platforms is the most appropriate. For the assessment of
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chlorophyl]l concentrations in algal blooms and in macrophytes, it
would be preferable to apply both techniques jointly from airborne
platforms flown at the time of the blooms; the compilation of
information from both techniques will significantly improve the
reliability and accuracy of the remote sensing effort.

A number of studies have obtained useful information on blooms with
the use of remote sensing. Dupouy et al (1988), used a Nimbus 7 CZCS
to detect a large phytoplankton bioom (90,000 kmz), caused by the
cyanobacterium Qscillatoria around New Caledonia and the Vanuatu
archipelago, east of Australia in the Coral Sea. The (ZCS image was
used to estimate nitrogen fixation by the bloom - the total nitrogen
fixed by the bloom over a 10 day period was found to range between
0.02 and 1.17 billion g N,. The findings suggest that such a
biological event plays a significant effect in the global nitrogen

oceanic budget.

From the correlations on data from the MSS-82 campaign with the
Airborne Thematic Mapper in Swansea Bay, Bristol Channel (ref.
section 6.2.1), it was confirmed that there is a masking effect of
high suspended solid concentrations on the spectral reflectance of

chlorophyll.

Using Coastal Zone Colour Scanner (CZCS) data from the Adriatic Sea,

Tassan and Sturm (1986), developed an algorithm for the retrieval of
the sediment content of turbid coastal waters and tested this against

experimental values. This experimental exercise resulted 1in the
identification of two water types in the northern basin of the
Adriatic Sea, characterized by a substantially different correlation

between sediment and chlorophyll and corresponding to coastal zones,

with different hydrological conditions.

Thus, 1in assessing the applicability of remote sensing for the
measurement of chlorophyll concentration, the suspended solids
concentration must be considered. In this respect, waters have been
divided into two types (Sathyendranath et al., 1989): Case 1 waters
are waters with low suspended solids concentrations and where
phytoplankton may be considered as the only major independent factor
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affecting changes in ocean colour, Case 2 waters are waters where
suspended solids concentrations are significant, i.e. coastal
locations in the vicinity of estuaries, major outfalls etc. where
such material may affect ocean colour in a more complex way.

From the above it may be concluded that, while in case 1 waters the
application remote sensing for the assessment of chlorophyll
concentration is feasible, in case 2 waters, the situation is more
difficult; due fo the high productivity of such waters and their
associated economic value, efforts are being made to develop accurate

remote sensing techniques. A possible approach is the use of
algorithms which make use of the entire spectrum, including the
fluorescence signal. Sathyendranath et al (1989), examined the

situation for case 2 waters by simulating ocean reflectance spectra
for a wide vrange of variations in chlorophyll concentration,
suspended sediment Toad and dissclved organic material. The
concentrations were then retrieved from the spectra using principal

component analysis and multiple regression. Their results showed
that, at least in some cases, retrieval from the reflectance spectra
was a feasible task. Their results alsc indicated that due to the
non-linear effects in the system, global algorithms that give equal

weighing te phytoplankton, non-chlorophyllous particles and dissolved

organic matter may be used as a preliminary step, allowing an
evaluation of the type of water involved. A second level algorithm
may then be carried out, specifically for the predetermined water

type.

One of the practical 1limitations which must be considered when
assessing the applicability of remote sensing for the monitoring of
algal blooms, is the fact that blooms may develop relatively suddenly

and may in some cases persist for a short duration of time. This
implies that the operational platform for the observation of such
blooms must be in the appropriate position at the appropriate time,
and furthermore, in situ measurements must be taken at the same time
that the image is being taken for ground correlation, which makes
practical application very difficult.
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In this context, an interesting approach to in situ measurement has

been the development of the algal sensor, "Optisens" by the
Oceanographic Company of Norway, "Oceanor”. This may be mounted to

marine structures or moored buoys and may be used to monitor algal

concentrations, thus providing a continuous source of in-situ
information. In combination with aerial surveys, this may facilitate

the monitoring of all algal blooms.

As regards the assessment of marine macrophytic vegetation with
remote sensing, the fluorescence technique 1is considered the most
appropriate, due to its greater sensitivity at high Tevels of
chlorophyll and its capabilities for atmospheric correction.

6.2.5. 011 Pollution
6.2.5.1. General

Emphasis on remote sensing of 0il pollution is justified because of
the frequent release of oil into the marine environment and the
devastating consequences it may have on the aquatic ecosystem. The
fact that, at least in the first stages of an oil spill, oil rises to

or spreads across the surface of a water body, has contributed to the

development of successful technigues applied to surveillance
activities and to assessment and cleanup activities. These goals
require different capabilities: surveillance aims at small to modest
spills where detection and subsequent Tegal proceedings are most
important, while cleanup typically deals with massive spills where
detection is easiest and volume measurement and transport are most

important.

6.2.5.2. Sensor capabilities

Theoretical and laboratory tests have established the electromagnetic
properties of 0il films on water. Based on such data, single band and
multispectral detection techniques have been designed for the
ultraviolet to microwave portions of the spectrum. Dielectric
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constants and optical properties, such as a refractive index,
absorptivity, fluorescence, and emissivity, have been measured for
varieties of petroleum and its products as well as naturally
agccurring biological oils. Field tests have considered environmental
factors such as ambient air and water temperatures, salinity, sea
state, and turbidity.

(a) Visible & UV Spectral Region

In the visible and ultraviolet region, different oils have unique
spectral signatures, yielding sometimes brighter and sometimes
darker than background radiances, depending on the wavelengths of
illumination and observation, the type of o0il and the background
water clarity. Thus, colour and brightness contrasts, which are
determined for chosen o0ils overlying turbid mid-latitude waters,
may have to be revised for clear tropical waters.

Regarding the selection of appropriate bands:

- The near ultraviolet is seen to be excellent for imaging slick
edges and thin regions of various fuel oil slicks.

- The blue band is next best for imaging slick images and thin
regions of various fuel o0il slicks and satisfactory for
measurement of slick areas.

- The green band is best for delineating thick regions.

No band was found to distinguish thick and thin regions for No.2
fuel o0il but such o0il is distinguishable from Nos. 4 and 6 by
lacking negative contrast in the blue and green bands. Fuel oils
usually show interference rings at slick edges, up to a depth of
a few wavelengths, permitting an estimate of minimum spilil
volume. Where thick vregions are distinguishable by colour
contrast, the minimum thickness is in the order of lmm. Menhaden
0il is distinguishable from fuel oils because it remains in small

thick lenses surrounded by a colourless microlayer. Narrow band

multi-spectral scanners offer all the available spectral
capability, except in dim light.
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Colour film is an all-purpose record for most situations; quick
look records can be obtained from television cameras with high
sensitivity in the blue and green regions, while low right-level
television extends the capability into periods of darkness.

In the visible and ultraviolet regions of the spectrum, active
sensors can detect ¢ils by exploiting o0il fluorescence.
Fluorescence spectra show that broad classification of oils is
feasible with fluorosensors, via type-specific emission peak
wavelengths that vary from 0.4um to 0.6pm. Most results from
field work have been more modest at the level of oil detection.

In the field situation, there may be confusion between o0il and
other targets., Marine waters contain natural materials that also
exhibit fluorescence, including Gelbstoff and chlorophyli-a, but
the former fluoresces in a larger bandwidth, and the laiter has a
peak at a longer wavelength (0.685um for chlorophyll-a in situ):
furthermore, spatial gradients and texture patterns of natural
materials vary from those of oils.

A specialised fluorosensor, the Fraunhoffer Line Discriminator,

operating in an airborne imaging mode, has also detected oil
slicks and provided data for slick morpholegy and volume. Of the
wavelengths sensed (0.4861, 0.589 and 0.6563um), the blue
wavelength (0.4861um} had the greatest sensitivity due to the
broad blue peak in the fluorescence emission spectrum. The
guantum yield of oil fluorescence varies with the thickness for
oils with specific gravities less than approximately 0.875. It
should therefore be possible to measure slick thickness in the
field wusing fluorosensors, given knowledge of the specific

gravity.

A different approach is a thickness measurement via depression of
water Raman backscatter; potential for success with this
technique has been reported for thickness between 0.05 and 5um
using an airborne 337nm nitrogen laser,
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(c)

A1l visible region passive sensors are, of course, limited to
available Tight and clear weather.

Thermal Spectral Region

Scanners with a thermal channel offer, moreover, the capacity for

a temperature map of an o0il slick, day or night. Such a map
however, must be interpreted carefully. First, over water, the 8-

l4pym thermal band includes atmospheric and surface reflection

contributions to the signal received. Other contributions to
total radiance, such as path radiance, may be neglected for Tow
altitude surveys.

Proceeding to the thermal signal over an oil slick, an emissivity
value for the o0il in question is required. Values for specific
0ils are sparse; evidently, the oil value of 0.972 is too large,
and the value to use depends on o011 film thickness (for very thin
slicks, the remote instrument partially "sees through" the slick
to the underlying water). It has been suggested that thermal
infrared data might be correlated with ¢i1 slick thickness. Such
a correlation appears possible via the indicated
emissivity/thickness dependence, but the usual surface
temperature variations in estuarine waters will introduce
ambiguity. Also, emissivity values and  their  thickness
dependencies may be oil specific.

Microwave Spectral Region

Greater success has been reported for determination of oil slick
thickness wusing a microwave vradiometer, which offers the
advantage of being operable in more adverse weather conditions.
Also, in the realm of active remote sensing sysiems, radar is
quite effective in detecting oil slicks. 0i1 smooths surface
capillary waves and reduces radar backscatter, especially for
viewing angles beyond 20°. However, slicks caused by spilled oil
cannot be discriminated from those caused by wind patterns, thin
ice or natural oils. Because the mechanism of detection is
indirect - via surface roughness - thickness determination is
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necessarily crude and dependent on sea state; for detection per
se, seas must be neither very calm nor very rough. However, radar
offers many advantages. For example, use of a side looking radar
permits slick detection at long range over wide areas. Also,
radar provides all weather day/night operations unaffected by
c¢louds or darkness. Finally, radar can be arranged to produce
quick Took records on dry silver film.

6.2.5.3. Surveillance Systems and Satellite Detection

For surveillance and monitoring of oil pollution, a multi-sensor
system is required to achieve all-weather and illumination
capability. Several countries have developed airborne surveillance

systems for oil spills.

A fleet of at least 10 aircraft are maintained by countries bordering
the North Sea for the surveillance of o¢il and chemical discharges.
The UK Marine Pollution Control Unit of the Dept. of Transport has 2
aircraft with Side-Looking Radar (SLAR), Infrared Line Scanner (IRLS)
and Ultraviolet Line Scanner {(UVLS). Innotech Aviation in Canada,
employ a Falcon 20 jet fitted with a multispectral electro-optical
imaging system (MEIS), a digital ultraviolet/infra-red imaging system
(DS 1260 MSS), and a 230mm format black and white, colour and colour-
infra-red film mapping camera {RC 10), for use in surveillance and
monitoring. The US Coast Guard initiated a program in 1968, and is
currently developing a fourth generation system called AIREYE, the
Airborne Remote Instrumentation System. This will be carried on six
Falcon 20 jets fitted with an AN/APS-94 SLAR. /targets detected by
the SLAR can be overflown and imaged by a three channel infra-
red/ultraviolet scanner. An aerial reconnaissance camera, KS-87B, is
configured for nadir or 30° depression angle operation. An active
gated television (AGTV) has been developed for night-time
identification.

Many instances of satellite detection of o©il slicks have been

investigated. The implications are significant of course, for the
future when pointable sensors with high spatial resolution will be on
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board operational satellites with global coverage; at present,

spatial resclution from geosynchronous satellites is too coarse for

surveillance, while polar-orbiting satellites with better spatial

resolution have inadequate repeat cycles and data turn-around times

for routine use. Other problems include the paucity of spectral
channels, their wide bandwidths, variable oil/water radiance
contrasts, especially in and out of sunlight regions, and small
signal to noise ratios. The noise sources that are particularly
troublesome for orbital oil detection include electronic noise, path

radiance, and variable particie and plankton loading of the
underlying water.

The efficiency of satellite data in operational detection and
tracking of oil siicks may be evaluated on the basis of a case study.
The Ixtoc 1 oil well blowout which occurred in Campeche Bay in 1979,
was detected by five different satellites: GOES, Nimbus 7, TIROS-N,
and Landsats 2 and 3. All five satellites presented similar data
analysis problems, namely, coarse resolution, sun-angle variations
and weather limitations. In terms of o0il volume and tracking, the
CZCS and similar coarse spatial resolution sensors, are not
considered appropriate. The visual imagery derived from TIROS-N and
GOES showed the oil as a light grey toned crescent originating at the
well site and corresponding to Tlocations determined by aerial

reconnaissance.

Spot Image S.A. advertise an oil pollution contingency plan. The
specifications of the plan include contrast-enhanced image
processing, separation of large thematic areas through
photointerpretation, computer aided classification and a priority

index incorporating surface area. The work is naturally accompanied

by ground truth campaigns in order to confirm classifications. The

end product is a map showing environmentally sensitive areas, land

cover and sea farming sites.
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6.2.6. Thermal Plumes

Some effluents are hotter than receiving waters, making thermal
infrared scanner imagery particularly useful for analysis. The latter

are preferred over microwave scanners due to the better resclution
capabilities of thermal infrared scanners. Thus, thermal imagery is
widely used for detailed studies of plumes from Tow altitude.
Overflights provide synoptic information on spatial distributions
that are not readily available from surface measurements, and
subtidal coverage yields temporal distributions as a function of
tidal phase. For regional analysis, orbital imagery from thermal
scanner areas subjected to industrial and urban thermal loads is

used.

6.2.7. Waste Outfalls

For outfalls discharging waste into waters nearer shore, the
background (receiving) waters are more turbid than the clear waters
subject to ocean dumping. Greater difficulties in remote sensing of
pollutants should be expected as background turbidities increase.
There will, however, be some outfalls in clear-enough water to allow
plume discrimination from orbit by simple grey-level analysis of
single Landsat MSS bands, which can be used to discriminate broad
classes of coloured pollutants.

Generally, however, a multispectral technique from aircraft, with its
considerable resolution capabilities, will be required. In this way
the spectral properties that characterize different parcels of water
can be fully exploited for discrimination of the various pollutants
and natural water constituents that may be present. Although it will
rarely be possible to positively identify individual pollutants, at
Teast points of discharge may be detected, plus direction of flow and
rate of dispersion.

Polcyn and Wezernak (1970 - cited in Colwell, 1983), mapped
industrial discharges, with the use of a scanner which collected data
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in 17 channels. Four of these channels mentioned by Colwell, were
able to discriminate broad classes of coloured pollutants.

Davies and Charlton (1986), employed SPOT simulation data to identify

and delineate the structure of effluent plumes in a tidal estuary.
The identification was achieved without the addition of coloured
marking material to the discharge and with the use of contrast
enhancement techniques to delineate suspended sediment distributions

and to Tlocate discrete sources of discharge. The findings were in
agreement with earlier results obtained from multispectral scanner

surveys

Many pollutants that discolour water can be detected using colour
photography. Even when vreceiving waters are highly polluted,
discharges at/or near the surface are usually visible for at least a
short distance from the release point. The use of colour infrared
instead of colour photography is recommended when the photographic
altitude is above roughly 6000m, in order to minimize the effects of
atmospheric haze, or when it is desired to discriminate floating or
very shallow vegetation, algal blooms, and shoreline vegetation. The
scale of photography should be adequate for detecting and identifying

features associated with poliutant outfalls and spiils, such as
storage tanks, pipelines, sewage treatment plants, raw material and
waste holding facilities, and shipping docks. The scale range most
suitable for such interpretations is wusually 1:5,000 to 1:10,000,
Such detailed photography may conveniently follow reconnaissance
mapping at smaller scales such as 1:500,000.

The timing and frequency of photographic and scanner coverage depend
on the pollution source and the objective of monitoring. Some
outfalls discharge only at certain times of day. In other cases tidal
action of receiving waters alters pollutant dispersion and hence
visibility, requiring selection of appropriate tidal-current phases.
In this regard, low tides reduce the depth over submerged outfall

nozzles.

Remote sensing of outfalls can be enhanced by the use of dyes the
effiuent, free releases of dye, and/or dye-releasing markers, which
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enhance the flow field 1in the outfall region. the dye-marker
techniques are particularly suited for outfall analysis: dye streams
from anchored buoys placed at an outfall site show the direction of
tidal flow and dindicated dispersal patterns even when an outfall
plume itself may be undetectable. Also, dye-emitting floats will
reveal currents. Also, elegant photogrammetric methods have been
developed for measurement of currents with surface floats and aerial
photography. Suijlen  (personal comm.), applied simple aerial
photography on small scalte continuous releases using rhodamine B, a
red fluorescing dye. The results, confirmed by in situ fluorometry,
showed that the combination of remote sensing and dye markers fis
excellent for measuring small scale diffusion ranging from a few
decimeters up to a few kilometers.

In general however, the benefit from the application of remote
sensing for the observation of waste outfalls appears to be marginal,

since remaote sensing can at best effectively contribute only to the
detection of the source and the direction of flow, information which
may be known from other sources. The identification of type of
pollutant or the assessment of rates of diffusion, which would
require expensive airborne platforms, can only be done with
considerable in-situ work, which may be adequate for those needs

anyway.

6.2.8. Ocean Dumping

For dumps of sewage sludge, Tlaboratory data indicate that single
wavelengths (i.e. photographic systems and multi-spectral scanners)
would suffice for measurement of suspended-solids concentration; a
multispectral multiple regression equation may improve accuracies of
measurement.

In the case where multiple pollutants influence ocean spectra,
eigenvector analysis may be used to extract the various spectral
signatures.
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The same conclusions apply to dumping as for the waste outfalls, j.e.
the benefit from remote sensing is considered marginal.

6.2.9. Chemical Solutes and Yellow Substance

Colourless chemicals that are present in the water column cannot be
detected directly by remote sensors. Situations may occur, however,
when concentrations of such chemicals are correlated with suspended
particle concentrations. This may result from chemical adsorption on
particles, dissolution of absorbed or adsorbed chemicals from
particles, or input of both to the water column from a common origin.
Remote measurement of turbidity may then be calibrated for chemical
concentration.

The well-known coloured solute of nearshore marine waters called
yellow substance will interfere with accurate remote measurement of
chlorophyll and turbidity, unless corrections are made; yellow
substance is in large measure the result of erosion and runoff from
the land, i.e. silt in engineering terms. Particles are carried in
streams and are deposited. Yellow stuff and its fluorescent by-
products are, therefore, dependent upon runoff and salinity and may
be used as an indicator of fresh water input. However, yellow
substance may also be the result of the degradation of phytoplankton.
According to Geerders (personal comm.), the problem lies in the
guantitative calibration of the observed ocean colour in terms of
yellow substance, closely related to a precise definition of yellow
substance and its spectral behaviour. Salinity, temperature,
sediment, chlorophyll and yellow substance may be considered as
elements in a complex model of interactions, which are only partly
understood.

Thus, the applications of remote sensing for the assessment of the
above can still be considered as in the refinement stage.
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6.3. Future outlook

Remote sensing will play an ever increasing role in investigations of

the marine environment, as evidenced by steady increase in the use of

combinations of traditional technigues with remote sensing systems.

The continuing development of new remote measurement techniques,
complementary and parailel development of microcomputer technoiogy,

and sensors with improved spatial and temporal measurement\capability

are providing exciting new opportunities in marine science. Expanding

capabilities in the microwave spectral-region, particularly from
satellite and aerial platforms, offer opportunities for synoptic and

repetitive measurements on regional and global scales that have not
been previcusly possible. Another significant factor s that
instruments are now available that measure, directly of indirectly,

the same or interlocking features by one or more techniques in
different parts of the spectrum, thus avoiding some previously
troublesome environmental constraints, such as cloud cover and other

atmospheric effects.

Several emerging techniques may be mentioned as illustrations,
without any intention of summarizing or highlighting what may be the
most significant:

(a) Determination of oceanic currents and water masses by combined
and complementary thermal infrared and passive microwave
measurements, in conjunction with precision altimetry.

(b) Measurement of sea surface temperatures by infrared radiometers
{(a  generally accepted technique} and the  complementary
development of microwave thermal-measurements with calibration
using data from nearby spectral bands.

(¢) Significant development of wmultifrequency seonar-sensors and
analysis techniques which, in combination with systems such as
time-gated laser systems, will provide information on coastal
zone and oceanic underwater features more readily than previously
available, and in nearly pictorial detail.
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A proposal of this research effort is to develop a geographic
information system platform suitable for the superposition of images
from several types of sensors for the comprehensive assessment of the
monitored parameters, especially for fields where the operation of
more than one senors is complementary, such as the application of
remote sensing for oil pollution assessment, for phytoplankion

monitoring etc.

The resulting data should stimulate significant model development.
These measurement systems may not be vreadily available to all
investigators of users of the marine environment, due to hardware and
data-reduction constraints. However, it 1is clear that, as the
aircraft and satellite experiments continue, there will be
opportunities available  throughout the marine community to
participate and/or subsequently to analyze data from such systems,
With repetitive coverage, lines of investigation will open that may
not have been considered before.

Although there is much to be 1learned about the ocean and its
processes, especially below the surface where they are Tess amenable
tc remote sensing, major strides are obviously being made in
measurements associated with surface phenomena and within the
euphotic region, which will contribute significantly to the
understanding of the marine processes in conjunction with analytical
and laboratory models should improve in character, since there will
be more opportunity to obtain measurements with which to calibrate
and verify these models.

6.4. Conclusions

From the above, it may be concluded that remote sensing has been
successfully applied to date for the assessmenti of:

- suspended solids concentration,

- sea surface temperature,

- salinity,

- chlorophyll concentrations

- 0i] pollution,
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- thermal plumes, and
- effects of waste outfalls and ocean dumping
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7. REMOTE SENSING POTENTIAL IN THE MEDITERRANEAN
7.1. General

In this section, the poitential of application of remote sensing in
the Mediterranean 1is assessed, taking into account its basic
hydrodynamic and water quality characteristics. To this end, the
relevant characteristics of the Mediterranean are first presented,

followed by a brief review of anthropogenic effects; subsequently, on

the basis of the above and the information in the previous chapters,
an assessment is carried out of the potential of remote sensing for
the survey of water quality parameters in the Mediterranean.

7.2. Principal Characteristics of the Mediterranean

7.2.1. General

The Mediterranean Sea, 1in the order of three million square
kilometres in extent, 1is significantly shallower than most major
oceanic regions. It is a relatively closed sea, having only one small
outlet to the Atlantic Ocean, the Strait of Gibraltar.

Continental shelf areas throughout the Mediterranean are extremely
narrow, compared to those of major oceans, ref. Fig. 7.1; the only
moderately wide shelf areas are found in the Adriatic Sea, in parts
of North Africa (Gulf of Gabes etc.) and locally, in the deltas of
significant rivers (such as the Nile, the Rhone, the Ebro etc.).

The narrow constriction of the Strait of Sicily effectively divides
the Mediterranean seafloor into distinct eastern and western basins.
The western basin is characterised by broad, generally smooth abyssal

plains, in marked contrast to the eastern basin, which is dominated
by the Mediterranean Ridge System, ref. Fig. 7.1.
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7.2.2. Hydrodynamic characteristics

The water circulation pattern of the Mediterranean Sea, characterised
by a delicate and constantly varying response to inflow from the
surrounding river systems, evaporation into the atmosphere, seasonal
changes in the wind and pressure systems over the sea and a
relatively complex bottom topography, is markedly different from most
of the major oceans.

The water abstraction by evaporation is three times as much as the
inflow from rainfall and runoff and this imbalance is compensated by
a constant inflow from the Atlantic Ocean. The incoming water forms a
surface current in the upper 75 meters of water, flowing eastward
along the coast of North Africa and into the eastern basin, ref. Fig.
7.2; minor branches feed the secondary counter-clockwise circulations
in the western basin, the Adriatic and Ionian Seas and the eastern
basin. The Mediterranean also receives a modest inflow from the Black
Sea as a surface current through the Dardanelles.

As the main surface flow travels to the east it steadily Toses
momentum and is warmed by the sun. Evaporation causes the salinity to
increase and the conseguent increase in density causes the water to
sink to greater depth. In winter, cold winds from the north cool the
surface waters and produce additional sinking of dense water. The
denser water of the deeper layers flows steadily back toward the
Strait of Gibraltar, where it eventually flows out into the Atlantic.
The water flowing from the Mediterranean is considerably more saline
than that of the eastern Atlantic and the outflow can be detected as
a horizontal tongue of relatively high salinity extending westward at
a depth of about 900 meters.

Local stratifications are often observed. In the Aegean Sea at least,
thermal, density and salinity stratification 1is present 1in spring,
summer and fall, with a top Tayer thickness in the order of a few
tens of meters, ref. Fig. 7.3; the distributions of the above
parameters with depth become more uniform in winter, ref. Fig. 7.4.
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Fig. 7.3. Typical summer vertical distribution of temperature (T),
salinity (S8), density (og) and dissolved oxygen (DO) in

the Aegean Sea [67].

100



o
K
o
.S
-l |

Tor)
Y

Y8 ¥ N U Y ¥ ¥y B8 6 g k€58 548 gnysesyyqfy

-
9

(ST o oo

§ A YEY X YEYY

DO 40 45 30 L)
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salinity (S), density (o) and dissolved oxygen (DO) in
the Aegean Sea [87].

101



The top Tlayer, which can be observed by vremote sensing, 1is of

considerable interest, since:

- it determines the water quality in tidal zones and biotopes,

- it determines the suitability of water for bathing,

- it mostly determines the suitability of water for shellfish
production, and

- it partly determines the suitability of water quality for fishing.

The circulation of the Mediterranean Sea is also affected seasonally
both by the prevailing winds and by variations in sea level air
pressure. Strong winds blowing to east or west may considerably alter
the speed of the surface currents, while at times of very high
atmospheric pressure, the surface of the Mediterranean may act rather
like a diaphragm, forcing water out of the Mediterranean at depth and
breathing it in at the surface at an increased rate.

The tides in the Mediterranean are generally small, in the order of
0.3m/sec; thus, there is relatively 1little flushing of water from
bays and inlets. As a result, coastal waters, where most pollution
sources are located, tend to become areas of pollution concentration.

7.2.3. Water quality characteristics

Although the Mediterranean Sea is of a semi-enclosed nature, it does
not possess a unique water chemistry but is nevertheless considered
to have certain characteristic features. In addition to its high
salinity and warm water temperatures, the Mediterranean is also
typified by low concentrations of biclogically dimportant chemical
constituents. Due to the absence of deep nutrient-rich Atlantic
waters in the Mediterranean circulation, the latter region is also
characterised by Tow nutrient concentrations. As the Mediterranean is
only vreplenished by the upper 150m of Atlantic water, the only
increase in the concentration of nutrients is due to river input and
agricultural run-off or pollution (Miller 1983).

As a result of the above, the basic biological productivity of the
Mediterranean Sea is generally lower than that of most major oceans;
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hence, the Mediterranean waters exhibit relatively large values of
clarity (or transparency) and a relatively stronger blue colour.

7.2.4. Anthropogenic effects on water quality
7.2.4.1. Changes of flow and quality of river discharges

Estimates of total riverine input of water to the Mediterranean
varies between 16,000 m3/sec and 14,000 m3/sec (UNEP 1989}. The area

of the Mediterranean that receives the largest input through river
runoff is the Adriatic Sea, foliowed by the northwest Mediterranean,

receiving between them nearly 70% of all the river discharges. These
two areas are followed by the Aegean, the Tyrrhenian and the Ionian
Seas, with 20%. The North African coast receives less than 10%.

Irrigation and increased evaporation through dam construction may be
cited as two forms of human interference which have had marked
effects on the water quality of the Mediterranean. The case of the
Nile provides a prime example of this interference. At Cairo, the
initial natural flow of the Nile was 2,800 m3/sec. Following the
construction of the Aswan dam, this flow was reduced to 1,500 m3/sec.
Due to intensive irrigation activities in the area, much of this does
not reach the Mediterranean and hence a major source of fresh water
and accompanying nutrients has been lost from the system. This has
also occurred in other areas of the Mediterranean where dam
construction and diversion of river branches has taken place (eg.
Tage-Segura in Spain and Sinni in Italy).

Changes in fresh water input affect water density which in turn may
atter the system of currents and mixing conditions. The biological
system may also be affected due fo changes in nutrient input and

suspended matter.
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7.2.4.2. Disposal of Urban and Industrial Waste Waters

The Mediterranean Sea acts as a recipient of a variety of Tiquid
waste discharges from urban and industrial sources; in the past few
years, both the volume and the composition of such discharges have
shown a substantial increase. Agricultural run-off has also been
responsible for increased organic and inorganic waste loads.

Waste water disposal into coastal zones has traditionally been
effected via marine outfalls without any prior treatment. This
system, based on the processes of waste water dilution and dispersion
in combination with biochemical mechanisms relating to purification
in the sea-water, has resulted in severe ecological f{mpact on many
areas. Consequently, there has been an increased trend among
Mediterranean countries to install waste water treatment plants 1in
the coastal zones, a measure financed and supported by the EC.
Although this may be <considered a positive measure, it must
nevertheless be noted that the volumes being discharged are still
considerable.

According to a study carried out by UNEP (1987), a total of 420
billion m3/year are discharged from rivers and 2 billion m3/year and
6 billion m3/year are discharged from domestic and dindustrial
polluters respectively. Touristic activities in the Mediterranean are
considered as yielding 350 million m3/year. In terms of biochemical
oxygen demand, of the 1.5 million tons/year in the coastal areas, 900
thousand tons/year are associated with industrial sources, 500
thousand tons/year are of domestic origin and the other 100 thousand
tons/year are associated with agricultural run off. Industrial
sources are also responsible for considerable heavy metal discharges,
significant for their toxicity and bioaccumulation (UNEP, 1989). Data
which has been evaluated for mercury, lead, chromium and zinc, shows
that inputs are largely due to river discharges.
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7.2.4.3. Disposal of Solid Waste

Sources of municipal solid waste in the Mediterranean are generally

related to land use and zoning. The actual quantity of municipal
solid waste produced is influenced by a number of factors such as
geographical location, season of the year, frequency of collection,

and the habits and economic status of the people; marked differences

are thus exhibited in the amounts of solid waste produced by
different countries of the Mediterranean (UNEP 1987).

Although substantial efforts are being made to reduce the direct
disposal of solid wastes into the sea, this is still occurring in
various regions of the Mediterranean with detrimental environmental
effects (UNEP 1989).

7.2.4.4. Anthropogenic Eutrophication

Eutrophication, 1in its broadest sense, concerns the situation in
which the trophic Tlevel dis substantially dincreased beyond the
prevailing conditions in a given ecosystem, due to an unusually rich
supply of nutrients in the euphotic Tayer. Natural eutrophication is
caused by nutrients originating from upwellings and non-polluted
river discharges, while anthropogenic eutrophication is a consequence

of poliution mainly by sewage disposal and agricultural runoff
containing fertilizers. All future references to eutrophication in
the following text refer to anthropogenic eutrophication.

Eutrophication, as reported for embayments and estuaries around the
Mediterranean, is mostly associated with the release of untreated
domestic and industrial waste water (UNEP 1988b). In the
Mediterranean Sea, eutrophication may be considered a 1local rather
than a regional problem. It commonly develops in areas where the rate
of input of domestic and industrial waste water exceeds that of the
exchange with the open sea. Such areas include: the North Adriatic,
Izmir Bay, Elefsis Bay, and the lagoon of Tunis.
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The impacts of eutrophication on the marine environment are varied
and may range in intensity. The community structure, as regards
biomass, specific diversity and dominance of indicator species may be

altered. This is often accompanied by algal blooms and ‘red tides’,
triggered by stable stratification, quiet weather and rising
temperature. The development of anoxic or azeic conditions are
further results of eutrophication.

7.2.4.5. 0i1 Pollution

0i1 pollution of the Mediterranean is substantial and considerable
amounts have often been observed. The UNEP/IMC Regional 0i1 Combating
Centre, established in 1976, produces a yearly "List of Alerts and
Accidents” which dincludes information on the date and place of the
spill or accident, the source of information, the type and quantity
of pollutant, actions taken and consequences of the incident. Between
August 1977 and December 1987 a total number of 140 reports were
made, consisting of 46 operation discharges and 94 accidents. The
four major spilis in the Mediterranean, with significant short term
and Tong term impacts on the marine environment, are those of the M/T
INDEPENDENTA in the Bosphorus, Turkey (94,600 t in 1979), the M/T
IRENES SERENADE in the Bay of Navarino, Greece (40,000 t in 1980),
the M/T J.A. LAVALLEJA in Arzew, Algeria (39,000 t in 1980) and the
M/T CAVO CAMBANOS off Corsica, France (18,000 t in 1981).

0i1l pollution is also generated from deliberate discharge of bilge
waters from commercial vessels and ballast waters from tankers. The
volumes of oil released at such discharges is much Tess than that of
0il spills, but of much higher frequency; the cumulative effects of
such discharges are thus even larger than those from accidental
potlution (UNEP 198%8) . The control of this type of pollution, which
is restricted by the provisions of the MARPOL convention, is very
difficult because such discharges can virtually occur anywhere,
anytime; continuous surveillance of national and international waters

is thus necessary.
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0i1 spreading as a thin film on water has the effect of interfering
with gaseous exchange and hence vreducing the vrate at which
atmospheric oxygen can be adsorbed into deoxygenated water. Most oils

have a biochemical oxygen demand related to their mass by a factor of

between 0.4 and 0.7; although the direct BOD exerted by oil may be
1imited, the effect of o0il is potentially catastrophic, especially
for a partially polluted water body both from the point of view of
the retardation of the self-purification process as well as the

conseqguences to marine life.

7.3. Remote sensing potential for the Mediterranean Sea

The potential for remote sensing depends on the particular
application and the relevant characteristics of the water body. In
the following sections, the potential for each application in the
Mediterranean is assessed.

A first general comment is that, since remote sensing observations
relate to the top layer, very 1ittle can be deduced for the water
quality in deeper waters, especially in stratified areas.

(a) Suspended Solids

The high water clarity and relatively blue sea colour of the
Mediterranean facilitates for the application of remote sensing
for the assessment of suspended solids.

In section 6.2.1 it was concluded that the monitoring of
suspended solids concentration can be made either by passive
sensing in the visible range (preferably at 0.55-0.65um) from
satellites or aircraft or laser backscatter measurement from
aircraft.

The assessment of suspended solids concentration is sensitive to
the degree of imhomogeneity of suspended particles and spatial
and temporal atmospheric variations. Regarding the former, it may
be observed that, in the relatively mild wave conditions of the
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Mediterranean, suspended particles larger than the clay fraction
{i.e. sand and silt) tend to remain in suspension for a few hours
or days at the most; thus, with the exception of areas in the
vicinity of estuaries and major outfalls, suspended particles
will mostly consist of the clay fraction (with diameter below
0.002 mm), i.e. the degree of inhomogeneity will be relatively
low. Regarding the Tatter effect, i.e. that of the spatial and
temporal atmospheric variations, it can be expected that the
milder meteorological conditions of +the Mediterranean also
facilitate the application of remote sensing.

The application of Tlaser backscatter for the assessment of
suspended solids concentrations has less extensive; more research

is required regarding the vreliability and accuracy of results
obtained by this methed.

Thus, the application of remote sensing for the assessment of
suspended  solids  concentrations in  the Mediterranean is
considered practically feasible with passive sensing in the
visible range (preferably at 0.55-0.65um) from sateilite
platforms; the technique can yieid reliable results for suspended

solids concentration in the top layer for most areas, with the
exception of the vicinity of estuaries and large waste outfalls,

where its application may have reduced accuracy. In-situ
observations are of course necessary for «calibration and
verification of remote sensing observations.

Temperature

The observation of the sea surface temperature can be reliably
executed with sensors operating in the thermal range or passive
radiometers (best in the 10cm to 30cm range), ref. section 6.2.2.
The latter have the advantage of all-weather operating ability,
but require detailed knowledge for the correction of atmospheric
effects; their resolution capabilities are three to four times
less than those of multispectral sensors.
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(c)

On the basis of the above, the use of thermal sensors from
sateflite platforms appears to be the best approach for fhe
monitoring of sea surface temperature in the Mediterranean, where

weather conditions are favourable. Passive radiometers from
satellite or airborne platforms, with their Tlesser resolution

capabilities, may also be applied in certain cases where all-
weather capability is necessary and for surveying of large areas,

where high vresolution is not required; in that case attention
should be paid however to the necessary corrections.

In-situ observations for calibration and verification of the
method are of course necessary, especially if passive radiometers

are used.
Salinity

The observation of salinity is possible with the use of a passive

microwave radiometer; the measurement of salinity with such a
fechnique can be combined with the monitoring of temperature,

with the use of a dual-frequency radiometer system. Also, active

sensors in the visible & near-IR range, i.e. Tlasers, may
contribute information in this respect, although such an approach

cannot be reliably applied on its own.

Satellite platforms should provide adequate resolution for most
applications, but the use of airborne sensors may be required in
others. In-situ observations for calibration of the method are of

course necessary.
Chilorophyll Concentration

The oligotrophic character of the Mediterranean, with its
associated high water clarity and relatively blue sea colour
provides favourable conditions for the application of remote

sensing for assessment of chlorophyll and algal concentrations.

As the Mediterranean may generally be classified a "case 1" water
type, the ocean colour technique (ref. section 6.2.4.) may be
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(e)

successfully used from satellite platforms to measure chlorophyll

and algal concentrations for most areas. For situations of
anthropogenic  blooms or excessive growth of macrophytic
vegetation, a combination of the ocean colour technique and the
fluorescence technique applied from aircraft platforms may be
more appropriate, bath for resoiution and  operational
requirements (satellites have revisit periods in the order of 10
days, while information may be required on a daily basis during
the periods of interest).

In the vicinity of river estuaries and Tlarge waste discharges,
the presence of suspended solids in appreciable concentrations
may render the quantitative assessment of chliorophyll difficult,
ref. section 6.2.4. In such waters, referred to as "Case 2"
waters, the wuse of vremote sensing for the assessment of
chlorophyll concentration 1is essentially in the experimental
stage.

In-situ  observations are necessary for calibration  and
verification of remote sensing observations.

0i1 Pollution

Remote sensing may be successfully employed to assess the spatial
distribution, type and thickness of an oil spill, a subject of
much interest in the Tand-locked Mediterranean. Satellite
platforms can be used for larger spills, while airborne systems
are necessary for smaller spills due to their greater resolution

capabilities.

The equipment which should be deployed includes (ref. section
6.3.1):

- passive sensors operating in the ultraviolet, visible and near-

IR range, e.g. photographic systems, nonphotographic cameras
and narrow-band multispectral scanners, which are suitable for
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(f)

the delineation of thick and thin regions of the spill, but are
Timited to available 1ight & clear weather conditions

active sensors operating in the visible and near-IR range, e.g.
laser fluorosensors , which can assist in the classification of
0il spill type, but limited to clear weather conditions

passive sensors operating in the infrared (thermal) range, e.q.
thermal radiometers & scanners, which may assist in delineating
0il slick thickness and can operate day or night

active sensors operating in the microwave range, e.g. radars
which can easily detect oil spills and provide information on
their thickness, under any weather or light conditions.

The 1interpretation of the information from each of the above
sensors has its restrictions and particuiarities; for the most
complete and reliable result, it is thus advised to operate the
sensors Jjointly. In this context, the development of a geographic
information system, in which the information from the various
sensors is superimposed, may contribute to the interpretation

process.
Thermal plumes

As discussed in section 6.2.2., thermal infrared scanner imagery,
especially if used from airborne platforms with superior
resolution capabilities, may be useful for providing information
on the spatial distribution of thermal plumes. The subject of
thermal plumes is of relatively less importance in the warm
Mediterranean than 1in other colder seas, but can on occasion
become significant in the vicinity of thermal discharges
{geothermal plants etc.).

The application of remote sensing would thus contribute to the
understanding of the actual spatial distribution of the thermal
plume under various meteorological conditions; such information
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would be wuseful for the validation of computer models that
predict the plume development.

(g) Waste Outfalls

As regards waste outfalls, multispectral scanners from aircraft

may be used to detect the point of discharge, to observe the
direction of flow and to assess the rate of dispersion of the
waste product. In the <case of the pollutant causing water
discolouration, simple calour photography may alse be used; in

order to minimize possible atmospheric haze effects, infrared

phatography is recommended for altitudes above 6,000m.

The correlation of observed spectral signatures with the
distribution of pollutants is established on a case-by-case basis

and can be of variable reliability; thus, frequent and extensive

corroboration with in-situ data is necessary. The application of
remote sensing for such phenomena is considered marginal.

(h) Ocean Dumping

Ocean dumping from airborne platforms may be detected by
photographic systems as well as multispectral scanners. The
correlation of observed spectral signatures with the distribution

of pollutants is established on a case-by-case basis and can be
of variable reliability; thus, frequent and extensive
corroboration with in-situ data is necessary.

7.4. Conclusions

On the basis of the above analysis, it may be concluded that the
characteristics of the Mediterranean Sea more or 1less enhance the
potential for the application of remote sensing for monitoring of
basic water quality parameters.

The most significant application of remote sensing for the
Mediterranean is the detection and monitoring of oil spills from
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satellite and airborne platforms, incTuding assessment of spill type
and thickness. In this context, every effort should be made for the
implementation of remote sensing for the detection and coordination
of combating of oil pollution incidents.

Another area which may become significant in the near future in
certain regions of the Mediterranean is the application of remote
sensing for the monitoring and of exceptional algal blooms and
macrophyte concentrations; as such, remote sensing may be useful for
the coordination of combating efforts from airborne platforms.

Remote sensing may be used for the monitoring of a limited number of
water quality parameters in the surface Tlayer from satellite
platforms; suspended solids, sea surface temperature, salinity and
chlorophyll concentrations can be monitored with satisfactory degrees
of accuracy - the latter with the exception of coastal areas with
high suspended solids concentrations.

Finally, remote sensing can be applied to observe the effects of
point discharges such as thermal plumes, waste discharges and ocean
dumping; the reliability of observations is higher for the
ogbservation of thermal plumes, where the sea surface temperature is
measured, than for the observation of the other discharges, where
indirect effects such as sea colour are observed. Airborne platforms
are necessary almost 1in all «cases for purposes of adequate

resolution.

In all cases examined, it must be stressed that in-situ data of the
phenomena observed are essential for calibration and validation of
the remote sensing observations.
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8. PROPOSALS FOR IMPLEMENTATION

8.1. Introduction

The Mediterranean 1is a strategic area of Jjoint interest between
developed and developing countries and of renewed interest for UNEP,
I0C, WMO, UNESCO and the European Community. Within this context and
on the basis of information presented in the previous sections of
this report, specific proposals can be made relating to the
implementation of remote sensing in the Mediterranean Sea for:
combating of oil pollution

surveillance for oil pollution

- combating excessive bloom formations

monitoring of water quality characteristics

As discussed in the previous chapter, the remote sensing of thermal
plumes is useful only for study of the relevant diffusion processes;
thus no specific proposals for implementation are included for this

application.

8.2. Combating 011 Pollution

The most feasible application of remote sensing for the assessment of
water quality is the combating of major oil pollution occurrences
which are mainly caused by shipping accidents. As mentioned above,
remote sensing can provide reliable information about the location,
size, oil thickness and pollutant characteristics of oil slicks. Such
information, obtained on a daily basis during the combating effort,
could be extremely valuable for its good coordination.

The appropriate platfarm for such applications are aircraft, which
can provide daily coverage of the area of interest and have good
resolution capabilities. Aircraft for such applications should be
fitted with photographic systems or narrow-band multispectral
scanners, laser fluorosensors, thermal radiometers & scanners, and
radars; the Jjoint operation of these sensors and superposition of
information is recommended for the increased effectiveness and
reliability of observations. In this context, the development of a
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GIS base for superposition of information from several sensors may be

useful.

0il pollution accidents constitute an environmental hazard of major
significance which transcends national boundaries; it may thus be
justified to pursue an international cooperation for the application
of remote sensing in this respect, perhaps under the auspices of the
UNEP/IMC Regional 0il1 Combating Centre in Malta. This international
cooperation could include arrangements for existing aircraft of
advanced countries fitted with remote sensing equipment to become
routinely available to other countries of the Mediterranean for the
combating of oil spills. These aircraft would provide the national
authorities with daily updates of the pollution situation; running
costs for the operation of the aircraft systems would normally be
undertaken by the host country.

The contribution of remote sensing to the combating effort could be
enhanced with the application of mathematical models for the
prediction of the o0il spill evolution. Such wmodels could be
independently developed under the auspices of UNEP and made available
to the authorities of all countries of the Mediterranean. The models
are envisioned to have the capability to predict the corresponding
evolution of the spill, on the basis of the one-day and five-day
weather forecasts by the national meteorological services; in
addition, it may be possible to determine at the outset the area that
may be probably polluted by the spill, on the basis of historical
meteorological information about the region.

8.3. Surveillance for 0il Pollution

The capability of remote sensing to provide reliable information
about the location, size, oil thickness and pollutant characteristics
of o0il slicks can be valuable for the identification of cases of
deliberate oil pollution. Such pollution incidents are much smaller
in size than those from maritime accidents, but also more frequent;
their identification and restriction is thus equally important.
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Satellite platforms could be used for spot checks for each area,
whenever the satellite is over the area (every 5-10 days); the
equipment to be used would primarily include SAR sensors, which have
reasonable resolution capabilities and can operate day or night and
under almost all weather conditions. An automatic data processing
system is envisioned, which would alert its user for potential spill
conditions observed. Such a system, which does not entail excessive
costs, could be tried on a pilot basis in order to measure its

effectiveness.

Alternatively, airborne systems could be considered by for this type
of operation. The cost of the monitoring effort, which could focus on
the most common shipping routes in the Mediterranean, would
nevertheless be considerable: several aircraft would need to be
purchased, fitted with the requisite sensors and operated on a
continuous basis; revenue could be obtained from the fines imposed on
the poliuters. However it is clear that the setup of the operation of
such a system, which would require multilateral agreement and funding
from the countries of the Mediterranean, would be very difficult.
Thus, the organisation of an airborne oii pollution system for the
Mediterranean, although technically feasible, would have significant
implementation difficulties.

8.4. Combating excessive bloom formations

As discussed in section 7.3, remote sensing could be applied for the
monitoring of excessive chlorophyll concentrations, such as those
occurring 1in excessive algae blooms or macrophyte concentrations;
such occurrences which occur in the warmer months of the year, are of
immediate interest because of their potential to significantly damage

tourism.

For such applications, satellite or airborne platforms could be used.

Satellite platforms equipped with multispectral scanners can
efficiently provide the general overview of the affected area;
airborne platforms equipped with multispectral scanners and laser
fluorometers could, if available, provide more detailed and reliable
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information. Since the frequency of such extreme situations is still
relatively low in the oligotrophic Mediterranean and the consequences

are not as devastating as those from oil pollution, the organisation
of airborne platforms for this application alone does not appear to
be Jjustified; however, since the sensor payload used by aircraft
platforms used for combating of o0il pollution is adequate also for
the monitoring of chlaorophyll, the same aircraft could be used for
both applications.

8.5. Monitoring of Inherent Water Quality

Remote sensing may be used for the efficient spatial monitoring of a
Timited number of water quality parameters in the surface layer from
satellite platforms; suspended solids, sea surface temperature,
salinity and chlorophyll concentrations <can be monitored with
satisfactory degrees of accuracy - the latter with the exception of
coastal areas with high suspended solids concentrations.

In this context, remote sensing may complement water quality
monitoring programmes focused on the above parameters by reducing the
number of in-situ observations needed at any particular time. If the
monitoring programme is also targeted at other water quality
parameters, however, the benefit from remote sensing becomes
marginal, since the extensive in-situ work has to be done anyway.

Satellite platforms are most suitablie for such activities, which
normally would cover large areas and a number of measurements over a
period of one or more years; the required sensor payload includes
multispectral scanners, for monitoring of suspended solids, sea
surface temperature and chlorophyll concentrations, and microwave
radiometers, for monitoring of saliniiy {and temperature).

Depending on the exact nature of the research being carried out and
the relevant precision requirements, different sensor types and
operational platforms could be used. For example, the Landsat-4 and
{andsat-5, which are fitted with an MSS and an alternate repeat cycle

of 8 days, may be used to measure sea surface temperature. However,
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if more frequent and accurate measurements of sea surface temperature
are required, perhaps the ERS 1 which is fitted with an Along Track
Scanning Radiometer and a 3 day repeat cycle may be considered more

appropriate.
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9.  CONCLUSIONS
The conclusions of this final report can be summarised as fallows:

1. The electromagnetic reflectance and emission properties of surface
features can provide useful information on their condition. Remote
sensing is a technique for the efficient and synoptic retrieval of
such information. Sources of electromagnetic energy that can be
used for remote sensing are:

- the sun’s energy reflected from earth’s surface,
- the energy emitted from the earth, and
- generated energy from active sensors.

2. Remote sensing cperations may be carried from any platform above
the earth; airplanes and satellites are the most common. The
selection of the appropriate ptatform depends on desired
resolution, frequency of observation (satellites have revisit
times in the order of 5 to 20 days) and cost (for airborne
platforms the full operational cost is covered by the
application).

3. A broad range of sophisticated equipment is currently available
for the collection & processing of information by remote sensing;
the interpretation however of the collected information still lags
behind the sophistication of the -equipment, especially for
microwave sensors,

4. An appreciablie number of remote sensing satellites have been
deployed in the last decade; many more will be deployed in the
coming decade, as the European Remote Sensing programme gets
underway and several other countries such as China, India etc.
increase their efforts. There 1is a clear 1trend towards
commercialisation of the remote sensing programmes, with emphasis
on customer service and economic viability of the operating
organisations, particularly in Europe, Japan and the U.S.

5. The application of remote sensing should always be complemented by
reference  data  obtained in-situ for the analysis and
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interpretation of remotely sensed data. On the basis of this
reference data, the images obtained by remote sensing images can
be appropriately interpreted.

. The potential for application of remote sensing for water quality
assessment is restricted to the surface (or near-surface) values
of relatively few parameters. Remote sensing can be successfully
applied for the observation and assessment of:

- detection and monitoring of oil pollution,

- monitoring of exceptional algal blooms,

- menitoring of suspended sclids concentration

- monitering of sea surface temperature

- monitoring of salinity

- monitoring of phytoplankton concentration,

- observation of the effects of thermal plumes, and

- observation of the effects of waste outfalls and ocean dumping.

. The Mediterranean is characterised by Tlow nutrient concentrations,
warm waters, low tidal flows and local seasonal stratifications,
which are favourable for the application of remote sensing for
assessment of water quality.

. The Mediterranean is burdened by significant urban, industrial and
agricultural pollution from land and oil pollution at sea;
moreover, as a tand-Jocked area with an abundance of biotopes and
increasing tourism, it is sensitive to pollution. Thus, the
contribution of remote sensing to the monitoring of water quality
in the Mediterranean can be very valuable.

. It is proposed that remote sensing be used in the Mediterranean

for the following applications:

(a)} combating of oil pollution, with airborne platforms which
could be coordinated by the UNEP/IMO Regional 0il Combating
Centre in Malta

(b) surveillance for oil pollution, from satellite platforms with
automatic data processing facilities; for the present, the
execution of a pilot programme for the assessment of the
feasibility of this application is recommended.
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(c) combating excessive bloom formations, from satellites or with
the same airborne equipment as that used for oil pollution
combating

(d) as a supplement to in-situ monitoring efforts of water gquality
characteristics such as suspended solids, sea surface
temperature, salinity and chlorophyll concentrations (the
latter with the exception of coastal areas with high suspended
solids concentrations}.

10. The contribution of remote sensing to the combating effort could
be enhanced with the application of mathematical models for the
prediction of the oil spill evolution. Such models could be
independently developed under the auspices of UNEP and made
available to the authorities of all countries of the
Mediterranean.
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UNEP/WHO: Epidemiological studies related to environmental quality criteria for bathing
waters, shellfish-growing waters and edible marine organisms (Activity D). Final report on
project on relationship between microbial quality of coastal seawater and rotarus-induced
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PNUE: Développement des ressources en eau des petites iles et des zones cétiéres isolées
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PNUE/UNESCO/FAOQ: Eutrophisation dans la mer Méditerranée: capacité réceptrice et
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PNUE/OMM: Pollution par voie atmosphérique de la mer Méditerranée. Rapport et actes des
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PNUE/UICN: Rapport sur le statut des tortues marines de Méditerranée. MAP Technical
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pour les eaux servant a la baignade, a la culture de coquillages et a I'élevage d'autres
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(anglais seulement).

PNUE/OMS: Mise au point et essai des techniques d'échantillonnage et d'analyse pour la
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rédigés au cours de la premiére et de la deuxiéme phase de I'action prioritaire (1985-1986).
MAP Technical Reports Series No. 61. UNEP, Priority Actions Programme, Regional Activity
Centre, Split, 1991 (437 pages) (parties en anglais ou francais seulement).
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